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This thesis is devoted to investigations of three typical representatives of the II-V diluted
magnetic semiconductors, Zn1-xMnxAs2, (Zn1-xMnx)3As2 and p-CdSb:Ni. When this work
started the family of the II-V semiconductors was presented by only the compounds
belonging to the subgroup II3-V2, as (Zn1-xMnx)3As2, whereas the rest of the materials
mentioned above were not investigated at all.

Pronounced low-field magnetic irreversibility, accompanied with a ferromagnetic
transition, are observed in Zn1-xMnxAs2 and (Zn1-xMnx)3As2 near 300 K. These features give
evidence for presence of MnAs nanosize magnetic clusters, responsible for frustrated ground
magnetic state. In addition, (Zn1-xMnx)3As2 demonstrates large paramagnetic response due to
considerable amount of single Mn ions and small antiferromagnetic clusters. Similar
paramagnetic system existing in Zn1-xMnxAs2 is much weaker.

Distinct low-field magnetic irreversibility, accompanied with a rapid saturation of the
magnetization with increasing magnetic field, is observed near the room temperature in p-
CdSb:Ni, as well. Such behavior is connected to the frustrated magnetic state, determined by
Ni-rich magnetic Ni1-xSbx nanoclusters. Their large non-sphericity and preferable orientations
are responsible for strong anisotropy of the coercivity and saturation magnetization of p-
CdSb:Ni. Parameters of the Ni1-xSbx nanoclusters are estimated.

Low-temperature resistivity of p-CdSb:Ni is governed by a hopping mechanism of
charge transfer. The variable-range hopping conductivity, observed in zero magnetic field,
demonstrates a tendency of transformation into the nearest-neighbor hopping conductivity in
non-zero magnetic filed. The Hall effect in p-CdSb:Ni exhibits presence of a positive normal
and a negative anomalous contributions to the Hall resistivity. The normal Hall coefficient is
governed mainly by holes activated into the valence band, whereas the anomalous Hall effect,
attributable to the Ni1-xSbx nanoclusters with ferromagnetically ordered internal spins,
exhibits a low-temperature power-law resistivity scaling.

Keywords: Diluted magnetic semiconductors, nanoclusters, magnetic frustration, galvano-
magnetic effects, magnetoresistance, hopping conductivity, Coulomb gap, Hall effect.

UDC 537.311.322 : 537.621 : 539.183





Acknowledgements

This work was carried out at the Department of Mathematics and Physics of the Lappeenranta

University of Technology, Lappeenranta, Finland, in the Wihuri Physical Laboratory at the

Department of Physics, University of Turku, Turku, Finland, and in the Institute of Applied

Physics, Academy of Sciences of Moldova, Kishinev, Moldova.

I would like to express my sincere gratitude to my supervisor Prof. Erkki Lähderanta

for his kind support and constant attention to my activities. It is my pleasure to thank Prof.

Reino Laiho and Prof. Ernest Arushanov for their patient teaching, care and interest to my

work. My special gratitude is to Dr. Alexander Lashkul for continuous fruitful collaboration.

My co-authors Cand. Sci. Vasilii Zakhvalinskii, Cand. Sci. Mikhail Shakhov and

Ilari Ojala are greatly acknowledged for their important experimental contributions and useful

discussions.

I wish to thank Prof. Wojciech Suski and Prof. Harri Lipsanen for reviewing the

thesis.

I would like to express my gratitude to the Wihuri Foundation for financial support

and to the personnel of the Wihuri Physical Laboratory for their warm hospitality and

collaboration. I am greatly indebted to the Lappeenranta University of Technology for

financial aid and for the possibility to complete the work over this thesis.

Finally, I wish to thank my mother Zinaida for her care and patience during all these

years.

Lappeenranta, November 2009

Konstantin Lisunov





Contents

Abstract......................................................................................................................................5

Acknowledgements....................................................................................................................7

List of publications..................................................................................................................11

List of symbols and abbreviations.........................................................................................12

1 Introduction...............................................................................................................15

1.1 Motivation of the investigations.................................................................................15
1.2 Outline of the work.....................................................................................................16
1.3 Summary of the publications......................................................................................18

2 Theoretical background and experimental procedure..........................................22

2.1 Magnetic clusters in non-magnetic solid matrix.........................................................22
2.2 Hopping conductivity of doped semiconductors........................................................28
2.3 Hall effect in ferromagnets and related materials.......................................................33
2.4 Experimental procedure..............................................................................................35
2.4.1 Sample preparation and characterization....................................................................35
2.4.2 Magnetic measurements.............................................................................................36
2.4.3 Transport measurements.............................................................................................37

3 Magnetic properties of II-V semiconductors doped with Mn and Ni..................38

3.1 Nanosize MnAs precipitates in Zn1-xMnxAs2.............................................................38
3.2 Clusters and magnetic phase of (Zn1-xMnx)3As2.........................................................45
3.3 Influence of NiSb nanoclusters on magnetic state of p-CdSb:Ni...............................52

4 Hopping conductivity and Hall effect in CdSb:Ni.................................................60

4.1 Introductory remarks...................................................................................................60
4.2 Mechanisms of hopping charge transfer in p-CdSb:Ni in zero

and weak magnetic fields............................................................................................61
4.3 Hopping conductivity of p-CdSb:Ni in strong magnetic fields..................................67
4.4 Hall effect in p-CdSb:Ni.............................................................................................71

5 Conclusions................................................................................................................76

References................................................................................................................................78

Original papers........................................................................................................................83





11

List of publications

1. R. Laiho, K.G. Lisunov, E. Lähderanta, and V.S. Zakhvalinskii, Magnetic properties of the

new diluted magnetic semiconductor Zn1-xMnxAs2: evidence of MnAs clusters. J. Phys:

Condens. Matter 11, 555-568 (1999).

2. R. Laiho, K. G. Lisunov, E. Lähderanta, and V.S. Zakhvalinskii, Magnetic MnAs

nanoclusters in the diluted magnetic semiconductor (Zn1-xMnx)3As2. J. Phys.: Condens.

Matter 11, 8697-8706 (1999).

3. R. Laiho, A. V. Lashkul, E. Lähderanta, K. G. Lisunov, I. Ojala, and V.S. Zakhvalinskii,

The influence of Ni-rich nanoclusters to anisotropic magnetic properties of CdSb doped

with Ni, Semicond. Sci. Technol 21, 228-235 (2006).

4. E. Lähderanta, R. Laiho, A. V. Lashkul, K. G. Lisunov, I. Ojala, and V. Zakhvalinskii, Ni-

rich nanoclusters in CdSb: Influence to magnetic and transport properties and perspectives

for spintronics, Nanotechnology Perceptions, 4, 249-255 (2008).

5. R. Laiho, A. V. Lashkul, K. G. Lisunov, E. Lähderanta, M. A. Shakhov, and V. S.

Zakhvalinskii, Hopping conductivity of Ni-doped p-CdSb, J. Phys.: Condens. Matter 20,

295204-8pp (2008).

6. R. Laiho, A. V. Lashkul, K. G. Lisunov, E. Lähderanta, M. A. Shakhov, and V. S.

Zakhvalinskii, The Hall effect in Ni-doped p-CdSb in a strong magnetic field, Semicond.

Sci. Technol. 23, 125001-6pp (2008).

7. R. Laiho, A. V. Lashkul, K. G. Lisunov, E. Lähderanta, M. A. Shakhov, and V. S.

Zakhvalinskii, Hopping conductivity of Ni-doped p-CdSb in strong magnetic fields, J.

Phys. Chem. Solids 70, 428-432 (2009).



12

LIST OF SYMBOLS AND ABBREVIATIONS

SYMBOLS

A exchange stiffness constant
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m aspect ratio
mi components of the effective mass tensor
m* mean effective mass
m0 free electron mass
M magnetization
Ms, Ms

(j), Ms
* saturation magnetization in different conditions

n mean number of magnetic ions per nanocluster
N cluster concentration
Nc, Na demagnetization factors
NA acceptor concentration
NC critical concentration
Ns concentration of single ions
N0 concentration of metallic sites
p exponent of the variable-range hopping conductivity law
pA concentration of holes in the acceptor band
pH Hall concentration
pj anisotropy coefficients
pV concentration of holes in the valence band
P1, PO 3, PC 3 probabilities to enter Mn2+ ion in different antiferromagnetic clusters
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peff effective number of Bohr magneton
q geometrical factor
r cluster radius
rc critical radius of the coherent rotation
rsd critical radius of a single-domain particle
r0 mean intercluster distance
R0, Rs normal and anomalous Hall constant, respectively
S0 effective spin
T temperature
Tb blocking temperature
T0 effective temperature
T0SE effective temperature for the Shklovskii-Efros regime
T0M effective temperature for the Mott regime
TVSE onset temperatures of the Shklovskii-Efros regime
TVM onset temperatures of the Mott regime
V volume of nanoclusters
W intercluster interaction energy
WAB width of the acceptor band
x composition
 fraction of the extended states in the acceptor band
(j) proportionality coefficients between the coercive and the anisotropy field
 fraction of magnetic ions entering nanoclusters
 susceptibility
ZFC zero-field cooled susceptibility
FC field-cooled susceptibility
 width of the Coulomb gap
 Mott optimum energy stripe
j widths of the angle distribution
 volume fraction of the secondary phase
(ex) experimental slopes of the resistivity in strong field

)(cal
j calculated slopes of the resistivity in strong fields

j angles between the major cluster axis and its magnetization
 dielectric permittivity
 magnetic length
 magnetic moment of nanoclusters
B Bohr magneton
ion magnetization per magnetic ion
,  critical exponents
 Weiss temperature
j angles between the major cluster axis and the crystallographic directions
 resistivity
0 resistivity prefactor
H, N, A Hall resistivity, normal and anomalous Hall resistivities, respectively
A anomalous Hall conductivity
s spontaneous magnetization
 chemical potential
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ACRONYMS

AB acceptor band
AF antiferromagnetic
AHE anomalous Hall effect
CB conduction band
DMS diluted magnetic semiconductors
DOS density of states
FC field-cooled
FM ferromagnetic
IB impurity band
MIT metal-insulator transition
MR magnetoresistance
NNH nearest-neighbor hopping
PM paramagnetic
SD single-domain
SE Shklovskii-Efros
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1     Introduction

1.1 Motivation of the investigations

Interest to diluted magnetic semiconductors (DMS) is addressed mainly to development of

spin electronics, or spintronics [1]. However, progress in this area requires expansion of its

materials base, suggesting investigations of new classes of magnetic materials, DMS as well.

The most known DMS belong to II-VI, IV-VI and III-V semiconductors [2 − 7], whereas

those of the II-V group are investigated still insufficiently. On the other hand, even

representatives of only one subgroup II3-V2 exhibit interesting magnetic and transport

properties [8], similar to those observed in the II−VI and IV-VI compounds [2 − 5]. This

makes the II-V DMS a promising reserve of new materials for spintronic applications.

 Mn-doped II3-V2 compounds have attracted attention first due to a possibility of

investigations of the s(p)-d interactions between charge carriers and localized magnetic

moments of Mn ions, and the d-d interactions between the ions themselves, both not presented

in non-magnetic semiconductors [8]. Interactions of the first type play significant role e. g. in

quantum magneto-transport phenomena as the Shubnikov-de Haas effect, observable in

degenerate materials (Cd1-xZnx)3As2 and (Cd1-x-yZnxMny)3As2 [8, 9]. Those of the second type

are important in non-degenerate DMS including (Zn1-xMnx)3As2, too, leading to formation of

a spin-glass state [8, 10]. Interactions of both types mentioned above are rather weak and,

therefore, they are most pronounced near liquid helium temperatures [8]. In turn, they are

sufficient for interpretation of electronic and magnetic phenomena in this low-temperature

range [8 − 10].

However, another spin-freezing effect of irreversible magnetic behavior has been

observed in (Zn1-xMnx)3As2 [11] and (Cd1-xMnx)3As2 [12]  around ~ 200 K, along with the

low-temperature spin glass [10, 13]. Such behavior cannot be explained only by the

interactions above, requiring a deeper insight into the magnetic state of these materials. A

similar situation takes place also in some other DMS as e. g. Cd1-x-yMnxFeyTe [14]. At this

point have been found experimental arguments for MnAs precipitates in (Zn1-xMnx)3As2,

lying beyond the sensitivity of X-ray methods [8]. Presence of a secondary magnetic phase

implies inhomogeneous distribution of magnetization, opening a new way for interpretation of

the high-temperature spin-freezing effect in the DMS mentioned above [11, 12].
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When the present investigations started, only one pretender to the subgroup II-V2

DMS, CdP2:Mn, was obtained [8, 15]. However, it was established that homogeneous crystals

of this compound could be prepared only for a very small amount of Mn constituting less than

0.5 at % [15]. Moreover, attempts to obtain transition-metal [16] or rare-earth [17] doped

derivatives of the most known II-V semiconductor, p-CdSb, did not lead to materials that

exhibited properties, characteristic of diluted magnetic systems.

Insufficient understanding of the magnetic state of II3-V2 DMS, as well as poorly

studied possibilities of expansion of the group II-V DMS family outside the only II3-V2

subgroup, stimulate interest to the subject of the present work. Additional importance of the

research direction elaborated here is connected to expectable strongly inhomogeneous, down

to a nanometer scale, distribution of magnetization in the group II-V DMS. This makes results

of the investigations below, which may be useful both for spintronics and nanophysics,

probably of a more general interest.

1.2 Outline of the work

The dissertation is devoted to investigations of three typical representatives of the group II-V

DMS, including Zn1-xMnxAs2, (Zn1-xMnx)3As2 and p-CdSb:Ni. The purpose of the work is to

obtain information on details of the magnetic phase in all materials mentioned above, and to

determine mechanisms of the low-temperature charge transfer and properties of charge

carriers in p-CdSb:Ni. Investigations of magnetization of the compounds, as well as

measurements of resistivity, magnetoresistance and Hall effect in p-CdSb:Ni, and their

subsequent analysis have been utilized to solve these problems.

The thesis contains a summary part and original papers. The summary part consists of the four

chapters, characterized below.

Chapter 2 includes the sections with information mainly of a theoretical character, which is

used further in the work for formulation of models for quantitative analysis of the

experimental data of the magnetization and the galvano-magnetic effects. A separate section

deals with sample preparation and details of the magnetic and transport measurements.
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Chapter 3 presents the magnetization measurements of the investigated materials, their

analysis and discussion of the obtained results. It is shown that the magnetic phase of Zn1-

xMnxAs2 and (Zn1-xMnx)3As2 is characterized by strongly inhomogeneous distribution of the

magnetization, connected to the magnetic MnAs nanoclusters. Presence of MnAs precipitates

is responsible for steep variation of the magnetization at temperature close to that of the

magnetostructural transition in bulk MnAs. The low-field magnetic irreversibility with the

onset just below the room temperature is connected to the nanosize scale of the MnAs

particles, having broad size distribution. The distribution functions in both Mn-doped DMS

consist of several overlapped Gaussians. In addition, it is found that in (Zn1-xMnx)3As2 large

fraction of Mn ions enters a strong paramagnetic system of single ions, open and close triples

of antiferromagnetically coupled Mn2+. In Zn1-xMnxAs2 the overwhelming majority of Mn is

bound in the MnAs clusters, and only a minority of Mn forms single-ion paramagnetic

centers. Similar to the Mn-doped compounds above, the magnetic state of p-CdSb:Ni is

frustrated due to the magnetic Ni-rich Ni1-xSbx nanoclusters, leading to the low-field magnetic

irreversibility, as well. In addition, the Ni1-xSbx nanoparticles are characterized by large non-

sphericity and preferable orientations, which is responsible for large anisotropy of the

coercivity and the saturation magnetization. The magnetic behavior of all DMS above is

strongly influenced by the anisotropy energy barriers of individual nanoclusters, whereas

interaction between them is found to be unimportant.

Chapter 4 contains measurements of the resistivity, magnetoresistance and the Hall

resistivity in p-CdSb:Ni, their quantitative analysis and discussion of the results, presented

after a brief review of literature data of the electronic and transport properties of CdSb. It is

demonstrated that the low-temperature resistivity of p-CdSb:Ni in zero field is governed by

the variable-range hopping charge transfer, including the Shklovskii-Efros and the Mott

mechanisms, depending on the relation between widths of the Coulomb gap and of the

acceptor band. In non-zero field the variable-range hopping of charge carriers tends to

transform into tunneling between the neighboring impurity centers. Two different regimes of

the magnetoresistance, characteristic of the hopping conductivity, including the weak-field

and the strong-field limits, are observed. The joint analysis of the resistivity in zero and weak

fields has yielded the microscopic parameters of the charge carriers, as well as critical

parameters of the metal-insulator transition in p-CdSb:Ni, which are verified by the analysis
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of the magnetoresistance in the interval of strong magnetic fields. It is also shown that the

Hall effect in p-CdSb:Ni contains the normal and the anomalous contributions. The normal

Hall coefficient is connected mainly to the holes, activated to the valence band, with minor

admixture of the itinerant holes in the extended states of the acceptor band. The anomalous

Hall effect exhibits low-temperature resistivity scaling and is attributable to Ni1-xSbx

nanoclusters with ferromagnetic ordering of the internal spins.

Chapter 5 is a concluding part of the work, representing summary of the main result.

1.3 Summary of the publications

The dissertation is based on the following seven articles published in international journals.

Publication 1. R. Laiho, K.G. Lisunov, E. Lähderanta, and V.S. Zakhvalinskii, Magnetic

properties of the new diluted magnetic semiconductor Zn1-xMnxAs2: evidence of MnAs

clusters. J. Phys: Condens. Matter 11, 555-568 (1999).

Preparation, characterization and magnetic properties of the novel diluted magnetic

semiconductor Zn1-xMnxAs2 are reported for the first time. Magnetization of Zn1-xMnxAs2

with x = 0.01 − 0.1 is investigated. A steep decrease of the magnetization is observed above

300 K, whereas below ~ 250 K the irreversible magnetic behavior takes place in low fields of

2 − 200 G. The magnetization saturates already above 40 kG, the saturation value exhibiting

only a week temperature dependence between 2 − 300 K. Magnetic properties of Zn1-xMnxAs2

are explained by an assembly of magnetic MnAs nanoclusters. The distribution function of

the cluster size is found to consist of three overlapped Gaussians, exhibiting maxima at a size

scale of ~ 2 − 3 nm. The values of the magnetic moments of the clusters are estimated.

The Author of this dissertation proposed interpretation of the experimental results, performed

their numerical analysis and wrote the paper.
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Publication 2. R. Laiho, K.G. Lisunov, E. Lähderanta, and V.S. Zakhvalinskii, Magnetic

MnAs nanoclusters in the diluted magnetic semiconductor (Zn1-xMnx)3As2. J. Phys.: Condens.

Matter 11, 8697-8706 (1999).

Magnetization of (Zn1-xMnx)3As2 with x = 0.08 − 0.13 is investigated in weak fields between

5 − 80 G for different regimes of cooling, and in strong fields up to 60 kG. All samples

exhibit a low-field magnetic irreversibility below 300 K and a ferromagnetic transition above

300 K at temperature, close to that of bulk MnAs. The magnetization is non-linear already in

a field of few kilogausses, however, without reaching saturation up to 60 kG. The magnetic

behavior of (Zn1-xMnx)3As2 gives evidence for an array of MnAs nanoclusters and a system of

paramagnetic centers, consisting of single Mn ions, as well as open and close triple

antiferromagnetic clusters of Mn2+. The size distribution function of the MnAs clusters is

characterized by two overlapped Gaussians with maxima in the size range of ~ 3 − 4 nm.

The Author of this dissertation participated in planning of the measurements, formulated a

quantitative model, performed detailed analysis of the experimental data and wrote the paper.

Publication 3. R. Laiho, A. V. Lashkul, E. Lähderanta, K. G. Lisunov, I. Ojala, and V.S.

Zakhvalinskii, The influence of Ni-rich nanoclusters to anisotropic magnetic properties of

CdSb doped with Ni, Semicond. Sci. Technol 21, 228-235 (2006).

Detailed investigations of magnetic properties of p-CdSb doped with 2 at. % of Ni are

reported. The low-field magnetic irreversibility, the rapid saturation of the magnetization vs.

magnetic field and the hysteresis observed up to 300 K are interpreted by frustrated magnetic

state of p-CdSb:Ni, connected to a system of Ni-rich magnetic Ni1-xSbx nanoclusters. The

anisotropies of the saturation magnetization and of the coercive field are explained by large

non-sphericity of the nanoclusters, oriented around a preferred direction. The cluster

parameters, such as size, aspect ratio and magnetic moments are estimated. Presence of a low-

temperature paramagnetic response is found to be in line with only a small part of Ni entering

the Ni1-xSbx nanoclusters.
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The Author of this dissertation participated in planning of the measurements, formulated the

quantitative model, performed the analysis of the experimental data and wrote the paper.

Publication 4. E. Lähderanta, R. Laiho, A. V. Lashkul, K. G. Lisunov, I. Ojala, and V.

Zakhvalinskii, Ni-rich nanoclusters in CdSb: Influence to magnetic and transport properties

and perspectives for spintronics, Nanotechnology Perceptions 4, 249-255 (2008).

This paper is based on the invited report, presented in the International Conference on Spin

Electronics (Tbilisi, Georgia, 22-24 October 2007). It contains a review of the magnetic

properties of p-CdSb:Ni, including the low-field irreversibility, the magnetic-field

dependence of the magnetization, the hysteresis, the anisotropy of the saturation

magnetization and the coercive field. The original part of the paper includes investigations of

the hopping conductivity of p-CdSb:Ni in zero and weak fields and their brief discussion.

The Author of this dissertation participated in preparation of the report and wrote the paper.

Publication 5. R. Laiho, A. V. Lashkul, K. G. Lisunov, E. Lähderanta, M. A. Shakhov, and

V. S. Zakhvalinskii, Hopping conductivity of Ni-doped p-CdSb, J. Phys.: Condens. Matter 20,

295204-8pp (2008).

This paper is devoted to detailed investigations of the resistivity and magnetoresistance of p-

CdSb:Ni. It is shown that below ~ 2.5 K the zero-field resistivity of p-CdSb:Ni is governed by

the variable-range hopping charge transfer, including the Shklovskii-Efros (SE) and the Mott

variable-range hopping conductivity mechanisms. The type of the variable-range hopping

conductivity in zero magnetic field depends on the ratio of widths of the Coulomb gap and of

the acceptor band. In non-zero field a tendency of transformation of the variable-range

hopping into tunneling over the nearest acceptors is observed. The joint analysis of the zero-

and weak-field resistivity has yielded a variety of parameters of the localized charge carriers,

including those of the metal-insulator transition in p-CdSb:Ni.

The Author of this dissertation participated in planning of the measurements, formulated the

model, performed the analysis of the experimental data and wrote the paper.
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Publication 6. R. Laiho, A. V. Lashkul, K. G. Lisunov, E. Lähderanta, M. A. Shakhov, and

V. S. Zakhvalinskii, The Hall effect in Ni-doped p-CdSb in a strong magnetic field,

Semicond. Sci. Technol. 23, 125001-6pp (2008).

The Hall resistivity of p-CdSb:Ni, investigated in this paper in magnetic fields up to 25 T,

exhibits a nonlinear field dependence, giving evidence for presence of a positive normal and a

negative anomalous contributions. It is shown that the normal Hall coefficient is determined

mainly by the holes activated from acceptors into the valence band, having a minor

contribution from itinerant holes of the acceptor band at lowest temperatures. The anomalous

Hall resistivity, A, is found to satisfy a power-law scaling relation, A ~ n, where n = 1.6 ±

0.1, within more than two decades of the resistivity, , and four decades of A. The origin of

the anomalous Hall effect has been attributed to presence of the Ni1-xSbx nanoclusters.

The Author of this dissertation participated in planning of the measurements, formulated the

quantitative model, performed the numerical analysis of the data and wrote the paper.

Publication 7. R. Laiho, A. V. Lashkul, K. G. Lisunov, E. Lähderanta, M. A. Shakhov, and

V. S. Zakhvalinskii, Hopping conductivity of Ni-doped p-CdSb in strong magnetic fields, J.

Phys. Chem. Solids 70, 428-432 (2009).

This paper completes investigations of the galvano-magnetic properties of p-CdSb:Ni by

analyzing the experimental magnetoresistance in strong magnetic fields. The hopping

conductivity only over the nearest acceptors is observed in p-CdSb:Ni in the strong-field

limit. The analysis is performed by taking into account the anisotropy of the acceptor states,

the explicit magnetic-field dependence of the localization radius and the values of the

parameters of charge carries, obtained previously from the joint investigations of the

resistivity in zero and weak magnetic filed. A good agreement of the experimental behavior of

the strong-field magnetoresistance of p-CdSb:Ni with that predicted theoretically is observed.

The Author of this dissertation formulated the quantitative model, performed the analysis of

the experimental data and wrote the paper.
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2       Theoretical background and experimental procedure

2.1     Magnetic clusters in non-magnetic solid matrix

Diluted magnetic semiconductors (DMS) can be defined as semiconductors in which part of

non-magnetic atoms is substituted for magnetic ones by doping. Two types of DMS can be

distinguished, including (i) semimagnetic semiconductors, or compounds with

microscopically homogeneous magnetization [2 − 5], and (ii) materials containing strongly

inhomogeneous distribution of the magnetization due to nanosize magnetic particles (clusters)

[18 − 21]. It is worth mentioning smaller magnetic units, or clusters consisting of a few

magnetic ions with strong exchange interaction, which can exist in both types of DMS as well

[4, 5, 8]. Here are reviewed properties of magnetic clusters, presumably of a nanometer scale,

embedded into a non-magnetic host lattice.

Suppose an assembly of single-domain (SD) magnetic particles (clusters),

incorporated into a solid matrix and having a radius r << rsd, where the critical radius of a SD

particle, rsd, is given by the equation

                                            (Nc / 6 A ) (Ms
*) 2 rsd

2 = ln (4rsd / a ) – 1.                           (2.1.1)

Here Nc (m) is the demagnetization factor of the spheroidally shaped nanoparticle, related to

the major or longitudinal semi-axis, l (below also that of the minor or transversal semi-axis r,

Na (m), will be used), m = l/r is the aspect ratio, a is the mean distance between the magnetic

ions inside a cluster, Ms
* is the saturation magnetization and A is the exchange stiffness

constant of the cluster material [22, 23]. Magnetic properties of such particle system depend

on the type of switching of particle moments or the magnetization reversal mode, and on the

intercluster interaction. For non-interacting nanoclusters at r << rc [24] the magnetization

reversal is realized by coherent rotation, meaning that all spins of the ions in a cluster are

parallel to each other. The critical radius of the coherent rotation, rc, satisfies the expression

                                                        rc = q (2/Na)1/2 A1/2 / Ms
*,                                            (2.1.2)
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where q is the geometrical factor, depending only weakly on m: q = 1.8412 for m  ∞ (the

infinite cylinder) and q = 2.0816 for m = 1 (the sphere) [23, 24]. At r >> rc the magnetization

reversal by curling sets in, when the neighboring spins of the ions inside a particle may not be

parallel to each other [24].

Two principal magnetic states of SD particles lead to different behavior of the system

depending on the temperature, T. Above the blocking temperature, Tb, thermal excitations

causes a rapid chaotic rotation of particle moments and superparamagnetic (SP) behavior,

when the magnetization, M, of the system is characterized by the expression

M ≈ Ms L [B / (kBT)].                               (2.1.3)

Here Ms and  are the saturation magnetization and the mean cluster moment, respectively,

provided that  >> B (the Bohr magneton), L(y) = cotanh (y) − 1/y is the Langevin function

and B is the magnetic field [24, 25]. Below Tb the blocked or stable regime sets in, where only

a logarithmically slow rotation of particle moments can exist [24, 25].

Consider the coherent rotation mode in the case of non-interacting SD particles,

given by the condition of W << KV, where W is the intercluster interaction energy, K is the

density of the (intracluster) anisotropy energy and V is the particle volume. At T > Tb takes

place a spontaneous switching of particle moments between different directions with a

frequency f = 1/ = f0 exp [ − KV/(kBT)], where f0 ~ 10 9 s−1, because the thermal excitation

energy ~ kBT is high enough to surmount the anisotropy energy KV, leading to the SP

behavior [24, 25]. Below Tb thermal excitations become insufficient to overcome KV resulting

in a blocking of the cluster moments (the blocked or stable regime above) and slow relaxation

of particle moments towards equilibrium, when during a typical static observation time e ~

102 s the direction of the moment do not change significantly. This yields the expression [25]

                                                                   Tb ≈ KV / (25 kB).                                             (2.1.4)

The anisotropy energy barriers are reduced by an applied magnetic field, decreasing Tb

according to the equation

                                                         [Tb (B) / Tb (0)]1/2 ≈  1  B / BK,                                 (2.1.5)
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characterized by the mean anisotropy field, BK [26]. From the relation between BK and Tb (0),

BK/Tb (0)  2 k /  (21 + ln e ) [26], one finds at e ~ 102 s the expression

BK / Tb (0)  50 kB / .           (2.1.6)

Another group of problems deals with such macroscopic magnetic features of the

assembly of magnetic nanoparticles as the net magnetization and the coercivity in conditions

when the non-sphericity of the clusters is important. This may take place when the clusters are

oriented along a preferred direction of the host lattice. Therefore, in this work the coercivity

filed, Bc
(j), and the saturation magnetization, Ms

(j) of the material containing such clusters, are

signed with superscript j = 1, 2 and 3, related to the crystallographic axes [100], [010] and

[001], respectively. The direction of the major cluster axis is characterized by the angle j

with the same crystallographic directions for j = 1, 2 and 3, respectively.

The coercivity field of the assembly of blocked clusters depends on T as follows,

Bc
(j) (T) = Bc

(j) (0) { 1  [ T / Tb (0) ] n}, (2.1.7)

where n and Bc
(j) (0) depend on the magnetization reversal mode and whether or not a

condition for the SD regime is satisfied. Namely, for a SD particle n = 1/2 [27] and 2/3 [24]

for coherent rotation and curling, respectively, whereas at r > rsd the value of n = 1 in Eq.

(2.1.7) is connected to domain wall effects [28].

For coherent rotation of the assembly of randomly oriented SD spheroids Bc
(j) (0) =

(j)BK, where (j) = 0.479 independent of j [29]. For non-random orientation of spheroidal

particles given by the angles j above, one has (j) = (cos2/3j + sin2/3j)3/2 for 0 < j < 450 and

(j) = sinj cosj for 450 < j < 900 [24]. The values of j are constrained with the equation

                          cos2 1 + cos2 2 + cos2 3 = 1.                                      (2.1.8)

In turn, for the SD regime and the curling mode the following expression is valid,
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where Da (m)  Na (m) / (4 ), Dc (m)  Nc (m) / (4 ), S = r / r0, r0 = A1/2 / Ms
*,  = q2 / , and

fluctuations of j, r and m around their mean values are neglected [23, 24]. In the same

conditions, accompanied by supposition of a high enough aspect ratio, one can find that the

direction of the magnetization lies close to the major axis of the spheroid, yielding the

following equations for the zero-temperature components of the saturation magnetization

[Publication 3]

Ms
(j) (0) =  Ms

* [ 1  D(j) ] cos j,                                (2.1.10)

where  is the volume fraction of the cluster material phase and D (j) = Da sin2 j + Dc cos2j,

satisfying the constraint equation

D (1) + D (2) + D (3) = 1.                                      (2.1.11)

At an arbitrary m the magnetization may not be directed along the major axis of the spheroid

and is characterized by angles j (j = 1, 2 and 3, depending on the direction of the field, as

above), connected to j with the expressions

tan j = (X/Y)1/2 tan j / [ (X / Y ) 1/2 + tan2j ] ,                      (2.1.12)

where X = (2Dc  /S 2)2 and Y = (2Da  /S 2)2 [23, 24]

To complete the picture of the behavior of Ms
(j) and Bc

(j) above, one should take into

account finite random distribution of the angles j around the mean values within limits ± j (j

= 1, 2 and 3), expectable in real systems of the magnetic SD spheroidal particles. One can find

the following equations for the mean zero-temperature values,
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respectively, where  = 1  Dc,  = Dc  Da  and j represent the mean values of the

corresponding angles [Publication 3].

Another important feature of the real systems of nanoparticles is the size distribution,

leading for a case of non-interacting clusters to the distribution of the blocking temperatures

according to Eq. (2.1.4). In turn, this results in magnetic irreversibility or deviation of the

zero-field cooled (ZFC) susceptibility, ZFC (T), from the field-cooled one, FC (T) in fields B

< BK. This is a typical feature of such systems and ZFC (T) is a measure of the distribution

function of the blocking temperatures, F (T), according to the equation [26, Publication 1]














 2

1)(
s

ZFCT
dT
dTF  ,                                     (2.1.15)

where s (T) is the spontaneous magnetization of the cluster material,  and  are constants.

The picture above deals presumably with a case of non-interacting magnetic

nanoclusters, given by the condition of W << KV, meaning blocking barriers due to the

anisotropy energy of individual particles. At W >> KV the blocking of moments due to

intercluster interaction is a cooperative process, resembling that of spin glasses [30]. For

magnetic dipolar interaction between nanosize magnetic particles, randomly distributed in the

host matrix, one can find within a mean-field approach [30] the following equations for the

blocking temperature, the magnetization of the system and the scale of the interaction energy:

)3/(2/1
0

2
Bb kIT  ,                                               (2.1.16)

M ≈ Ms B / (B +  Ms),                                             (2.1.17)

and
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W ≈ zJ 2 / r0
3,                                                  (2.1.18)

respectively, where I0 = zI / r0
6, zI = 11.6, zJ = 33, r0 is the mean distance between particles, 

= 17.3, Ms =  N is the saturation magnetization of the system,  and N are the mean moment

and the concentration of the particles, which size difference is neglected [Publication 1].

Finally, the role of small clusters including only few magnetic ions with strong

mutual interaction may be significant in DMS at low temperatures. Mn-doped DMS

demonstrate often a paramagnetic (PM) response characterized by reduced magnetic moment

per Mn2+ [2, 4, 5, 8], meaning the antiferromagnetic (AF) interaction between Mn ions. The

corresponding contribution to the low-temperature PM magnetization, MPM (B, T), can be

described with a phenomenological relation [2, 4, 5]

MPM (B, T) = M*
PM B5/2 {5BB / [ kB (T + T0)]},                   (2.1.19)

where M*
PM = BgS0N0x, g = 2,  S0 and T0 are the effective spin (per Mn ion) and the effective

temperature, N0x is the absolute concentration of Mn ions and B5/2 (y) is the Brillouin function.

The effective spin can be written in the form [4, 5]

gS0 = gS0
* ( P1 + PO 3 / 3 + PC 3 /15 + …),     (2.1.20)

 containing probabilities P1, PO 3, PC 3, … of Mn2+ to be in the single ion state (with the

effective spin gS0
*), in the open triple, in the closed triple or in the larger AF cluster (as

quartets, quintets etc.), respectively [4, 5]. Here is taken into account that an AF cluster of two

neighboring magnetic ions does not contribute to the magnetization. Therefore, the smallest

‘cluster’ is a single magnetic ion, which has no nearest magnetic neighbors. The next unit

containing the nonzero magnetic moment is the triple of magnetic ions. The closed triple is

the cluster where any two out of the three ions are coupled with the AF exchange interaction.

In the open triple such interaction exists only between the first and the second, the second and

third ion spins, but not between the first and the third ones [4, 5]. The probabilities above are

expressed as polynomials of the relative concentration of Mn2+, x, and depend on the range of

interactions between Mn ions and on the crystal structure of DMS [4, 5, 31].
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2.2 Hopping conductivity of doped semiconductors

At high temperatures the intrinsic conductivity of semiconductors, connected to thermal

activation of the electrons from the valence band (VB) to the conduction band (CB), takes

place [32, 33]. With lowering the temperature the extrinsic or impurity conduction becomes

important, which is realized by thermal excitation of the charge carriers into CB or VB from

impurity levels in the band gap [32, 33]. The resistivity at this temperature interval satisfies

the law

 (T) = 0 exp [EA/(kB T)],                                          (2.2.1)

where 0 is the prefactor and EA is the activation energy, given by the mean energy of

impurity levels [32, 33]. With further lowering the temperature the hopping conductivity sets

in, which also exhibits the exponentially strong dependence on T. However, it is connected to

the charge transfer over the localized states of impurity band (IB) [33 − 35]. Hopping

conductivity in weakly doped crystalline semiconductors with shallow impurities dominates

usually near the liquid helium temperatures, due to exponentially low concentration of the

electrons (holes) activated into CB (VB). IB or continuous spectrum of the band-like localized

states is characterized by the density of states (DOS) and is connected to intrinsic microscopic

disorder. In crystalline semiconductors disorder exists presumably due to compensation and

random distribution of charged impurities in the lattice [33]. The localization of charge

carriers in semiconductors may be of a strong type, realized by individual potential wells of

impurities (defects), or of the Anderson type, a multicenter phenomenon which sets in when

the overlap of the impurity wave functions becomes important [33 − 35]. Increasing overlap

leads to appearance of the delocalized or extended states in the DOS spectrum when

concentration of the impurities is increased, and eventually to the metal-insulator transition

(MIT). This occurs when the Fermi level, EF, falls into the interval of the extended states of

DOS, which can take place either inside the IB or in the overlap interval of the IB and CB

(VB) forming the joint energy spectrum. The conductivity of such heavily-doped

semiconductor loses activated character and becomes metallic [33 − 35].

Here are discussed mechanisms of the hopping conductivity in the anisotropic

crystalline p-type semiconductor at an arbitrary proximity to MIT, including cases of zero and
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non-zero magnetic field of different strength, along with equations to be applied in further

analysis of the low-temperature resistivity and magnetoresistance (MR) in p-CdSb:Ni.

Resistivity of a three-dimensional (3D) semiconductor is given by the equation

 (T) = D T m exp [ (T0/T) p],                                         (2.2.2)

where D and m are the prefactor constant and exponent, respectively, and T0 is a characteristic

temperature. In crystalline semiconductors with hydrogenic impurities m = p [33], where the

value of p is directly addressed to the hopping conductivity mechanism. The hopping between

only nearest neighbors (NNH) corresponds to p = 1. The variable-range hopping (VRH)

conductivity of the Mott [34, 35] and the Shklovskii-Efros (SE) [33] types is given by p = 1/4

and 1/2, respectively. The transition from NNH to VRH conductivity takes place when

tunneling between the nearest sites becomes energetically unfavorable due to the disorder,

suggesting an increased probability of finding an empty site with appropriate energy level

beyond the nearest neighbors [33 − 35]. At low T hopping processes take place only within

energy intervals around EF limited by the Mott optimum energy stripe,  (T) [34, 35]. The

type of VRH conductivity depends on the relations between  (T), decreasing with T, the

width WAB of the DOS, g (), of the acceptor band (AB) and the width  of the parabolic

Coulomb gap around EF. The origin of  is connected to the long-range Coulomb interactions

between localized charge carriers in disordered materials [33]. The conditions of  <  (T) <

WAB lead to the Mott VRH conductivity, while for  (T) <  the SE VRH conductivity sets

in [33]. Therefore, the temperature region with domination of one out of the two types of

VRH is connected to the relation between  and WAB, both parameters being sensitive to the

degree of disorder. The higher ratio of /WAB stimulates onset of the SE VRH conductivity at

higher T, whereas lowering of /WAB favors the Mott-VRH regime and shifts the interval of

the SE-VRH conductivity to lower temperatures.

The characteristic temperatures in Eq. (2.2.2) for the Mott (T0M) and the SE (T0SE)

VRH conductivity are given by the expressions

T0M = M / [ kB g(EF) a3]    and T0SE = SEe2 / (kB  a),   (2.2.3)
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respectively, where M = 21 and SE = 2.8 are constants,  is the dielectric permittivity, g (EF)

is the DOS parameter for the Mott VRH conductivity mechanism (or DOS at EF, when the

effect of the Coulomb gap can be neglected) [33], and a = (a1a2a3)1/3 is the mean localization

radius. The latter indicates anisotropy of the scale ai (i = 1, 2 and 3), related to exponential

decay of the impurity wave functions in the anisotropic semiconductor, which is different

along the [100] (i =1), [010] (i = 2) and [001] (i = 3) directions, as takes place in p-CdSb [33,

36]. The anisotropy of ai is connected to that of the effective mass of the charge carriers, mi,

via the factor a0i = ħ (2 mi EA)1/2 [33] in the general equation for arbitrary proximity to the

MIT, ai = a0i ( 1  NA / NC) [36]. Here NA is the acceptor concentration, NC is the

concentration of the MIT and  is the critical exponent of the correlation length (for a 3D case

 is predicted to be unity [37 − 39]). By introducing the mean parameter, a0  (a01a02a03)1/3,

one obtains the expression

a = a0 (1  NA / NC),                                               (2.2.4)

having the same form as for isotropic materials [40, 41]. In turn, by putting 0 = (010203)1/3,

where 0i (i = 1, 2, 3) are the values of the dielectric permittivity far from the MIT, one gets a

similar expression [40, 41]

 = 0 (1 − NA / NC),                                               (2.2.5)

where  is the critical exponent of , which is predicted to obey the relation  = 2 [37 − 39].

Introducing the local activation energy, Ea  d ln  / d (kB T)1 [33], Eq. (2.2.2) can

be written in the form

ln [ Ea /(kT) + m] = ln p + p ln T0 + p ln (1/T).                    (2.2.6)

At a certain hopping conductivity mechanism the left-hand side of Eq. (2.2.6) is a linear

function of ln (1/T), so the value of p can be obtained from the experimental data as the slope

of the plot ln [ Ea /(kT) + m] vs. ln (1/T).

The value of the DOS outside the Coulomb gap, g0, is given by the relation [33]

g0 = 33 2 / (e6).                                               (2.2.7)
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Widths  and WAB can be expressed with characteristic temperatures and the onset

temperatures of the SE and the Mott VRH conductivity regimes, TVSE and TVM, respectively

[33],

2/1
0 )(5.0 SEVSEB TTk   and 4/1

0
4/3

MVMBAB TTkW  .                    (2.2.8)

Equations for WAB when the Coulomb gap is important and when it is not, can be written as


3
2

2 0g
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)(2 F

A
AB Eg

NW  ,                             (2.2.9)

respectively [33].

Positive MR in doped semiconductors is connected to magnetic shrinkage of the

impurity wave functions in the direction perpendicular to B [33]. In a weak magnetic field

given by the condition of  >> a0, where  = (ħ / eB)1/2  is the magnetic length, a quadratic

magnetic-field dependence of ln  (B) has been predicted for any hopping conductivity

mechanism [33]. However, the temperature dependence of MR in each regime of hopping is

different. So, for the NNH conductivity MR satisfies the equation

ln [ (B) /  (0) ]j = Cj B2,                                        (2.2.10)

where the prefactor

Cj = t e2 a pj
2 / (ħ2 NA)                                          (2.2.11)

does not depend on T. In this equation t = 0.036 [33] and

pj = [ mj
2 / (mkml) ]1/6                                           (2.2.12)

are the anisotropy coefficients, with j, k, l = 1, 2, 3 (but j k  l), j = 1, 2 and 3 corresponding

to the direction of the magnetic field along the [100], [010] and [001] axes, respectively [36].

In an anisotropic semiconductor pj reflect different elasticity of the anisotropic impurity wave

functions to magnetic shrinkage at different directions of the field [33].
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For the Mott VRH conductivity MR is given by the expression similar to Eq. (2.2.10)

but with Cj replaced by Aj
(M) (T) = A0j

(M) T 3/4, where

A0j
(M) = t1e2 a4 T0M

3/4 pj
2 / ħ2                                    (2.2.13)

and t1 = 5/2016 [33]. The weak-field MR in the SE VRH regime obeys the same Eq. (2.2.10)

but instead of Cj one has Aj
(SE) (T) = A0j

(SE) T 3/2, where A0j
(SE) satisfies the expression similar

to Eq. (2.2.13) but with t2 = 0.0015 and T0SE
3/2 instead of t1 and T0M

3/4, respectively [42].

The discussion of MR in strong fields of  ≤ a0 is restricted here only by the NNH

conductivity regime (the extensions to the Mott and the SE VRH conductivity mechanisms

are given in [33] and [42], respectively). MR can be written as [33]

                                                       ln [ (B) / *]j = j [ B  (B)]1/2,                        (2.2.14)

where * is a constant,

j = q pj
1/2 [e / (NA a ħ)]1/2,                                   (2.2.15)

q = 0.92 and

 (B) = a / a (B).                                            (2.2.16)

Here a  a (0). An important feature of the strong-field limit is dependence of the localization

radius on B in Eq. (2.2.16). This dependence sets in already far from the MIT as  approaches

a0  a0 (0), and is connected to the corresponding dependence of EA on B. The latter can be

written analytically only in the following two cases: EA (B) = EA (0)  EA for B << B0 and EA

(B) = EA ln 2 (B/B0) for B >> B0, where B0 = ħ/(ea0
2) [33]. However, a useful interpolation

formula has been proposed for B ~ B0, too, yielding EA (B) = B1/3, where  is independent of

B [33]. Therefore, far from the MIT (or at NA << NC), using the relation a0 ~ EA
−1/2 [33] one

finds:  (B) = 0 (B), where 0 (B)  a0/a0(B) satisfies the expression

0 (B) = ( B1/3 / EA)1/2.                        (2.2.17)
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At an arbitrary proximity to the MIT and low degree of the compensation, K = ND / NA, where

ND is the concentration of the compensating donors, the general expression for  (B) reads

[Publication 6]:
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 ,      (2.2.18)

where 0 (B) = RA/a0 (B), 0 = RA /a0, RA = (4NA/3)1/3 is half of the mean distance between

the acceptors and a0 (B) = ħ / [2 m* EA (B)]1/2 [33] with m* = (m1m2 m3)1/3.

2.3 Hall effect in ferromagnets and related materials

The classical Hall effect in non-magnetic materials, containing itinerant charge carriers, is

connected to generation of the transversal electric field due to the Lorenz force acting on the

electrons in transversal magnetic field, and is determined presumably by concentration of the

carriers [43]. Along with the normal (or ordinary) contribution to the transversal (Hall)

resistivity, xy  H, due to the classical Hall effect, in FM compounds exists the anomalous

(spontaneous, or extraordinary) contribution to H. The reason to the anomalous Hall effect

(AHE) in FM materials is transversal redistribution of charge due to influence of the spin-

orbit interaction on scattering of the spin-polarized conduction electrons [44, 45]. Therefore,

the Hall resistivity of a FM compound is given by the expression

H = N + A,                                                          (2.3.1)

where the normal Hall resistivity, N = R0 B, is determined by the normal Hall coefficient, R0,

and the anomalous contribution, A =Rs M, by the anomalous Hall coefficient Rs and the

magnetization of the material, M [44, 45].

AHE is observed not only in purely FM compounds, but also in a variety of other

magnetic materials, including DMS as well [46], and manifestation of AHE cannot be

regarded as a sufficient proof of a conventional homogeneous FM state [47]. However,

presence of a system of ferromagnetically ordered spins should be considered as an essential

condition for the anomalous contribution to the Hall effect [44 − 47]. On the other hand, Eq.
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(2.3.1) can be applied to analyze AHE beyond the conventional FM compounds, too, but

regarding it as only a phenomenological expression with limited applicability.

There is no universal theory capable to explain all details of AHE in different

magnetic compounds. Therefore, discussion of the models of AHE is accompanied here with

experimental results and materials they could be address to. A common feature of

microscopic models of AHE is prediction of a power-law scaling relation between A and 

 xx, the conventional or longitudinal resistivity, like A ~ n (or a similar conductivity law),

where exponent n is specified by a certain model.

The values of n = 1 and 2 for ferromagnets have been predicted in frameworks of

two different mechanisms of AHE, the skew scattering [48] and the side jump [49],

respectively, both of them induced by the spin-orbit interaction. A theory of multiband FM

metals with dilute impurities [50] proposes the relation A ~ n between the anomalous Hall

conductivity, A, and the conventional conductivity, , which has an extrinsic-intrinsic

crossover, where n depends on the value of . A clean limit with high conductivity favors

domination of the extrinsic skew scattering mechanism leading to n = 1, whereas the intrinsic

contribution to AHE prevailing in a dirty limit with low  yields n = 1.6. For DMS with

intrinsic origin of the FM state the intrinsic Berry phase model of the AHE has been

developed,  predicting the scaling relation A ~ n and n = 2 [51].

To compare with the experimental data, the values of n within the interval of 1 − 2

have been observed in the law A ~ n, including the limits of this interval as robust results for

FM metals [44, 45]. The value of n = 1.9 inside the interval above and n = 0.6 outside this

interval have been reported recently for (In, Mn) As / (Ga, Al) Sb heterostructures [52] and

granulated films of Fe / SiO2 [53], respectively. In addition, in the colossal magnetoresistive

oxides La1xCaxCoO3 [54] and La22xSr1+2xMn2O7 [55] the AHE could not be interpreted

either with n = 1 and 2 in the law Rs ~ n, or with a combined law like Rs = a  + b 2.

The experimental investigations above exhibit non-universality of the exponent in

the power-law resistivity scaling, suggesting absence of a universal mechanism of AHE in

various magnetic systems. On the other hand, a broad universality class of the value of n

1.6 in the conductivity scaling law, A ~ n, has been established recently by analyzing vast

of the literature data of AHE in 28 different compounds of five different types, exhibiting

both the metallic and the activated conductivity (including the hopping one), and extended
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within more than five decades of  [46]. At this point, the universality of n  1.6 in the

conductivity scaling law looks broader than that of the model [50], predicting the same value

of n in one of its limits but dealing with only the metallic conductivity.

2.4 Experimental procedure

2.4.1 Sample preparation and characterization

DMS samples of the three different subgroups of the group II-V semiconductors, investigated

in this work, were obtained as follows.

Single crystals of (Zn1-xMnx)3As2, belonging to the II3-V2 subgroup, were grown with

the modified Bridgman method or slow cooling of a melt in the presence of a temperature

gradient [11]. Stoichiomentric amounts of Zn3As2 and Mn3As2 were synthesized, sealed in a

carbon-coated evacuated quarts ampoule and put into a vertical furnace. The crystal growth

temperature was adjusted between ~ 780 − 800 0 C and the speed of cooling was kept at ~ 1 0

C/h in the region of crystallization temperatures and near the  to  phase transition

temperature [56]. Further preparation details of materials of the II3-V2 subgroup of the II-V

semiconductors, doped with Mn, one can find in [8, 10, 57]. Single crystals of (Zn1-xMnx)3As2

obtained with the method above were investigated with X-ray diffraction techniques,

supporting the composition, homogeneity and crystal quality of the low-temperature -phase

Cd3As2-type crystal structure observed in all samples with x up to ~ 0.135 [11]. Above x ~

0.15 inhomogeneities of a secondary phase of the compound ZnMn2As2 were found to

segregate in the (Zn1-xMnx)3As2 alloys [8, 11, 58].

Zn1-xMnxAs2 belonging to subgroup II-V2 was neither obtained nor investigated

earlier. Main features of the preparation method of this material are given below [Publication

1].

On the first stage formation of Zn1-xMnxAs2 solid solutions within the system of

ZnAs2 − MnAs2 was investigated by synthesizing samples in the interval of 0 ≤ x ≤ 0.5 with

the modified Bridgman method. A mixture of stoichiometric amounts of Zn, Mn and As was

put into a carbonized quartz ampoule to synthesize polycrystalline ingots in vacuum at 1000 0

C. Then the material was cooled down to 800 0 C at a speed of 50 0 C/h and then to 700 0 C

with cooling rate of 10 0 C/h.  Analysis with the X-ray powder diffraction method revealed a
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monoclinic structure with space group 5
2hC and the lattice parameters a = 9.28 Å, b = 7.68 Å

and c = 8.03 Å. The upper boundary of Zn1-xMnxAs2 solid solutions at x ~ 0.2 − 0.3 was

established, as well. A good coincidence of positions of the diffraction peaks with those of

ZnAs2 was observed. Clear X-ray fluorescence background and changes in intensities of the

X-ray diffraction lines indicated presence of Mn in the compound. However, no variation of

the lattice parameters with the composition was observed [Publication 1], all of them were

found close to those of ZnAs2 [ 56, 59].

To obtain single crystals of Zn1-xMnxAs2 with x between 0 − 0.2 the amount of the

starting materials was enlarged, the time of the synthesis at 1000 0 C was increased to 20 h

and the cooling rate in the crystallization region was decreased down to ~ 1.5 − 2 0 C /h. The

results of X-ray investigations of the Zn1-xMnxAs2 single crystals exhibited good agreement

with those of the polycrystalline material, with evidence of negligible distortions of the ZnAs2

type structure by substitution of Zn for Mn up to x = 0.2. A secondary phase was not detected

in these investigations, too. X-ray phase analysis yielded the same picture of diffraction lines

for samples obtained from different parts of ingots [Publication 1].

Single crystals of CdSb doped with 2 at % of Ni were obtained with the modified

Bridgman method, as well, using a following two-stage procedure [Publication 3]. At first Ni

was dissolved in Cd by thermal annealing of the melt at 700 0 C for 8 h. On the second stage

stoichiometric amounts of Cd:Ni and Sb were put into a quartz ampoule with a thin graphite

layer, evacuated and filled with Ar gas to pressure of 0.1 atm. The material was kept at 460 0

C for 12 h and then cooled down at the speed of 0.5 0 C/h. The X-ray diffraction analysis of

the ingots with volume of ~ 1 cm3 revealed the single-phase material, having the

orthorhombic structure, the space group hD 2
15  and the lattice parameters same as in undoped

CdSb [Publication 3]. The direction of growth of the ingots had the angle of 50 0 ± 5 0 with

the crystallographic axis [100].

2.4.2 Magnetic measurements

Unoriented single crystals of (Zn1-xMnx)3As2 with x = 0.08 − 0.13 and of Zn1-xMnxAs2 with x

= 0.01 − 0.1 were used for investigations of the magnetization, as well as an oriented sample

of the latter compound with x = 0.05. Samples of p-CdSb:Ni with the shape of rectangular

prisms of dimensions 6.0×2.0×2.2 mm3, 6.0×1.8×2.4 mm3 and 6.0×2.1×2.0 mm3 were cut
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from single-crystalline ingots to have the longest edge parallel to the crystallographic axes

[100], [010] and [001], respectively, to be oriented along the magnetic field.

The dc magnetization, M, was investigated with a SQUID magnetometer separately

between 3 − 310 K and 250 − 500 K in fields B ≤ 6 T after annealing the sample for 0.5 − 2 h

at temperatures ~ 150 − 200 0 C to avoid any influence of a remanent magnetization. The

dependence of M (T) was measured at B between 2 G and 15 kG after cooling the sample

from 300 K to 2 − 5 K in zero field (B < 0.1 G ) or in the field of the measurements, yielding

the data in the zero-field cooled (MZFC) and the field-cooled (MFC) regimes, respectively.

Investigations of the thermoremanent magnetization (TRM) were performed after cooling the

sample from 300 K down to 5 K in a field with subsequent reducing it to zero. Control of the

sample temperature with flowing helium gas was realized to an accuracy of 0.2 %, as

measured using a carbon-glass thermometer.

2.4.3 Transport measurements

Investigations of the longitudinal and the Hall resistivities were made using crystalline

samples of p-CdSb:Ni shaped to rectangular prisms of sizes 5.5×1.9×2.3 mm3, 5.5×1.5×2.3

mm3 and 5.5×1.9×2.0 mm3. The samples were cut from the ingots so that their longest edges

were oriented along the [100] (sample 1), [010] (sample 2) and [001] (sample 3) axes,

respectively. The measurements of  (T) and H (T) were performed by recording the signals

from two different pairs of the potential contacts and one pair of the Hall contacts,

respectively. For measurement in zero field or in pulsed magnetic fields up to 25 T the sample

was put in a He exchange gas Dewar and temperature was varied between 1.5 and 300 K with

accuracy of 0.5 %. MR was investigated in the transversal magnetic field configuration of j ||

[100] and B || [001] (# 1), j || [010] and B || [100] (# 2) and j || [001] and B || [010] (# 3). The

pulse length of the magnetic field was 8 ms, the error of B did not exceed 5 % and the

inhomogeneity was less than 0.3 %.
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3 Magnetic properties of II-V semiconductors doped with Mn and Ni

3.1 Nanosize MnAs precipitates in Zn1-xMnxAs2

Crystal structure of the prototype compound, ZnAs2, belongs to the type of -ZnP2

with space group 5
2hC or P21/c and eight formula units per unit cell. It is characterized by

lattice parameters a = 9.287 Å, b = 7.691 Å and c = 8.010 Å [56, 59], and differs from -ZnP2

structure by absence of the intermetallic bonds. Unintentionally doped (undoped) ZnAs2 is a

p-type semiconductor with the band gap Eg ~ 0.9 eV and concentration of holes ~ 1014 − 1016

cm−3 at 300 K [60, 61]. Transport properties of ZnAs2 exhibit large anisotropy of the

resistivity and the Hall coefficient [62].

Here are presented and analyzed magnetic properties of Zn1-xMnxAs2 single crystals

with x = 0.01 − 0.1, obtained and investigated for the first time as described in Sections 2.4.1

and 2.4.2, respectively. The upper limit of the composition was chosen to ensure the material

to be within the interval of the solid solutions.

As seen in the left panel of Fig. 3.1.1, low-field magnetic behavior of Zn1-xMnxAs2

exhibits  strong irreversibility, including divergency of ZFC (T) and FC (T) (where ZFC ≡

MZFC/B and FC ≡ MFC/B) already near the room temperature, and a broad maximum of ZFC

(T) near Tb ≈ 250 K. The difference between ZFC and FC decreases when B is increased

between 2 − 200 G, and vanishes above ~ 2 kG.

The dependence of the magnetization on the magnetic field in Zn1-xMnxAs2 with x =

0.01 exhibits initial rapid increase and deviation from linearity already at B ~ 1 − 2 kG. With

further increase of B magnetization attains a broad maximum near Bmax ~ 20 − 30 kG with

subsequent weak decrease (see the right panel of Fig. 3.1.1). It is noticeable that such

behavior takes place already at the room temperature, whereas between 2 − 200 K the

dependence of M on T is quite weak. From Fig. 3.1.2 it follows that a similar behavior of the

magnetization takes place in Zn1-xMnxAs2 with x = 0.05, but with a saturation of M (B) instead

of the maximum. In addition, some anisotropy of magnetization of the sample with x = 0.05

can be seen in the right panel of Fig. 3.1.2.

Both functions, ZFC (T) and FC (T), exhibit in the Zn1-xMnxAs2 sample with x =

0.01 a steep variation at temperature TC slightly exceeding 300 K, where TC increases with

increasing field (see the left panel of Fig. 3.1.3).
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Figure 3.1.1. Left panel: The plots of ZFC vs. T (open symbols) and FC vs. T (closed

symbols) for Zn1-xMnxAs2 with x = 0.05, measured at B = 2 G (1), 5 G (2), 20 G (3), 50 G (4)

and 200 G (5). Inset: temperature dependence of ZFC and FC for x = 0.01 and 0.1, measured

at B = 10 G. Right panel: Magnetization vs. magnetic field in Zn1-xMnxAs2 with x = 0.01 at T

= 300 K (1), 200 K (2), 100 K (3), 20 K (4) and 2 K (5). Inset: dependence of the

magnetization on B, corrected by subtraction of the diamagnetic contribution Md, for the same

sample and T = 300 K (1*), 100 K (3*) and 2 K (5*) [Publication 1].

Another feature is that above T ~ 370 K the lowest plot, measured at 60 kG contains

a negative part, which is roughly independent of T. This demonstrates presence of the

diamagnetic contribution, Md, to the magnetization of this sample. As follows from the inset

to the right panel of Fig. 3.1.1 the maximum of the M (B) curves in the Zn1-xMnxAs2 sample

with x = 0.01 vanishes if Md is subtracted. A similar behavior of ZFC (T) and FC (T) above

300 K is observed in Zn1-xMnxAs2 with x = 0.05 and 0.1, with similar values of TC in all

investigated samples (see the right panel of Fig. 3.1.3).

The saturation of M (B) already at 300 K (Figs. 3.1.1 and 3.1.2) with weak

temperature dependence of the saturated value, suggests presence of a FM-like spin system in

Zn1-xMnxAs2. On the other hand, the magnetic irreversibility in the left panel of Fig. 3.1.1 is

typical of frustrated magnetic systems.
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Figure 3.1.2. Left panel: the same plots as in Fig. 3.1.1 but for Zn1-xMnxAs2 with x = 0.05

(unoriented sample). Inset: M / s vs. B for x = 0.05, T = 1.9 K (a) and T = 20 K, 50 K, 100

K, 200 K and 300 K (b). Right panel: dependence of M on B in the oriented sample with x =

0.05 for B || (100) at T = 200 K (1), 50 K (2) and 5 K (3) and for B  (100) at T = 200 K (1*)

and 5 K (3*). The lines are fits with Eq. (2.1.17) [Publication 1].

Both these features of the magnetization, observed between 5 − 300 K can be

explained by an assembly of nanosize magnetic clusters with FM ordering of internal spins

(briefly, FM clusters). Eventually, a steep decrease of the magnetization above 300 K in Fig.

3.1.3 permits to attribute these clusters to MnAs precipitates, taking into account properties of

the bulk MnAs material [63]. Indeed, crystal structure of MnAs is of the hexagonal B81 or

NiAs type above TD = 394 K and orthorhombic B31 or MnP type below TD, both phases

exhibiting a PM behavior. The first-order magnetostructural phase transition on cooling in a

zero field down to TCc ≈ 306 K leads to reconstruction of the hexagonal B81 phase,

accompanied by onset of the spontaneous FM magnetization, s (T), which vanishes on

heating at B = 0 and TCh ≈ 317 K. The transition temperatures TCc and TCh are shifted by ~ 20

K and 30 K, respectively, when the field is increased from 0 to 60 kG [64]. As can be

concluded from Fig. 3.1.3 the values of TC in the investigated Zn1-xMnxAs2 samples lie close

to the dashed vertical line representing the average of TCc and TCh. Shift of TC with increasing

B from 20 G to 60 G in the left panel of Fig. 3.1.3 is similar to that in MnAs [64].
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Figure 3.1.3. Left panel: Plots of ZFC vs. T (open symbols) and FC vs. T (closed symbols) for

Zn1-xMnxAs2 with x = 0.01 and B = 20 G (1), 200 G (2), 2 kG (3) and 60 kG (4). Right panel:

the same plots for x = 0.01 (1), 0.05 (2) and 0.1 (3) at B = 200 G [Publication 1].

Presence of MnAs clusters has been established previously by the steep decrease of

the magnetization near 300 K in In0.82Mn0.18As [65] and quite recently in Mn-doped

Cd0.1Zn0.9GeAs2 solid solutions [66]. Magnetic irreversibility near the room temperature was

observed in heterogeneous metallic Cu-Co alloy films containing nanoscale FM Co-rich

clusters [67], in GaAs with FM Fe3GaAs precipitates [68], and at lower temperatures in some

granular systems exhibiting SP behavior of the clusters and the effect of giant

magnetoresistance (see [68] and references therein).

The magnetization data in Figs. 3.1.1 − 3.1.3 are analyzed below taking into account

presence of an assembly of FM MnAs clusters, influencing the magnetic state of Zn1-

xMnxAs2. The magnetic irreversibility in the left panel of Fig. 3.3.1 reflects transition from SP

to the blocked or stable regime at the mean blocking temperature Tb ~ 250 K, identified by the

maximum of ZFC (T). At T > Tb the thermal energy ~ kBT is sufficient to orient the cluster

moments in the external magnetic field, whereas below Tb clusters cannot overcome the

blocking barriers by thermal excitations (see Section 2.1). The blocking transition is broad in

Zn1-xMnxAs2 overlapping partially with the FM-like transition in MnAs clusters (cf. Figs.

3.1.1 and 3.1.3), which does not permit observation of the purely SP behavior.
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Figure 3.1.4. The saturation magnetization vs. T in Zn1-xMnxAs2 with x = 0.01 (triangles), the

reduced spontaneous magnetization of MnAs, s (T) (line 1) and the sum of s (T) with the

PM contribution of free Mn ions (line 2). Inset: inverse susceptibility vs. T above TC. Line 3 is

a linear fit. [Publication 1].

One of the reasons to blocking of the cluster moments is connected to the anisotropy

energy barriers (Section 2.1). Therefore, the wide distribution of the blocking temperatures

around Tb or broad maximum of ZFC (T) in Fig. 3.1.1 is connected to distribution of the sizes

of the FM clusters, as follows from Eq. (2.1.4), if this reason is predominant. The volume

fraction, , of the MnAs phase can be estimated using the values of the magnetization of

Zn1-xMnxAs2 and s near TC [64], yielding  ≈ 0.023 and 0.035 for samples with x = 0.05 and

0.10, respectively. Then the fraction of Mn entering the MnAs clusters in Zn1-xMnxAs2 is

given by the values of  ≈ 0.97 and 0.73 for x = 0.05 and 0.10, respectively.

The value of  in Zn1-xMnxAs2 can be determined also from the temperature

dependence of the saturation magnetization, Ms, shown in Fig. 3.1.4 for the sample with x =

0.05. This dependence (solid triangles) coincides with that of s (T) down to T ~ 50 K at  =

0.023, yielding the same values of  and  for x = 0.05 as those found in vicinity to TC above.

On the other hand, the deviation of Ms (T) from s (T) below 50 K is attributable to a PM
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contribution, Mp (T), of the single Mn ions outside the FM clusters. Therefore, Ms (T) is fitted

between T = 2 − 300 K with the sum of s (T) + Mp (T), where Mp (T) ≈ p (T) B*and the

reference field B* ≈ 40 kG is taken to satisfy both the saturation of the contribution of the

MnAs clusters to the net magnetization and linearity of the PM response of the single Mn

ions. The latter is given by the Curie-Weiss susceptibility law, p(T) = C1/(T − 1), where

)3/(22
1 BsBeff kNpC   is the Curie constant, effp  is the effective number of Bohr magnetons

per single Mn ion, Ns is their concentration and 1 is the Weiss temperature, connected to

interaction between the free Mn ions.

Best fit of the data of Ms (T) in Fig. 3.1.5 yields C1 = 1.3×10−4 emu K cm−3 G−1 and

1 = − 4.2 K. The latter implies the antiferromagnetic (AF) interaction between the single Mn

ions in Zn1-xMnxAs2 as typical of Mn-doped DMS [2, 4, 5, 8]. The value of C1 at 352 effp  for

Mn2+ yields Ns = 1.8×1019 cm−3, the fraction of single Mn ions ≈ 0.026 and  ≈ 0.974. This is

in a complete agreement with the corresponding values of  obtained above with two other

methods, applied near TC and for T between 50 − 300 K. The values of  lie beyond the

sensitivity of the X-ray analysis, which has not shown presence of a secondary phase in Zn1-

xMnxAs2 (Section 2.4.1). On the other hand, independence of the lattice parameters of Zn1-

xMnxAs2 on composition, mentioned in Section 2.4.1, is in line with the values of , meaning

that the overwhelming majority of Mn enters the MnAs clusters.

As follows from the inset to Fig. 3.1.4 at temperatures between ~ 320 − 380 K above

TC the Curie-Weiss law (line 3) is observed again yielding, another values of the Curie

constant and the Weiss temperature, C2 = (3.3 ± 0.3)×10−3 emu K cm−3 G−1 (corresponding to

peff = 4.8 ± 0.4) and 2 = 310 ± 20 K, respectively. These values agree with  = 285 K and peff

= 4.45 of the hexagonal PM phase of bulk MnAs above TD = 394 K [63]. Temperature

interval of the orthorhombic phase in bulk MnAs material has width of ~ 80 − 90 K [63]. On

the other hand, for MnAs clusters in Zn1-xMnxAs2 such interval is much smaller, not

exceeding ~ 20 − 30 K which follows from the shift of TC with B (~ 30 K in the left panel of

Fig. 3.1.3) and from the onset of the Curie-Weiss law (~ 320 K, see inset to Fig. 3.1.4).

In agreement with the supposition made above that the blocking of the cluster

moments in Zn1-xMnxAs2 is due to the anisotropy energy barriers, the ratio of M/s at any

field is independent of T collapsing to a single curve within the error of ~ 2 − 3 % (plot b in

the inset to the left panel of Fig. 3.1.2). The deviation from this behavior observed at 2 K (plot
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a in the same figure) is connected to the increased PM response from the single Mn ions at

lowest T. Therefore, the distribution function of the blocking temperatures, F (T), which can

be calculated from the dependence of ZFC (T) in the lowest applied fields (Fig. 3.1.1)

according to Eq. (2.1.15), is directly addressed to the size distribution of the MnAs clusters.

Then the corresponding distribution function, f (r), of the cluster radius, r, in the spherical

approximation of the cluster shape can be calculated using F (T), the relation between Tb and

the cluster volume given by Eq. (2.1.4) and the dependence of the absolute value of K on T

[64], whereas the constants  and  in Eq. (2.1.15) can be obtained by normalizing f (r) to

unity and using the condition of f (0) = 0.

Figure 3.1.5. The distribution function of the cluster radius in Zn1-xMnxAs2 samples with x =

0.01 (line 1), 0.05 (line 2) and 0.1 (line 3). Inset: the structure of the distribution function for

the sample with x = 0.05 (×) can be composed with three overlapped Gaussians [Publication

1].

The normalized distribution function for the Zn1-xMnxAs2 sample with x = 0.05

shown in Fig. 3.1.5 (a), exhibits a sharp peak at r1 ≈ 3.3 nm, as well as two other peaks
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centered at r2 ≈ 2.4 nm and r3 ≈ 1.7 nm as follows from analysis of f (r) with the multiple

Gaussian functions. In other samples f (r) is similar, sharpening with increasing x and shifting

cluster sizes towards r1 as evident from Fig. 3.1.5 (b). The cluster moments at 300 K are 1 ≈

10.4, 4.1 and 1.5 (in units of 103 B) for r1, r2 and r3, respectively, whereas the mean values of

<r> ≈ 3.1 nm and <> ≈ 8.8×103 B are evaluated with the distribution function in Fig. 3.1.5

(a). Eventually, the concentration of clusters, N ≈ Ms /(s <V>), where <V> is the mean cluster

volume, and the mean intercluster distance, <r0> = 2 (4N/3)−1/3, are calculated yielding N ≈

1.8×1017 cm−3 and <r0> ≈ 22 nm, respectively.

Using the cluster parameters found above and the absolute value of K ≈ 6×106 erg

cm−3 at 300 K [64] one can compare the scales of the cluster anisotropy energy, K<V> ≈  0.5

eV and of the energy of magnetic dipolar interaction, W ≈ 0.013 eV, evaluated with Eq.

(2.1.18). It can be seen that W << K<V>, whereas the direct or indirect RKKY-like exchange

interactions between the clusters can be excluded by large value of <r0> and small

concentrations of the charge carriers typical of ZnAs2, respectively.

To complete the picture, the magnetization data should be discussed supposing a

dipolar interaction nature of the blocking barriers, neglecting influence of the anisotropy

energy and the distribution of the cluster sizes. However, by fitting the dependences M (B) in

the right panel of Fig. 3.1.2 with Eq. (2.1.17) and using Eqs. (2.1.16) and (2.1.18), one can

come to the relation of KV >> W again [Publication 1]. This contradicts to the assumption

that blocking of the cluster moments are due to the magnetic dipolar interaction.

Finally, one can see in the right panel of Fig. 3.1.2 that the difference between M (B)

measured for B || (100) and B  (100) persists up to B ≈ 50 kG, exceeding threefold the

anisotropy field of MnAs, Ba = 18.3 kG at 300 K [64]. Hence, a reason to the observed

anisotropy of the magnetization in Zn1-xMnxAs2 is attributable to some non-sphericity of the

cluster shape.

3.2 Clusters and magnetic phase of (Zn1-xMnx)3As2

(Zn1-xMnx)3As2 belonging to the II3−V2 DMS is obtained by substitution of Mn for Zn in

Zn3As2. The latter is a p-type semiconductor with tetragonal crystal structure (space group

I41cd or vC 4
12 ), the gap Eg ≈ 1 eV and  the hole concentration ~ 1014 − 1016 cm−3 [56, 57].
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In this section are presented and analyzed magnetic properties of (Zn1-xMnx)3As2 in

the field and temperature intervals, extended with respect to [11], to obtain information about

the magnetic state of this material. Samples with x = 0.08 − 0.13 are prepared and investigated

as described in Sections 2.4.1 and 2.4.2, respectively, taking the upper limit of x = 0.13 to

avoid presence of a secondary phase of ZnMn2As2 [11, 58].

The plots of ZFC (T) and FC (T) in (Zn1-xMnx)3As2, measured at B = 5 − 50 G and

shown in Fig. 3.2.1, start to diverge below Ti ~ 280 K, ZFC (T) exhibiting a broad maximum

near Tb ~ 250 K. The magnetic irreversibility is suppressed by increasing magnetic field and

vanishes entirely at B = 15 kG, as evident from Fig. 3.2.2 (a). The behavior above is in

agreement with that observed previously in (Zn1-xMnx)3As2 with x = 0.08 − 0.13 at T ≤ 220 K

[11]. In addition, in Fig. 3.2.2 (b) one can see a pronounced nonlinearity of the dependence of

M (B) already below ~10 kG. In the right panel of Fig. 3.2.2 one can see an abrupt decrease of

ZFC (T) and FC (T) above Ti in all investigated (Zn1-xMnx)3As2 samples. The susceptibility

above 350 K approaches a constant value, which is much smaller than at Ti.

Taking into account properties of the bulk MnAs [63, 64] and using the same

arguments as in Section 3.1, it can be concluded that an assembly of FM MnAs nanoclusters

is responsible for the high-temperature magnetic irreversibility in (Zn1-xMnx)3As2 (Fig. 3.2.1).

Similar to Zn1-xMnxAs2 (Fig. 3.1.3) steep decrease of  (T) in (Zn1-xMnx)3As2 above 300 K

reflects the FM-like transition in MnAs clusters. The average of TCc and TCh (see Section 3.1)

in the right panel of Fig.3.2.2 is shown as TC (MnAs) by the vertical dashed line.

Neglecting the intercluster interaction, taking into account proximity of TC and Ti

(dotted line in the right panel of Fig. 3.2.2), the relation M (Ti) >> M (T >TC) and the linear

SP response of the (unblocked) MnAs clusters in Eq. (2.1.3) in low magnetic fields above Ti,

the volume fraction of the MnAs phase in (Zn1-xMnx)3As2 can be found with the equation

 )(3/)(25)(
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  .      (3.2.1)

Here s (Ti) and K(Ti) are the values of the spontaneous magnetization (per unit mass) and of

the anisotropy energy (per unit volume) of MnAs at Ti, respectively [64], MA and ZMA are

the mass densities of MnAs and (Zn1-xMnx)3As2, respectively.  This gives  ≈ 2.3×10−3,

3.5×10−3 and 3.8×10−3 for x = 0.08, 0.10 and 0.13, respectively.
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Figure 3.2.1. The plots of ZFC vs. T (open symbols) and FC vs. T (closed symbols) for

(Zn1-xMnx)3As2 with x = 0.08 and 0.10 in the field of B = 10 G and 5 G, respectively, and

with x = 0.13 in the field of B = 50 G () and 80 G () [Publication 2].

The fraction of Mn ions entering the clusters of MnAs phase is found to be  ≈

0.086, 0.10 and 0.087. This corresponds to the fraction x* = x (1 − ) ≈ 0.07, 0.09 and 0.12 of

Mn in the rest of the material for a nominal relative concentration of Mn, x = 0.08, 0.10 and

0.13, respectively. Hence, in (Zn1-xMnx)3As2 only a minority of the Mn ions enters the FM

MnAs nanoclusters. Therefore, in (Zn1-xMnx)3As2 the majority of the Mn ions can form PM

centers, responsible for the increase of ZFC (T) and FC (T) below ~ 30 K (Fig. 3.2.1)

Due to such PM centers and vanishing irreversibility of  (T) at B = 15 kG, one can

fit  (T) in Fig. 3.2.2 (a) at a linear PM response to the applied field with the expression

 (T) =  s (T) / B + C / (T − ).                                          (3.2.2)

The first term of Eq. (3.2.2) is the contribution of the FM MnAs nanoclusters and the second

represents the Curie-Weiss contribution of PM centers. The function  (T) is shown in Fig.
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3.2.2 (a) by the line 3, whereas the lines 1 and 2 exhibit contributions of the first and the

second terms, respectively, in the right-hand side of Eq. (3.2.2).

Figure 3.2.2. Left panel: (a) Dependences of ZFC () and FC () on T for (Zn1-xMnx)3As2

with x = 0.13 and B = 15 kG. Lines 1 and 2 correspond to the first and the second terms of 

(T) in Eq. (3.2.2), respectively, and line 3 is their sum; (b) Dependence of M on B at T = 3.3 K

for x = 0.13 measured in increasing () and decreasing () magnetic field. Lines 1 and 2

correspond to the first and the second term of M (B) in Eq. (3.2.3), respectively, and line 3 is

their sum. Right panel: plots of ZFC vs. T (open symbols) and FC vs. T (closed symbols) for

(Zn1-xMnx)3As2 with x = 0.08 (1), 0.10 (2) and 0.13 (3) in the field of B = 80 G. The dotted

and the dashed lines represent the temperature Ti (onset of the irreversibility) and the Curie

temperature TC of MnAs, respectively. The plots (2) and (3) are shifted along the vertical axis

by the values shown above the corresponding plot [Publication 2].
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The best fit with Eq. (3.2.2) yields C = (420 ± 30)×10−5 emu cm −3 G K−1
,  = − 10.7

± 0.8 K and  = (4.3 ± 0.4)×10−3. The volume fraction of the MnAs phase agrees with that

found above with Eq. (3.2.1). On the other hand, 9.52 effp , evaluated with the equation

)3/(*0
22

BBeff kxNpC  , is much smaller than for free Mn2+ ( 352 effp ) or for single Mn ions

in (Zn1-xMnx)3As2 at x = 0.005 − 0.049 ( 26292 effp , respectively [8, 10]).  The value of 

found above is also much smaller than could be expected from the function  (x) ≈ − (2000 ±

200) x [8, 10] at x ≈ 0.12 − 0.13, taking into account interaction between the single Mn ions in

(Zn1-xMnx)3As2. Hence, Mn ions enter the PM phase of (Zn1-xMnx)3As2 not only as single

ions, but also as constituents of small AF clusters. Formation of such units has been found in

various Mn-doped DMS [2, 4, 5, 8].

Further information about PM centers in (Zn1-xMnx)3As2 can be obtained by fitting

the low-temperature dependence of M (B), shown in Fig. 3.2.2 (b), with the equation

M (B) = MPM (B) + MFM (B).                                          (3.2.3)

PM contribution, MPM (B), is given by Eq. (2.1.19). Contribution of MnAs nanoclusters,

MFM (B) ≈ s L (25s B / K), is obtained taking into account Eqs. (2.1.3) and (2.1.4), the

reversibility of M (B) in sufficiently strong fields [evident in Fig. 3.2.2 (b)] and neglecting

size distribution of MnAs cluster. Lines 1 and 2 in Fig. 3.2.2 (b) represent contributions of the

first and the second terms in the right-hand side of Eq. (3.2.3), and line 3 is their sum. The

best fit with Eq. (3.2.3) yields  = (4.5 ± 0.5)×10−3, T0 = 3.5 ± 0.5 K and gS0 = 0.47 ± 0.01.

The value of T0 is typical of Mn-doped DMS [2, 4, 5, 8] and  is close to the values

obtained with Eqs. (3.2.1) and (3.2.2) above.  At the same time, gS0 is much smaller than for

free Mn2+ (gS = 5) or for single Mn ions in (Zn1-xMnx)3As2 with x ≤ 0.049, gS0
* = 4.4 ± 0.2 [8,

10]. In Fig.3.2.3 is displayed the plot of gS0 vs. x, evaluated with Eq. (2.1.20) for single ion

centers and interactions only between the nearest neighbors (line 1). By extending interactions

for nearest and next-nearest neighbors line 2 is calculated for singles, line 3 for singles and

open triples and line 4 for singles, open and closed triples. For comparison the experimental

value of gS0 obtained above at x* = 0.12, as well as the data found at T = 2 − 4.2 K in

(Zn1-xMnx)3As2 with x = 0.0053 − 0.049 [10], are taken. The upper limit of x = 0.049 is

chosen, because contribution of the MnAs clusters to the net magnetization of (Zn1-xMnx)3As2
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has not been taken into account in [10]. This is substantiated only at x < 0.05, where no high-

temperature magnetic irreversibility is observed [11].

As can be seen from Fig. 3.2.3 the single ion centers are responsible for the low-

temperature PM behavior in (Zn1-xMnx)3As2 with x ≤ 0.03, the interaction being extended to

the nearest and next-nearest neighbors. At x > 0.03 triples of the Mn ions, interacting with

nearest and next-nearest neighbors, contribute somewhat to the PM response, too, whereas no

influence of the larger AF clusters is observed up to x ≈ 0.12.

Figure 3.2.3. The dependence of gS0 on x in (Zn1-xMnx)3As2. The data for x = 0.0053 − 0.049

are taken from [10]. The lines 1 − 4 are evaluated with Eq. (2.1.20) as described in the text

[Publication 2].

It is worth mentioning observation of AF clusters larger than triples in the II-VI Mn-

doped DMS already at x ≈ 0.05 −0.06 [4, 5]. A reason of such difference may be connected to

the MnAs fraction in (Zn1-xMnx)3As2 increasing with x, which does not favor enlargement of

the AF clusters by inducing a more homogeneous distribution of Mn in the lattice.

Broad maximum of ZFC (T) around the mean value of Tb ≈ 250 K observed in

(Zn1-xMnx)3As2 (Fig. 3.2.1) reflects distribution of the sizes of the FM MnAs nanoclusters.

The distribution function f (r) in (Zn1-xMnx)3As2 is calculated in the same way as for Zn1-

xMnxAs2 in Section 3.1 and is displayed in Fig. 3.2.4. It is composed with two overlapped

Gaussians, having for x = 0.08, 0.10 and 0.13 peaks at r1 ≈ 3.8, 3.3 and 3.6 nm and r2 ≈ 2.8,
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2.6 and 3.1 nm, respectively. In Zn1-xMnxAs2 the structure of f (r) is similar, although

somewhat more complicated (cf. Fig. 3.1.5). This suggests similar origin of the MnAs

precipitates in both these compounds.

Figure 3.2.4. The distribution function of the FM cluster radius in (Zn1-xMnx)3As2 with x =

0.10 (+) composed with two overlapping Gaussians (a) and the distribution function for the

samples with x = 0.08, 0.10 and 0.13 (lines 1, 2 and 3, respectively).

The discussion above assumes the anisotropy energy of individual MnAs particle to

be the reason of blocking barriers in (Zn1-xMnx)3As2, whereas the interaction between the

clusters is neglected. This can be proved by deriving the relation KV >> W (for details see

[Publication 2]) similar to the case of Zn1-xMnxAs2 (Section 3.1).
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3.3 Influence of NiSb nanoclusters on magnetic state of p-CdSb:Ni

 The p-type cadmium antimonide (p-CdSb) attracts attention due to strongly anisotropic

transport properties [57], connected to orthorhombic (space group Pbca or 15
2hD ) crystal

structure [56]. Its electronic properties are interesting, making p-CdSb the most studied

among the group II-V semiconductors, but are not addressed directly to this section and will

be discussed later (see Section 4.1). In connection to magnetic behavior, undoped CdSb

exhibits anisotropic diamagnetic susceptibility, d [57, 69]. The lattice and the hole gas

contributions to d have been observed [69]. Anisotropy of d in CdSb doped with group I

impurities depends only on concentration of the impurity but not on its kind [69, 70].

Impurities of Mn and La form a strongly PM phase, prevailing over the diamagnetism of

undoped CdSb [57, 71]. Formation of impurity clusters has been suggested to interpret

anomalously high value of d in CdSb:Fe [72].

A system of CdSb − NiSb, investigated previously at relatively high content of ~ 2

mol % of NiSb, exhibits low solubility of Ni in the CdSb lattice [16]. Segregation of the

needle-like NiSb inclusions, with the length and the diameter of ~ 30 − 40 m and ~ 1 − 1.5

m, respectively, has been observed [16]. NiSb needles exhibit non-random orientation,

tending to the growth direction of the ingot [16]. Therefore, at reduced doping levels of Ni

formation of nanosize Ni-rich Ni1-xSbx clusters, with large non-sphericity and preferable

orientations, can be expected. Strong influence of an assembly of such particles to magnetic

properties of CdSb:Ni, is expectable due to ferromagnetism of bulk Ni1-xSbx at x ≤ 7.5 % [73].

Here are presented and analyzed magnetic properties of p-CdSb, doped with 2 at. %

of Ni. Single crystals of the material are obtained and investigated as described in Sections

2.4.1 and 2.4.2, respectively. All the magnetization data below are given after subtraction of

the temperature-independent diamagnetic contribution, having a linear dependence on B.

In Fig. 3.3.1 are exhibited dependences of ZFC (T), FC (T) and TRM (T) for B ||

[001]. The low-field magnetic irreversibility of p-CdSb:Ni can be seen below ~ 300 K. The

irreversibility is damped with increasing B and vanishes above BK ~ 4 kG. Additionally, the

susceptibilities for B || [100] and [010] are comparable and are systematically lower than for

B || [001], exhibiting anisotropy similar to that of TRM (T) (see Figs. 1 and 2 in [Publication

3]). It should be mentioned also the enhancement of the dependences of TRM (T) with

lowering T, which is damped by increasing the field.
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Figure 3.3.1. Left panel: Temperature dependence of FC (open symbols) and ZFC (closed

symbols) of p-CdSb:Ni in magnetic field up to 4 kG. Right panel: Dependences of TRM / B

(open symbols) and  = FC − ZFC (closed symbols) on T in different magnetic fields.

Some of the curves are shifted along the vertical axis by the values shown in parenthesis

[Publication 3].

The dependence of M (B), shown in the left panel of Fig. 3.3.2 for B || [001] exhibits

rapid saturation already above B ~ 2 −3 T (scattering of the values are due to subtraction of

the diamagnetic contribution). The saturation values of Ms
(j) (T) are different along the axes

[100] (j = 1), [010] (j = 2) and [001] (j = 3) following the relation Ms
(1) (T) < Ms

(2) (T) < Ms
(3)

(T). A weak temperature dependence of the saturation magnetization, observed at T > 100 K,

persists up to the highest temperature of 460 K used in the measurements, whereas below

~100 K it is enhanced. As follows from the right panel of Fig. 3.3.2 the hysteresis loop is

characterized by decreasing coercive field, Bc
(j) (T), when T is increased. The variation of the

coercivity is enhanced below ~ 100 K. It can be seen that the anisotropy of Bc
(j) (T) is inverted

with respect to that of Ms
(j) (T), Bc

(1) (T) > Bc
(2) (T) > Bc

(3) (T).

The high-temperature magnetic irreversibility in p-CdSb:Ni (Fig. 3.3.1) is a

manifestation of an assembly of nanosize magnetic particle, as well as the field and

temperature dependences of the magnetization in the left panel of Fig. 3.3.2. One can see a

partial similarity with the corresponding behavior in Zn1-xMnxAs2 and (Zn1-xMnx)3As2
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discussed in Sections 3.2 and 3.3, respectively, which is in line with Ni-rich Ni1-xSbx magnetic

nanoclusters, expectable in the case of p-CdSb weakly doped with Ni.

Figure 3.3.2. Left panel: Magnetization vs. B and saturation magnetization vs. T (inset) in p-

CdSb:Ni. Right panel: Hysteresis curve (inset) and temperature dependence of coercivity in p-

CdSb:Ni. The lines are guides to the eye [Publication 4].

The FM Curie temperature of the bulk Ni1-xSbx material, TC = 284 K at x = 7.5 %,

decreases with increasing x [73, 74]. Absence of steep variation of  (T) up to 460 K, which

takes place in Zn1-xMnxAs2 and in (Zn1-xMnx)3As2 (Figs. 3.1.4 and 3.2.2) implies that Ni1-xSbx

nanoclusters in p-CdSb:Ni are already in the state of FM ordering. Hence, the magnetic

irreversibility and behavior of M (B) can be interpreted in p-CdSb:Ni in the same way as in

the Mn-doped DMS above. Another feature of the magnetic behavior following from Fig.

3.3.1 is decrease of the blocking temperature Tb with increasing B, attributable to reduction of

the anisotropy energy barriers if the interaction between clusters is unimportant.

As can be seen in Fig. 3.3.3 the field dependence of Tb observed in p-CdSb:Ni is

consistent with the behavior predicted by Eq. (2.1.5), valid for SD particles and coherent
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rotation mode of the magnetization reversal process (see Section 2.1). The values of Tb (0), BK

and , obtained with linear fits of the plots in Fig. 3.3.3 with Eq. (2.1.5) and collected in

Table 3.3.1, do not exhibit dependence on the orientation of B. One can see that  is typical of

a nanosize magnetic particle, whereas BK agrees completely with the corresponding value (~ 4

kG), which can be estimated by vanishing of the magnetic irreversibility in Fig. 3.3.1.

Figure 3.3.3. The plots of Tb
1/2 vs. B in p-CdSb:Ni. The lines are linear fits. Two plots are

shifted along the vertical axis by the values shown in parenthesis [Publication 4].

For spherical clusters the relation TRM (T)  MFC (T)  MZFC (T) should be satisfied

[75]. Hence, large difference between TRM (T)/B (open symbols) and FC (T)  ZFC (T)

(closed symbols) in the right panel of Fig. 3.3.1 indicates a considerable non-sphericity of the

Ni1-xSbx nanoclusters in p-CdSb:Ni. In addition, the anisotropy of FC, ZFC and TRM (see

Figs. 1 and 2 in [Publication 3]), suggests non-random orientation of the clusters around a

preferred direction.

As follows from Table 3.3.1 and the right panel of Fig. 3.3.2 the relation Bc
(j) (T)  <<

BK is fulfilled for any j and T, leading to Bc
(j) (0) << BK. On the other hand, this relation

contradicts with the coherent rotation of the SD cluster moments, following from the behavior

in Fig. 3.3.3. Indeed, in such case the coercive and the anisotropy fields are connected with
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expression Bc
(j) (0) = (j)BK and should be comparable, as evident from Eq. (2.1.8), remarks

and corresponding equations for (j) in Section 2.1.

Table 3.3.1. The zero-field blocking temperature Tb (0), the anisotropy field BK, the mean

cluster moment , the zero-temperature coercive field Bc
(j)(0), the mean angles j

(B) and j
(M)

and the widths of the angular distribution j
(B) and j

(M), obtained from the coercivity and the

magnetization data, respectively [Publication 3].

Orien-

tation

Tb (0)

(K)

BK

(kG)


(104 B)

Bc
(j) (0)

(G)

j
(B)

(deg.)

j
(B)

(deg.)

j
(M)

(deg.)

j
(M)

(deg.)

B || [100] 107  5 3.9  0.5 2.0  0.2 320 60 3 66 3

B || [010] 105  5 4.7  0.5 1.7  0.2 271 54 4 62 5

B || [001] 110  3 4.5  0.5 1.8  0.2 244 49 7 39 6

 This issue cannot be clarified by fitting of the data of Bc
(j) (T) with Eq. (2.1.7),

yielding only the values of Bc
(j) (0) in Table 3.3.1 (see remarks to Fig. 5 in [Publication 3]).

Therefore, analysis of Bc
(j) (0) should be performed assuming magnetization reversal by

curling (see Section 2.1). This is useful to do along with the analysis of Ms
(j)(0). Due to

reasons which will be specified later, this parameter is defined by the temperature-

independent part of the saturation magnetization in the inset to the left panel of Fig. 3.3.2. In

general, the problem is addressed to the mutually inverted anisotropy of Bc
(j) (0) and Ms

(j)(0).

It is reasonable to attribute anisotropy of these parameters to the non-random orientation of

the cluster major axes, given by the angles j (see Section 2.1).

Coercivity of an assembly of SD particles satisfies Eq. (2.1.9). At high aspect ratio

the magnetization of a spheroid is directed close to its major axis, leading to Eq. (2.1.10) for

Ms
(j) (0). At arbitrary m, the angle j between the major axis and the magnetization vector of a

spheroid is connected to j with Eq. (2.1.12). The values of < Ms
(j)(0) > and <Bc

(j) (0) >,

averaged over distribution of j around the mean values within intervals ± j, are given by

Eqs. (2.1.13) and (2.1.14), respectively.
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It can be shown that the model based on Eqs. (2.1.9) − (2.1.14) permits to obtain the

following information about Ni1-xSbx nanoclusters in p-CdSb:Ni  (for details see Section 4 of

[Publication 3]):

(i) mean values of j obtained with the coercive field data, j
(B), and shown in Table

3.3.1;

(ii) mean values of j obtained with the saturation magnetization data, j
(M), and

collected in Table 3.3.1;

(iii)  widths j
(B) and j

(M) of distribution of j
(B) and j

(M), respectively (Table 3.3.1);

(iv) the concentration of clusters, N ≈ 1.8×1014 cm−3, and the mean intercluster

distance, r0 ≈ 240 nm;

(v) the data under assumption that the overwhelming majority of Ni in p-CdSb enters

the Ni1-xSbx nanoclusters, including the volume fraction of the cluster material,  ≈

3.8×10−3, the mean number of Ni ions in a cluster and the mean magnetization of

the cluster per Ni ion, n ≈ 1.8×106 and ion ≈ 0.01B /ion, respectively.

The next two groups of data are estimated assuming the saturation magnetization of the

Ni1-xSbx cluster material to be within the limits of Ms
* ~ 500 − 350 emu cm−3,

corresponding to x = 0 and to a smallest value of x ~ 3.8 %, for which TC > 460 K,

respectively [73, 74]. The latter indicates absence of the FM transition in the

magnetization data of p-CdSb:Ni up to 460 K. Then,

(vi) with Eqs. (2.1.1) and (2.1.2), for constant m = 4 and Ms
* within the limits above

are found rc ≈ 1.8 − 1.6 nm and rsd ≈ 130 − 115 nm, r ≈ 3.1 − 2.8 nm, A ≈ (0.5 −

0.8)×10−6 erg cm−1, the volume fraction of the cluster material in p-CdSb:Ni,  ≈

(0.9 − 0.6)×10−4 and the magnetization per Ni ion inside the clusters, ion ≈ 0.4 −

0.6 B /ion (the last two parameters are not constrained by any assumptions about

the ratio of Ni entering the Ni1-xSbx clusters);

(vii) with Eqs. (2.1.1) and (2.1.2), taking an intermediate value of Ms
* = 430 emu cm−3

between the limits above and m = 3, 4, 6, 8 and 14, are evaluated r ≈ 3.2, 2.9, 2.5,

2.3 and 1.9 nm, rc ≈ 2.2, 1.6, 1.1, 0.7 and 0.4 nm, respectively.  For m = 3 − 15 one

gets rsd ≈ 135 − 70 nm and A ≈ (1.18 − 0.03)×10−6 erg cm−1;

Eventually,

(viii) it can be shown with Eq. (2.1.12) that j coincides with j
(M) already at m ≥ 4.
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To discuss the magnetic behavior of p-CdSb:Ni and the parameters of the Ni1-xSbx

nanoclusters estimated above, first of all it should be noted that both angles j
(B) and j

(M)

satisfy the relation 1 > 2 > 3, although differing by ~ 10 − 20 % for the same direction

of the field (Table 3.3.1). However, such difference is not significant due to overlapped

intervals of j
(B) ± j

(B) and j
(M) ± j

(M) at any j, as evident from Table 3.3.1. Hence, the

anisotropies of the saturation magnetization and coercivity, including their mutually

inverted character can be explained quantitatively with the model of Eqs. (2.1.9) −

(2.1.14) above, suggesting the magnetization reversal by the curling mode in the SD

regime. On the other hand, the dependence of Tb (B) in Fig. 3.3.3, as well as the values of

 and BK following from the analysis with Eqs. (2.1.5) and (2.1.6), are consistent with the

coherent rotation of the magnetization of SD Ni1-xSbx nanoclusters. However, there is no

contradiction at this point. Indeed, as can be seen from the estimates in (vi) − (viii) there is

a window of 4 ≤ m ≤ 6 − 8, where m is sufficiently high to substantiate all approximations

above, including applicability of Eq. (2.1.10) already at m = 4 and the strictly SD regime

of r << rsd, and at the same time r is comparable with rc. Therefore, wide crossover of the

two magnetization reversal modes exists due to broad size distribution of Ni1-xSbx

clusters, evident from the broad maximum of ZFC (T) in Fig. 3.3.1.

Next, as mentioned above, the functions TRM (T) and Bc
(j) (T) exhibit relatively

weak variation above Tb ~ 100 K. The variation is enhanced below Tb (Figs. 3.3.1 and Fig.

3.3.2, respectively) due to blocking of the Ni1-xSbx cluster moments. However, blocking

cannot be a reason to the similar enhancement of Ms
(j) (T) with lowering T, visible in the

left panel of Fig. 3.3.2. Indeed, for the magnetic phase of p-CdSb:Ni consisting only of the

Ni1-xSbx nanoclusters, a weakening of the temperature dependence of saturation

magnetization is expectable when T is decreased. The low-temperature behavior of Ms
(j)

(T) suggests presence of a large amount of small magnetic moments, remaining unblocked

down to 5 K and contributing to the net magnetization presumably at low temperatures by

the Curie-Weiss response. Otherwise, one obtains the moment ion ~ 0.01 B/ion as

estimated in (v). Such low value of ion cannot exist in FM Ni1-xSbx phase, having the

minimum possible value of ~ 0.24 B/ion [73, 74]. Also the parameters  and , obtained

in (v) and (vi), respectively, are quite different. This is in agreement with majority of Ni

lying outside the Ni1-xSbx nanoclusters. At this point, the fraction of Ni entering the

nanoclusters is given by the ratio of / ~ 1.7 − 2.4 %, whereas the value of ion
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estimated in (vi) corresponds to FM Ni1-xSbx phase at x varying from ~ 3.8 % to 0 and TC

> 460 K [73, 74]. Therefore, only a minority of Ni forms nanoclusters in p-CdSb:Ni, the

majority constituting a PM system of smaller magnetic units. In such situation it is not

reasonable to ascribe Ms
(j) (0) the value of the saturation magnetization at lowest T , which

is distorted by the large PM contribution, but to take the value of Ms
(j) (0) on the

temperature-independent part of the saturation magnetization with negligible PM

response, as has been done above.

Finally, the arguments of large intercluster distance estimated in (iv) and low

concentration of the free charge carriers (see Section 4.4), same as in Zn1-xMnxAs2

(Section 3.1), make the direct or indirect exchange interaction unimportant for blocking of

the moments in p-CdSb:Ni, too. The value of the magnetic dipolar interaction energy W

can be estimated with Eq. (2.1.18) and the values of r0 from (iv) and  from Table 3.3.1,

yielding W ~ 0.1 meV. Therefore, the anisotropy energy KV ~ 102 meV evaluated with Eq.

(2.1.4) and Tb from Table 3.3.1, exceeds considerably W which therefore plays no role in

magnetic properties of p-CdSb:Ni as well.
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4 Hopping conductivity and Hall effect in CdSb:Ni

4.1 Introductory remarks

Undoped (or, more strictly, not intentionally doped) CdSb is a p-type semiconductor with a

band gap Eg ~ 0.56 eV and non-degenerate charge carriers [56, 57]. Its conductivity, , and

mobility, u, exhibit large anisotropy in the region of extrinsic conductivity below ~ 270 K,

following the relations 3 > 1 > 2 and u3 > u1 > u2, respectively (here and thereafter the

subscripts 1, 2 and 3 correspond to the axes [100], [010] and [001]), whereas the Hall

coefficient is almost isotropic [57, 76].

The acceptor centers in undoped p-CdSb are connected to Cd vacancies, responsible

for shallow acceptor levels with energies EA ~ 3.2 and 6.1 meV [57, 77]. Somewhat smaller

values of EA ~ 1.8 − 2.2 meV and 2.8 − 4.5 meV, respectively, were found in p-CdSb weakly

doped with Sm and Eu [17]. The shallow acceptor levels with energies between ~1 − 5 meV

were observed in p-CdSb doped with the group I (Cu, Li, Au), II (Zn) and IV (Sn, Ge)

elements [56, 57]. It is worth mentioning that Fe and Ni are acceptor impurities in CdSb as

well [57], whereas those of group III (In) and VI (S, Se, Te)  act as donors, making CdSb an

n-type semiconductor [56, 57].

Doping of CdSb with Ag induces a MIT removing energy difference between the

shallow AB and the VB. This leads to appearance of a degenerate hole gas in the heavily

doped material, transforming the low-temperature activated conductivity into the metallic one

[57]. The latter permits observation of the Shubnikov-de Haas effect, yielding accurate values

of band parameters. The components of the hole effective mass tensor, mi = 0.16, 0.35 and

0.14 (in units of the free electron mass, m0) for i = 1, 2 and 3, respectively, were obtained for

the lowest Hall concentration, nR = 1.9×1017 cm−3 [57, 78]. A weak dependence of mi on nR

was also observed in p-CdSb:Ag suggesting some non-parabolicity of the VB in CdSb,

consisting of two equivalent maxima [57, 78]. Investigations of the anisotropic negative MR

in heavily doped p-CdSb:Ag supported the values of mi above on the metallic  side of the MIT

[79, 80].

On the insulating side of the MIT, galvano-magnetic properties of undoped p-CdSb

were investigated recently in pulsed magnetic fields up to 25 T. Both the weak- and the

strong-field limits of MR in the NNH conductivity regime were identified below ~ 8 K [36].
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The anisotropy of the hopping conductivity was found to be in a good agreement with that

predicted with the values of mi above. Strong decrease of the Hall coefficient with increasing

magnetic field was interpreted by contributions of the high-mobility holes activated to the VB

and the low-mobility itinerant holes in the extended states of the AB [81].

4.2 Mechanisms of hopping charge transfer in p-CdSb:Ni in zero and weak magnetic

fields

Preparation and measurements of the resistivity and MR of p-CdSb:Ni samples # 1, # 2 and #

3 are described in Sections 2.4.1 and 2.4.3, respectively. Here are presented experimental data

of  (T, B) and analysis of the data in zero fields and in the weak-filed limit.

Figure 4.2.1. Resistivity vs. temperature in p-CdSb:Ni. Inset: plots of ln  vs. T −1. Shifts of

some curves along the vertical axis are shown in parenthesis. The straight lines are linear fits

[Publication 5].

The dependences of  (T) in p-CdSb:Ni at B = 0 shown in Fig. 4.2.1 exhibit between

T ~ 5 − 200 K anisotropy, pertinent to p-CdSb [56, 76]. The plots of ln  vs. T −1 in the inset

to Fig. 4.2.1 demonstrate two intervals of activated behavior with different slopes, between ~

5 − 20 K and below ~ 5 K, attributable to activation of the holes from the AB to the VB (the
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impurity conduction) and to hopping conductivity over the states of the AB, respectively.

Large positive MR of p-CdSb:Ni, visible in the left panels of Fig. 4.2.2, increases with B and

decreases with increasing T at low temperatures (approximately above the break of the

vertical axis), whereas at higher T (below the break) the dependences of  (B) are weaker.

Overall temperature behavior of MR, decreasing with increasing T up to ~ 30 K and then

starting to increase, follows that of  (T) at B = 0 in Fig. 4.2.1.

Figure 4.2.2. Left panels: The dependences of  on B in p-CdSb:Ni. Right panels: the plots of

ln  vs. B 2. The lines are linear fits to the experimental data.

Two temperature intervals of different field dependence of MR, including a strong

increase with B below ~ 4.2 K and a weaker one above ~10 K, are attributable to the same

intervals of different conductivity mechanisms as those in zero field, mentioned above.
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The activation energy EA of thermal excitations of the holes to the VB of p-CdSb:Ni

in zero field is found by fitting the plots in the inset to Fig. 4.2.1 with Eq. (2.2.1), provided

that 0 depends only weakly on T. The values of EA and 0 are collected in Table 4.2.1.

Figure 4.2.3. The plots of ln (Ea / kBT + m) vs. ln (1/T) (top panel), ln (/T 1/2) vs. T −1/2

(middle panel) and ln(/T −1/4) vs. T −1/4 (bottom panel). The lines are linear fits. The data for

# 2 in the top panel are shifted along the vertical axis by the value given in parenthesis

[Publication 5].

The hopping conductivity of p-CdSb:Ni at B = 0 can be investigated, analyzing the

temperature dependence of the local activation energy Ea (T) with Eq. (2.2.6). By fitting the

plots in the top panel of Fig. 4.2.3 at m = 1/2, the values of p close to 1/2 in # 1 and # 3 are
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hand, the plot for # 2 yields at m = 1/4 the value of p ≈ 1/4 between TVM ≈ 2.5 K and T  ≈ 1.8

K with evidence for the Mott VRH conductivity. The temperature T  indicates the lower

border of the Mott VRH conductivity due to an intermediate interval, between the Mott and

the SE VRH conductivity regimes, in # 2. This takes place in weakly doped crystalline

semiconductors, when different VRH mechanisms make comparable contributions to the

resistivity [33, 40]. Additional support for such inference will be given later, provided that for

# 2 the relation TVSE < 1.6 K is fulfilled, meaning that the onset of the SE VRH conductivity

lies below the investigated temperature interval.

Table 4.2.1. The prefactor, 0, and the activation energy, EA, in the acceptor freeze-out

interval; the prefactor constant, D, and the characteristic temperature of the VRH conductivity,

T0, in the interval of hopping conductivity at B = 0 [Publication 5].

Sample No. 0

( cm)

EA

(meV)

D

( cm Kp)

T0

(K)

1 0.0378 2.45 0.491 a 18.7 a

2 0.0475 2.50 0.0928 b 3180 b

3 0.0111 2.85 0.477 a 51.3 a

a p = 1/2 (SE VRH regime); b p = 1/4 (Mott VRH regime)

The VRH conductivity regimes, established with the local activation energy above,

are confirmed by plotting ln ( /T 1/2) vs. T −1/2 for all samples (the middle panel of Fig. 4.2.3)

and ln ( / T 1/4) vs. T −1/4  for # 2 (the bottom panel of Fig. 4.2.3), taking into account Eq.

(2.2.2). In particular, the linearization of the low-temperature data for # 1 and # 3 in the

middle panel is better than for # 2, which is evidently improved in the bottom panel of Fig.

4.2.3. Therefore, at B = 0 the SE VRH conductivity (p = 1/2) takes place in # 1 and # 3 and

the Mott VRH conductivity (p = 1/4) in # 2, whereas no interval of the NNH conductivity (p =

1) is observed. The values of D, T0SE and T0M found from linear fit of the plots in the middle

and the bottom panels of Fig. 4.2.3, are collected in Table 4.2.1.

As evident from the right panels of Fig. 4.2.2 the plots of ln  vs. B 2 exhibit at T ≤

4.2 K a linear behavior below B ~ 6 T. According to Eq. (2.2.10), this is typical of the low-

field hopping conductivity. Small deviations from linearity in the lowest fields are connected
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to a weak negative contribution to MR due to quantum interference effects [Publication 5],

whereas regular deviations with increasing field are due to violation of the weak-filed limit

(see Section 2.2). In # 3 the slope of the plots is constant between 1.6 − 4.2 K, having the

value of Cex
(3) = (6.41  0.04)102 T2. The slope of the plots for # 2 demonstrates similar

behavior, yielding the same value of Cex
(2) = (4.49  0.04)102 T 2 at 3 K and 4.2 K, and

increasing slightly when T is decreased down to 1.6 K. On the other hand, in # 1 the slope of

the plots ln  vs. B 2 shows dependence on T, given by the function Aex (T) = Aex
(0) T 3/4, with

Aex
(0) = (6.7  0.1)102 T2 K3/4 following from Fig. 4.2.4.

Figure 4.2.4. Plots of Aex vs. T−3/4 (O) and of ln Aex vs. ln T () in # 1. The lines are linear fits

[Publication 5].

The behavior of the slopes Cex
(2), Cex

(3), independent of T, and Aex ~ T −3/4 is

characteristic of the NNH conductivity in # 2 and # 3, and of the Mott VRH conductivity in #

1, given by Eqs. (2.2.11) and (2.2.13), respectively. Hence, in p-CdSb:Ni neither of the

hopping conductivity regime observed in low magnetic fields coincides with that at B = 0.

The values of the microscopic parameters characterizing the localized charge

carriers, as well as some other important data of the investigated p-CdSb:Ni samples, can be

obtained with quantitative analysis of the data of T0M, T0SE (Table 4.2.1), TVM and TVSE

obtained at B  = 0, and Cex
(2), Cex

(3) and Aex
(0) found from MR in weak magnetic fields. A
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(2.2.4) and (2.2.5) for a and , Eqs. (2.2.7) − (2.2.9) for g0, g (EF),  and WAB, as well as Eqs.

(2.2.11) and (2.2.13) for the slopes Cj and A0j
(M) (j = 1, 2 and 3 ) is formulated and applied in

[Publication 5]. The parameters obtained with this method are collected in Table 4.2.2. The

values of the anisotropy coefficients, calculated with Eqs. (2.2.12) using mj (j = 1, 2 and 3)

cited in Section 4.1, pj
(cal)

, are also exhibited in the Table 4.2.2. In addition, the following

data are determined:  = 1.00,  = 1.90, NC = 6.275×1016 cm−3, as well as NC
1/3aB = 0.265,

where aB is the Borh radius of the holes in p-CdSb:Ni. Also the value of the localization

radius far from the MIT, a0 = 83.5 Å is obtained, the value of EA ≈ 2.78 meV is found

independently and the onset temperature of the SE VRH conductivity regime for # 2 is

estimated, T0SE ≈ 0.7 K [Publication 5].

Table 4.2.2. The values of the acceptor concentration, NA, the localization radius, a, the

dielectric permittivity, , the widths of the Coulomb gap, , and of the acceptor band, WAB,

the density of the localized states, g, the experimental, pj, and the calculated, pj
(cal), anisotropy

coefficients at different orientations of the magnetic field ( j) [Publication 5].

Sample

No.

NA

(1016 cm3)

a

(Å)

 

(meV)

WAB

(meV)

g

(1016 cm3 meV1)

pj pj
(cal) j

1 3.61 196 127 0.30 0.50 5.94 0.839 0.839 3

2 3.37 180 108 0.18 1.28 1.31 1.008 0.897 1

3 2.51 139 66 0.49 0.91 2.16 1.182 1.327 2

To discuss the parameters above, it is important to note that a and  exceed a0 and

0 (where 0 ≈ 25 [82]) in all investigated samples, whereas the relations a (# 1) > a (# 2) > a

(# 3) and  (# 1) >  (# 2) >  (# 3) satisfy that of NA (# 1) > NA (# 2) > NA (# 3), which is in

complete agreement with Eqs. (2.2.4) and (2.2.5) with NA being relatively close to NC. The

values of the critical exponents,  and , are close to the theoretical values of  = 1 and  = 2,

respectively [37 − 39], and the value of NC
1/3aB is about that of the Mott criterion for the

MIT, NC
1/3aB ≈ 0.25 [34, 35]. Hence, the data of a, , NA, NC, as well as those of  and  are

self-consistent, implying proximity of the acceptor system in p-CdSb:Ni to the MIT.

 Next, the value of EA ≈ 2.78 meV evaluated above is close to the data in Table

4.2.1, found independently from the slope of the plots in the inset to Fig. 4.2.1. The
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experimental, pj, and the calculated, pj
(cal), values of the anisotropy coefficients in Table 4.2.2

agree reasonably with each other.

Finally, one can see that the values of  and WAB in # 1 and # 3 are comparable,

whereas quite different relation of  << WAB in # 2 is observed (Table 4.2.2). Such relations

between  and WAB agree completely with the corresponding VRH conductivity regimes,

observed in the investigated p-CdSb:Ni samples in zero magnetic field, taking into account

the discussion at this point in Section 2.2. The value of the onset SE VRH temperature, TVSE

≈ 0.7 K estimated above for # 2, lies below the temperature interval (down to ~ 1.6 K) used

in the measurements of  (T). This is in agreement with existence of the intermediate interval

between the Mott and the SE VRH conductivity regimes in # 2, supposed above.

Hence, the quantitative analysis of the resistivity data in zero and in weak magnetic

fields yields reasonable results and supports the conclusions about the hopping conductivity

regimes, observed in the investigated p-CdSb:Ni samples. It can explain also the difference

in behavior of the VRH conductivity at B = 0 in # 1 and # 3, on one hand, and in # 2, on the

other hand, which is not connected to the anisotropy of p-CdSb, but stems eventually from

the internal microscopic disorder. Indeed, both parameters,  and WAB, are sensitive to

disorder [33] which is different in all samples cut from different parts of the ingots. On the

other hand, reasons for transformation of the type of the hopping conductivity in non-zero

field are not so evident and will be discussed later in Section 4.3.

4.3 Hopping conductivity of p-CdSb:Ni in strong magnetic fields

Analysis of MR in strong magnetic fields is performed to complete the picture of the hopping

charge transfer in p-CdSb:Ni. A constructive discussion of MR in the strong-filed limit

requires parameters, which have been obtained previously in zero and weak fields. Therefore,

the analysis below can be regarded also as independent test of the results of Section 4.2.

As mentioned in Section 2.2, in strong fields of  ≤ a0 it is necessary to take into

account the dependence of the localization radius on the magnetic field. Such dependence can

be important already far from the MIT, where it is determined at B ~ B0 by the values of the

parameters  and EA  EA (0) in Eq. (2.2.17). As will be evident below, the relation of B ~ B0

(where B0 ≈ 9.5 T) can be addressed to a large part of the high-filed interval of MR in the

investigated p-CdSb:Ni samples. In such conditions the value of  governs the dependence of
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the acceptor level energy on the magnetic filed, EA (B) = B 1/3 [33], which can be found

approximately from the plots of ln  (B, T) vs. 1/T in strong fields within the acceptor freeze-

out temperature interval (an example for # 1 is shown in Fig. 4.3.1). The values of  can be

obtained from linear fit of the plots of EA vs. B1/3 between B = 10 − 15 T (inset to Fig. 4.3.1).

As follows from Table 4.3.1,  is different for each sample reflecting anisotropy of p-CdSb.

Figure 4.3.1. Plots of ln  vs. T −1 at different B for # 1 and those of EA vs. B1/3 for different

samples (inset). The dotted lines are to guide the eye and the solid lines are linear fits

[Publication 7].

Another source of the dependence of a on B is connected to relative proximity of the

acceptor system in p-CdSb:Ni to the MIT, as follows from Section 4.2. Therefore, to analyze

MR in the interval of strong fields, Eq. (2.2.14) is used below, taking into account the most

general form of  (B) given by Eq. (2.2.18). This suggests knowledge of the parameters a0 

a0 (0) and NA found in Section 4.2, and the value of m* = 0.20 m0 (see Section 4.1).

As follows from Fig. 4.3.2 the plots of ln  vs. [B  (B)]1/2 exhibit linear behavior

between B ~ 4 − 15 T. The slopes of the plots do not depend on temperature at T ≤ 4.2 K in #

1 and # 2, and between 3 − 4.2 K in # 3. Such behavior is in agreement with Eq. (2.2.14).
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Table 4.3.1. The values of the constant  in the high-field dependence of EA on B, the

experimental ( 1
)(

 ex ,
0

)(
 

ex and )(ex ) and calculated (j
(cal)) coefficients of the high-field

dependence of MR at different orientations of the magnetic field ( j) [Publication 7].

The values of the slopes )(ex  determined from the plots in Fig. 4.3.2, are collected in

Table 4.3.1. The corresponding slopes, )(cal
j , calculated with Eq. (2.2.15), using the values of

pj, NA and a in Table 4.2.2, agree with )(ex  within errors of ~ 10 %, 3 % and 5 % for # 1, # 2

and # 3, respectively. Hence, it can be seen that MR in p-CdSb:Ni in the interval of B ~ 4 − 15

T is governed by the NNH conductivity mechanism, if the anisotropy of the acceptor states

and the dependence of a(B) are taken into account properly. In addition, reasonable agreement

between )(ex  and )(cal
j  above supports the values of a0, a, pj and NA obtained in Section 4.2.

Deviations of all the plots in Fig. 4.3.2 from linearity with increasing B are attributable to the

onset of the logarithmic asymptote of EA (B), expectable for B >> B0 ~ 10 T (see Section 2.2).

One can see also that the strong-field limit of the NNH conductivity is violated for T < 3 K in

# 3. However, the behavior of MR at these temperatures does not follow that predicted by any

VRH conductivity model developed for doped semiconductors, as well, requiring increase of

the slopes of the plots like those in Fig. 4.3.2 with decreasing temperature [33, 42 ].

Sometimes in literature the analysis of the hopping conductivity in strong fields is

simplified by omitting the dependence of a on B, yielding  (B) = 1 in Eq. (2.2.14). The

values of the slopes 1
)(

 ex obtained within such approach, are collected in Table 4.3.1

exhibiting reasonable agreement with )(cal
j only for # 3. Another simplification can be

neglecting of sensitivity of the MIT to the magnetic field by putting  (B) = 0 (B). This

Sample

 No.



(meV T1/3)
1

)(
 ex

(T1/2)

0

)(
 

ex

(T1/2)

)(ex

(T1/2)

)(cal
j

(T1/2)

j

1 1.64 2.11 1.65 1.36 1.23 3

2 1.53 2.09 1.69 1.50 1.46 1

3 1.19 2.20 1.96 2.00 2.09 2
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yields the slopes
0

)(
 

ex in Table 4.3.1, being closer to )(cal
j for # 1 and # 2 than in the

previous case but agreeing reasonably with )(cal
j only for # 3, as well. Hence, both effects

influencing the dependence a (B) above are important for two out of the three investigated p-

CdSb:Ni samples, whereas their weak contribution to a (B) for # 3 can be explained by the

smallest value of  (or weakest dependence of EA on B, see Table 4.3.1) and the smallest

proximity to the MIT (or largest difference of NC − NA, see Table 4.2.2 and remarks above it).

Figure 4.3.2. Plots of ln  vs. (B  )1/2 for the p-CdSb:Ni samples. The lines are linear fits

[Publication 7].

Finally, it is important to mention a general tendency of transformation of the VRH
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magnetic field (Fig.4.3.2), which is uncommon in non-magnetic semiconductors. However, in

p-CdSb:Ni such tendency is in line with damping of the internal magnetic disorder, connected

to presence of FM Ni1-xSbx nanoclusters (Section 3.3) by aligning their moments in a field and

reducing the potential barriers between different acceptor sites, which stimulates transitions

between nearest neighbors leading to NNH conductivity when B is increased. The onset field

can be as small as B ~ 4 kG (corresponding to vanishing magnetic irreversibility of p-CdSb:Ni

in Fig. 3.3.1), substantiating importance of the tendency above already in the weak-field limit

(cf. right panels of Fig. 4.2.2), which is discussed in more details in [Publication 5].

4.4 Hall effect in p-CdSb:Ni

Experimental investigations of the Hall effect in p-CdSb:Ni have been performed with the

same samples (# 1, # 2 and # 3) as those used in measurements of the resistivity and MR in

Sections 4.2 and 4.3 above; experimental details are collected in Section 2.4. The results are

presented and analyzed below.

The dependence of the Hall resistivity H on B in p-CdSb:Ni (an example for # 2 is

shown in Fig. 4.4.1, the data for other samples see in [Publication 6]) exhibits a clear non-

linearity or strengthening of H (B) with increasing B. Below ~10 K it is most pronounced, but

still exists even up to the room temperature.

Figure 4.4.1. The plots of H vs. B for # 2. The lines are linear fits of the experimental data

[Publication 6].
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It can be shown [Publication 6] that such non-linear behavior of H (B) cannot be

attributed to the reasons similar with those acting in non-magnetic 3D semiconductors,

including presence of two groups of the charge carriers as the VB holes and itinerant holes of

the AB in undoped p-CdSb [81], the magnetic freeze-out of the VB charge carriers or

complex magnetic-field behavior of the resonant bands in n-CdSb:In [83]. Therefore, non-

linearity of H (B) should be associated with FM Ni1-xSbx nanoclusters existing in p-CdSb:Ni

(see Section 2.3) due to an anomalous contribution to the Hall effect superimposed on the

normal one.

To analyze the Hall resistivity in the investigated samples, Eq. (2.3.1) is applied,

containing both the normal and the anomalous contributions to H. Strictly speaking, p-

CdSb:Ni does not belong to the purely FM materials in which Eq. (2.3.1) works without

restrictions (see Section 2.3). However, utilization of Eq. (2.3.1) in the analysis below is

partially substantiated by rapid saturation of the magnetization of p-CdSb:Ni with increasing

the field (Fig. 3.3.2) at any T, making the anomalous term in Eq. (2.3.1) independent of B and

tending the plots of H vs. B to linear functions. As can be seen in Fig. 4.4.1 this takes place in

strong fields, yielding the values of R0 and A as the slope and the interception point of the

linear parts of the plots in Fig. 4.4.1 with the vertical axis, respectively [45]. The temperature

dependences of R0 and A are displayed in Fig. 4.4.2.

Figure 4.4.2.The plots of A vs. T (left panel) and R0 (T) vs. T (right panel) in p-CdSb:Ni. The

lines are to guide the eye [Publication 6].
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The normal contribution to the Hall effect is positive (right panel of Fig. 4.4.2), as

can be expected for a p-type semiconductor. It is analyzed below in the interval of the

extrinsic (impurity) conduction ~ 4.2 − 200 K. The Hall concentration, pH ≈ 1/(eR0), taking

into account the holes activated from acceptors to the VB with concentration pV (T) and

itinerant holes in the extended states of the AB, pA (T), can be written as

 pH (T) = pV (T) +  pA (T),                                    (4.4.1)

where pA (T) is the total concentration of the holes on the acceptors and  is the fraction of

the extended states of the AB. The temperature interval above is limited by T > 4.2 K due to

transition to the hopping conductivity at lower T (Section 4.2), whereas below ~ 200 K the

intrinsic contribution to pH (T) can be neglected [57, 76]. The terms in the right-hand side of

Eq. (4.4.1) can be expressed, taking into account non-degeneracy of the holes in the

investigated p-CdSb:Ni samples, as follows:

                                                  pV (T) = NV (T) exp [   / (kT)]                                       (4.4.2)

and

pA (T) = 2 NA / {1 + exp [  (EA  ) / (kT)]},                          (4.4.3)

where  is the chemical potential (the energy is measured from the edge towards the depth of

the VB), NV (T) = 2 (2m*kT)3/2 / (4 3/2 ħ3) and m* = 0.2 m0 is the mean effective mass of the

holes in CdSb [57, 78]. Here, existence of the two equivalent maxima of the VB of CdSb [57]

is taken into account, whereas the AB is considered unsplit by spin (neglecting the Hubbard

correlations [33, 34]). By adding the condition of conservation of the holes,

                                                        pA (T) + pV (T) = NA (1  K),                                      (4.4.4)

where K = ND / NA is the degree of compensation and ND is the concentration of donors, a

complete system of equations for pV and pA is obtained, which is solved numerically by

excluding . Finally, pH (T) is calculated with Eq. (4.4.1) and is shown by solid lines in the

left panel of Fig. 4.4.3.
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In calculations the values of EA and NA are taken from Tables 4.2.1 and 4.2.2,

respectively. The values of K = 5.5 % (# 1), 13.4 % (# 2) and 17.7 % (#3), as well as those of

 = 4103 (# 1), 3.5103 (# 2) and 0.8103 (# 3), are found by fitting the high- and low-

temperature parts of pH (T), respectively. A good agreement of the calculated curves with the

experimental data of pH (T) is observed in the whole interval between 4.2  200 K, where the

model given by Eqs. (4.4.1  4.4.4) is applicable as discussed above. The deviations in # 1

taking place below 4.2 K are connected to transition to the hopping conductivity (Section 4.2),

where the model becomes inapplicable. It can be seen also that calculations with  = 0 (the

dotted lines in Fig. 4.4.3), deviate from those with   0 only below ~ 10 K. Together with

smallness of the values of  ~ 103 << 1 this means existence of only a quite narrow interval

of the extended states in the AB and negligible  role of  itinerant holes of this band.

Figure 4.4.3. Left panel: The dependences of pH on T in p-CdSb:Ni. The lines are calculated

with Eqs. (4.4.1 − 4.4.4) as described in the text. Right panel: The plots of A /Ms vs. T in p-

CdSb:Ni. The solid line is the low-temperature fit to the experimental data with the function

<  (T) > 1.6. Inset: the dependence of A /Ms on , plotted in the double-logarithm scale. The

line is a linear fit [Publication 6].
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somewhat by normalization of A with saturation magnetization (Section 3.3) as presented in

the right panel of Fig. 4.4.3, however it still persists even for one and the same sample. On the

other hand, the data of A / Ms between T ~ 1.5 − 77 K can be approximated well with the

function <  (T) >1.6, where the mean resistivity <  (T) > is obtained by averaging the plots in

the inset to Fig. 4.2.1. In turn, plotting A / Ms vs.  below 77 K in the double-logarithm scale

(inset to the right panel of Fig. 4.4.3) one can find the power-law scaling, A / Ms ~ n, with n

= 1.6 ± 0.1 within four decades of A / Ms and more than two decades of .

As mentioned in Section 2.3 various models of the anomalous Hall effect predict the

power-law resistivity or conductivity scaling, like that shown in Fig. 4.4.3. At this point, the

value of n ≈ 1.6 following from the resistivity data of p-CdSb:Ni above may reflect the

general universality of AHE, established for a vast range of magnetic materials exhibiting the

conductivity scaling law, A ~  1.6 [46]. On the other hand, because the values of , A and

N are comparable below ~ 77 K (Fig. 4.4.2), it is difficult to draw A from the resistivity data

of p-CdSb:Ni unambiguously, which suggests the relation A >> N [45, 46]. This hinders

determination of the exponent in the conductivity scaling law being a subject of analysis in

[46]. Moreover, as has been mentioned above, the investigated samples of p-CdSb:Ni does

not belong directly to FM materials. Namely, the array of Ni1-xSbx nanoparticles possesses

features of a FM system only partially, because due to large size distribution the unblocked

clusters exist even below the blocking temperature Tb (Section 3.3). Hence, the large

scattering of the data of A (Figs. 4.4.2 and 4.4.3) is attributable to existence of such

unblocked clusters. Another feature of AHE in p-CdSb:Ni is also attributable to its poor

similarity with FM systems: namely, a linear dependence of H (B) takes place above ~ 10 T

(Fig. 4.4.1), whereas the magnetization saturates already above ~ 2 T (Fig. 3.3.3), meaning

that A (B) does not follow the behavior of M (B) explicitly. This does not permit direct

applicability of any microscopic model (Section 2.3), developed for purely FM systems, to

discuss the AHE in p-CdSb:Ni in more details. On the other hand, its association with Ni1-

xSbx nanoclusters looks convincible due to FM ordering of spins inside the clusters.
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5 Conclusions

Experimental investigations of the magnetization of Zn1-xMnxAs2, (Zn1-xMnx)3As2 and p-

CdSb:Ni, as well as of the galvano-magnetic effects in p-CdSb:Ni, have been presented and

analyzed in this work. The purpose is to obtain microscopic information about magnetic state

of these typical representatives of the group II-V diluted magnetic semiconductors. Another

goal of the work, connected to the first one, is identification of mechanisms of the low-

temperature charge transfer and determination of microscopic parameters of charge carriers in

p-CdSb:Ni, the derivative of the most known group II-V semiconductor p-CdSb.

All investigated compounds exhibit a strongly inhomogeneous magnetization due to

nanosize clusters with FM ordering of internal spins. In Zn1-xMnxAs2 and (Zn1-xMnx)3As2

existence of a secondary MnAs phase has been identified by a FM transition near the Curie

temperature of bulk MnAs. In turn, strong low-field magnetic irreversibility, observed in both

Mn-doped compounds, gives evidence for a frustrated magnetic state, connected to the

nanosize scale of the MnAs precipitates. Broad maximum of the ZFC susceptibility indicates

transition from SP to stable (blocked) state of an assembly of the MnAs nanoclusters, as well

as broad cluster size distribution. The size distribution function in Zn1-xMnxAs2 and (Zn1-

xMnx)3As2 is similar, consisting of several overlapped Gaussians. On the other hand, general

similarity of the magnetic state in these Mn-doped DMS is broken seriously by existence of a

strong PM system in (Zn1-xMnx)3As2. In this material only a minority of Mn enters the MnAs

nanoclusters, the majority forming PM centers of single Mn ions and small AF clusters. The

PM system in Zn1-xMnxAs2, consisting of single Mn ions, is much weaker, the overwhelming

majority of Mn being confined in the MnAs nanoparticles.

The magnetic state of p-CdSb:Ni is frustrated, too, which is evident from the low-

field magnetic irreversibility and is attributable to magnetic Ni-rich Ni1-xSbx nanoparticles. In

addition, considerable anisotropy of the magnetic properties of p-CdSb:Ni is observed,

including the coercivity and the saturation magnetization. This gives evidence for large non-

sphericity of the Ni1-xSbx nanoclusters, oriented around preferable direction. The size, the

aspect ratio and the magnetic moment of the clusters are estimated.

The magnetic properties of all the compounds above are influenced strongly by

blocking of the cluster moments due to the anisotropy energy barriers of individual clusters,

whereas the role of the intercluster interaction is unimportant.
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 The low-temperature conductivity of CdSb:Ni is governed by the hopping charge

transfer. Different VRH conductivity regimes are observed in zero field. A type of the

dominating VRH conductivity mechanism is found to be closely related to the ratio of widths

of the Coulomb gap and of the acceptor band, both being sensitive to the degree of disorder.

In non-zero field a tendency of transformation of the VRH conductivity into the NNH one

takes place in p-CdSb:Ni. Such behavior is attributable to damping of the internal magnetic

disorder, connected to presence of Ni1-xSbx nanoclusters, by the magnetic field. Besides the

widths of the Coulomb gap and of the acceptor band, other microscopic parameters as the

localization radius, DOS and the anisotropy coefficients, as well as the critical parameters for

the MIT in p-CdSb:Ni are obtained with joint analysis of the hopping conductivity in zero and

weak magnetic fields and confirmed by a separate analysis of  the strong-field regime of MR.

The Hall effect in p-CdSb:Ni exhibits presence of the positive normal and the

negative anomalous contributions. The normal Hall coefficient is determined presumably by

activation of the holes to the valence band, indicating also a minority of itinerant holes in the

extended states of the acceptor band. The anomalous contribution demonstrates low-

temperature power-law resistivity scaling pertinent to ferromagnetically ordered spin system,

which is attributable to Ni1-xSbx nanoclusters.

Further development of the research direction elaborated in this work suggests

investigations of the galvano-magnetic properties of Zn1-xMnxAs2 and (Zn1-xMnx)3As2, which

may provide an interesting addition to those of p-CdSb:Ni. Preparation and detailed study of

heavily doped materials with degenerate charge carriers, as well as thin films based on the

compound above, can be recommended at this point, too.

The results obtained in this work may be useful for investigations of other diluted

magnetic semiconductors, containing nanoclusters, especially for materials which are

expected to exhibit anisotropic magnetic and/or transport properties.
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Abstract. The preparation and magnetic properties of the diluted magnetic semiconductor
Zn1−xMnxAs2, opening a novel group of II–V2 compounds alloyed with transition metal elements,
are reported for the first time. Single crystals of Zn1−xMnxAs2 are obtained with a modified
Bridgman method. Forx 6 0.2 their structure is isomorphic to the ZnAs2 parent compound.
Magnetic properties of Zn1−xMnxAs2 are investigated forx = 0.01, 0.05 and 0.1 betweenT = 2
and 500 K in fields up to 60 kG. All the samples show a steep decrease of magnetization well
above 300 K. In low fields (2–200 G) the temperature dependence of the magnetic susceptibility
is strongly irreversible belowTb ≈ 250 K. The magnetization displays nonlinear field dependence
starting fromB ∼ 1–2 kG and reaching full saturation above 40 kG. Its temperature dependence
is weak between 2 and 300 K. The magnetic properties are explained by the presence of MnAs
clusters. The distribution of cluster sizes is described by three overlapping Gaussian functions with
the maxima at 1.7, 2.4 and 3.3 nm. At 300 K the corresponding magnetic moments are found to
be 1.5, 4.1 and 10.4 in units of 103 µB .

1. Introduction

A small amount of transition metal element (Mn, Fe or Co) incorporated in a non-magnetic
semiconductor matrix has usually a strong influence on its magnetic, optical and transport
properties [1]. Such materials, or diluted magnetic semiconductors (DMSs), have interactions
not present in the parent compounds. Among them is the s–d exchange interaction between
band carriers and localized magnetic moments of the transition metal ions and the d–d
interaction between the ions themselves. The best known DMSs belong to the II–VI and
IV–VI groups. Their properties are reviewed e.g. in [1] and [2]. For a long time these materials
have been regarded as typical representatives of DMSs, giving minor attention to other diluted
systems. On the other hand, in recent investigations of II3V2 ternary, (Cd1−xMnx)3As2 and
(Zn1−xMnx)3As2, and quaternary, (Cd1−x−yZnxMny)3As2, compound alloys [3–7] unusual
phenomena not observed earlier in the II–VI and IV–VI DMSs were discovered. Among them
are coexistence of two spin-freezing effects, one at a low (T < 4 K) [3, 4] and the other at a
high (T ∼ 200 K) [5–7] temperature in one and the same material, anomalous low-temperature
electronic properties [8] and strong dependence of the electron effective mass on the applied
magnetic field [9, 10].

However, the group of the II–V semiconductors is much larger than the group of the II3V2

compounds containing the materials mentioned above.The unusual properties of the latter
stimulate interest to find new DMSs among other II–V compounds. In this work we report our
effort to extend the group of DMSs to II–V2 semiconductors and communicate results of the
first investigations of the new alloys Zn1−xMnxAs2.

0953-8984/99/020555+14$19.50 © 1999 IOP Publishing Ltd 555
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2. Preparation of the crystals

2.1. Properties of the ZnAs2 host material

Zn1−xMnxAs2 can be obtained by substituting Mn for Zn in ZnAs2. The properties of the
host material are reviewed in [11]. In particular, the crystal structure of ZnAs2 belongs to
theβ-ZnP2 type (space groupP21/c, or C5

2h) having eight formula units in the unit cell with
the parametersa = 9.287 Å, b = 7.61 Å, c = 8.01 Å andβ = 102.5◦ [12]. However,
the structure of ZnAs2 differs from that ofβ-ZnP2 by the absence of Zn–Zn bonds. Along
with Zn–As bonds also As–As bonds are present. The As atoms form chains along thec-axis
which are connected with Zn atoms [11]. Electronic properties of ZnAs2 are governed by
the relatively wide band gap (0.9 eV) and impurities or intrinsic defects. Undoped crystals
are p-type semiconductors with hole concentrationp = 1014–1016 cm−3 [13, 14] at 300 K.
By doping with Se or Te [14] the p-type conduction can be changed to n-type with electron
concentrationn = 8 × 1016 cm−3 [14]. The anisotropic structure of ZnAs2 leads to the
dependence of certain physical quantities on the crystal direction, e.g. the Hall coefficient
R[100]/R[001] = 5 and the resistivityρ[100]/ρ[001] = 100 [15].

2.2. Preparation and characterization of Zn1−xMnxAs2

First we investigated the interval of forming Zn1−xMnxAs2 solid solutions within the system
of ZnAs2–MnAs2 alloys. The samples were synthesized in the interval of 06 x 6 0.5
using the modified Bridgman method (slow cooling of a melt in the presence of a temperature
gradient in a furnace). Stoichiometric amounts of Zn, Mn and As (99.999% purity) were
mixed and put into a quartz ampoule after covering its inner wall with a layer of carbon. The
synthesis was performed in vacuum at 1000◦C (the melting point of ZnAs2 is 771◦C) by
cooling the material down to 800◦C at the speed of 50◦C h−1 and further to 700◦C at the
speed of 10◦C h−1. The polycrystalline ingots were analysed with x-ray powder diffraction
measurements. A monoclinic structure (space groupP21/c, or C5

2h) with z = 8 and lattice
parametersa = 9.28 Å,b = 7.68 Å,c = 8.03 Å andβ = 102.3◦was identified unambiguously
for x = 0.3. The positions of the diffraction peaks correspond well with those of ZnAs2.
Incorporation of Mn in the lattice was revealed by the clearly observed x-ray fluorescence
background and by variations in the intensities of the x-ray diffraction lines. Generally, the
applied powder diffraction method allowed the phase analysis of the system ZnAs2–MnAs2 in
the interval of 06 x 6 0.5 establishing the upper boundary for existence of Zn1−xMnxAs2

solid solutions asx ≈ 0.2–0.3. No dependence of the lattice parameters on the composition
could be established.

Single crystals of Zn1−xMnxAs2 were grown in the interval ofx = 0–0.2 by increasing
the amount of the starting materials, prolonging the time of the synthesis at 1000◦C to 20 h
and decreasing the cooling rate in the domain of crystallization down to 1.5–2◦C h−1. X-ray
analysis showed good agreement with the results obtained for the polycrystalline ingots and
interplane distance in a satisfactory agreement with that of ZnAs2. This shows that substitution
of Zn for Mn in ZnAs2 practically does not distort the ZnAs2 type crystal structure up to
x = 0.2. No trace of a second phase could be detected within this interval of the composition.
The concentrations of Zn, Mn and As in the ingots were controlled by weighing the amounts
of the starting materials with accuracy of 0.001%. No material fractions or traces of volatile
components could be found inside the crucible containing the ingot. X-ray phase analysis
gave the same diffraction line patterns for specimens prepared from different parts of the
ingots havingx 6 0.2. This brings the error in determination ofx close to that of the x-ray
analysis, about 1.5%. At higher values ofx weak peaks due to an impurity phase were found
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in polycrystalline samples of the system. Small single crystals of As were segregated from
this phase in some ingots withx between 0.3–0.5.

3. Magnetic measurements

Dc magnetic measurements were made between 2 and 300 K with a SQUID magnetometer
using unoriented Zn1−xMnxAs2 crystals withx = 0.01, 0.05 and 0.1, and an oriented specimen
with x = 0.05. The values ofx 6 0.1 were chosen below and far enough from the upper
boundary of the interval of the solid solutions. The temperature of the sample was controlled
with flowing helium gas. Before every measurement the sample was annealed for 1.5–3 h at
140◦C to avoid the influence of possible remanent magnetization.

The temperature dependence of the magnetization,M(T ), in weak (2–200 G) and moderate
(0.2–10 kG) fields was measured after cooling the sample in zero (B < 0.1 G) field (ZFC)
from 300 to 2 K or while cooling it in a field (FC). As can be seen from figure 1 the plots
of χZFC(T ) andχFC(T ) (χ = M/B) measured in low fields diverge clearly in the region
of T . 300 K. Additionally, χZFC(T ) has a broad maximum aroundTb ≈ 250 K. The
difference betweenχZFC(T ) andχFC(T ) decreases strongly on increasing the field of the
measurement in the interval of 2–200 G (for convenience the plots in figure 1 are presented
so that theirχFC(T ) parts coincide with theχFC(T ) measured atB = 2 G). The observed
irreversibility is suppressed asB is increased up to 0.5–0.7 kG and disappears completely
above 2 kG.

Figure 1. Temperature dependences ofχZFC (open symbols) andχFC (closed symbols) for
Zn1−xMnxAs2 with x = 0.05, measured atB = 2 G (1), 5 G (2), 20 G (3), 50 G (4) and 200 G (5).
The scale of theχ -axis corresponds toχZFC andχFC for B = 2 G. The other plots are shifted so
that their FC parts coincide with that forB = 2 G. Inset:χZFC andχFC againstT for samples
with x = 0.01 and 0.1, measured in the field of 10 G.
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In figure 2 is displayed the magnetic field dependence of the magnetization,M(B), at
different temperatures for the sample with the Mn concentrationx = 0.01, and in figure 3 for
that withx = 0.05. The magnetization increases at first very rapidly with increasing field but
starts to deviate from a linear growth atB ≈ 1–2 kG. In the sample withx = 0.01 it reaches
a broad maximum aroundBmax ≈ 20–30 kG but this maximum is not observed whenx is
increased to 0.05. The temperature dependence of the magnetization between 2 and 200 K is
quite weak. A measurable difference of the magnetization for the specimen withx = 0.05
and the field oriented perpendicular and parallel to the (100) plane is evident from figure 4.

Figure 2. Dependence of the magnetization of Zn1−xMnxAs2 on the magnetic field forx = 0.01
andT = 300 K (1), 200 K (2), 100 K (3), 20 K (4) and 2 K (5). Inset: magnetic field dependence
of the magnetization corrected by subtracting the diamagnetic contribution(Md) for the same
specimen andT = 300 K (1∗), 100 K(3∗) and 2 K(5∗).

To complete the picture above we have investigated the temperature dependence of the
susceptibility,χ , between 250 and 500 K forB = 20 G, 200 G, 2 kG and 60 kG. As can
be seen from figure 5 bothχZFC(T ) andχFC(T ) decrease strongly in the temperature region
above 300 K suggesting a ferromagnetic (FM) transition in the specimen withx = 0.01. The
transition temperature,TC , increases whenB is increased. Additionally, the measurements in
the field ofB = 60 kG (squares) show that atT > 370 K the susceptibility is negative and
that above 410 K it becomes roughly independent of temperature, demonstrating the presence
of a diamagnetic contribution,Md , in the magnetization of this sample. Subtraction ofMd

leads to disappearance of the maxima in theM(B) curves (see the inset to figure 2). For the
specimens withx = 0.05 and 0.1 a similar transition is observed (see figure 6), withTC being
close to that of the sample withx = 0.01.
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Figure 3. Dependence of the magnetization of Zn1−xMnxAs2 for x = 0.05 on the magnetic field
for x = 0.05 andT = 300 K (1), 200 K (2), 100 K (3), 20 K (4) and 2 K (5). Inset:ηM/σs against
B for T = 1.9 K (a) andT = 20 K, 50 K, 100 K, 200 K and 300 K (b).

Figure 4. Dependence of the magnetization of Zn1−xMnxAs2 (x = 0.05) on the magnetic field
for B ‖ (100) at T = 200 K (1), 50 K (2) and 5 K (3) andB ⊥ (100) at T = 200 K (1∗) and
5 K (3∗). The solid lines are fits with equation (4).
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Figure 5. Susceptibility against temperature in Zn1−xMnxAs2 for x = 0.01 andB = 20 G (1),
200 G (2), 2 kG (3) and 60 kG (4). The open and the closed symbols representχZFC andχFC ,
respectively. The dashed line indicates the Curie temperature of MnAs.

Figure 6. Susceptibility against temperature in Zn1−xMnxAs2 for x = 0.01 (1), 0.05 (2) and
0.1 (3) andB = 200 G. The open and the closed symbols representχZFC andχFC , respectively.
The dashed line exhibits the Curie temperature of MnAs. For convenience the data (2) and (3) are
shifted along theχ axis by the amounts shown above the corresponding curves.
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4. Discussion

The magnetic properties of Zn1−xMnxAs2 described above give strong evidence for presence
of small FM clusters of MnAs in all the samples investigated. AboveTD = 394 K bulk MnAs
has hexagonalB81 (NiAs-type) structure and belowTD the orthorhombic B31 (MnP-type)
structure. Both these phases are paramagnetic (PM) [16]. AtTCc ≈ 306 K (on cooling in a
zero field) a first-order magnetostructural phase transition takes place whereupon the hexagonal
modificationB81 is while spontaneous (FM) magnetization,σs(T ), appears. On heating at
B = 0 σs vanishes atTCh ≈ 317 K [16]. The average temperature ofTCc andTCh for MnAs is
shown by the dashed line in figures 5 and 6. The values ofTC in the investigated Zn1−xMnxAs2

specimens are close to this line. WhenB is increased from 0 to 60 kGTCh andTCc are shifted to
higher temperatures by about 20 and 30 K, respectively [16]. A similar shift ofTC is observed
between 20 G and 60 kG in Zn1−xMnxAs2 with x = 0.01 (figure 5). It is worth mentioning
that the steep decrease of magnetization atTIC ≈ 310 K indicating the presence of MnAs
clusters was observed recently in the III–V DMS In0.82Mn0.18As [17].

From the difference between the magnetization of Zn1−xMnxAs2 atT . TC andT & TC
and the value ofσs = 630 emu cm−3 (300 K) [18] the volume fraction,η, of MnAs was
estimated to be 0.023 and 0.035 for the samples withx = 0.05 and 0.10, respectively, and
less than 0.005 for that withx = 0.01. This corresponds to fractionsβ = 0.97 and 0.73 of
the total amount of Mn entering the MnAs clusters in Zn1−xMnxAs2 for y = 0.05 and 0.10,
respectively. The values ofη lie definitely beyond the sensitivity of the x-ray analysis. Since
the overwhelming majority of Mn ions is located in the clusters no regular dependence of the
lattice parameters on composition is expected, in agreement with our observations.

For a detailed analysis over extended temperature regions on both sides ofTC it is
convenient to choose the sample withx = 0.05, because the amount of free (i.e. not entering
the clusters) Mn ions in this sample is estimated to be much smaller than in the specimen with
x = 0.10 and the diamagnetic contribution to the net magnetization is negligible compared
with the specimen havingx = 0.01. The latter is evident from (i) the absence of the maxima in
theM(B) curves (cf figures 3 and 4 and figure 2) in the sample withx = 0.05 and (ii) the fact
that the negative susceptibility (figure 5) is observed in our experiments only in the specimen
with x = 0.01.

In figure 7 is shown the saturation magnetization,Ms , of Zn1−xMnxAs2 (triangles) along
with the dependence ofσs on T for MnAs [18] extrapolated toT = 0 and multiplied by
the factor ofη = 0.023 (dashed line). The functionsMs(T ) andησs(T ) coincide down to
T ≈ 50 K. Hence, the volume fraction of MnAs in Zn1−xMnxAs2 and, consequently, the
fraction of Mn ions in MnAs,β = 0.97, are the same with those obtained above from the data
in the vicinity ofTC . Suggesting that the deviation ofMs(T ) from ησs(T ) below 50 K is due
to a PM contribution,Mp(T ), of the free Mn ions, we fitMs(T ) betweenT = 2 and 300 K
with the sum ofησs(T ) +Mp(T ). HereMp(T ) ≈ χp(T )B∗ with B∗ ≈ 40 kG being the field
where the contribution of the MnAs clusters to the net magnetization is practically saturated
while that of the free Mn ions is still sufficiently far from saturation and can be approximated
reasonably with a linear function. The susceptibilityχp(T ) satisfies the Curie–Weiss law

χp(T ) = C1/(T − θ1). (1)

In equation (1)C1 = p2
eff µ

2
BNf /3kB is the Curie constant,peff is the effective number

of Bohr magnetons per free Mn ion,Nf is their concentration andθ1 is the Curie–Weiss
temperature determined by the interaction between the free Mn ions. From the best fit with the
observed data ofMs(T ) we obtainC1 = 1.3× 10−4 emu K cm−3 G−1 andθ1 = −4.2 K. The
negative sign ofθ1 implies that the interaction between the free Mn ions in Zn1−xMnxAs2 is
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Figure 7. Temperature dependence of the saturation magnetization of Zn1−xMnxAs2 for x =
0.05 (triangles) compared with the reduced saturation magnetization of MnAsησs (line 1) and the
sum ofησs and the PM contribution of free Mn ions (line 2). Inset: temperature dependence of the
inverse susceptibility aboveTC .

antiferromagnetic (AF) as in all known DMSs containing Mn. Withpeff = 35 for Mn2+

we obtainNf = 1.8 × 1019 cm−3 and the fraction of free Mn ions, 0.026, corresponding
to β = 0.974 which agrees very well with the value ofβ obtained above in the interval of
50–300 K and forT & TC . We conclude, that the temperature dependence of the saturation
magnetization in Zn1−xMnxAs2 is most probably determined by that of the MnAs clusters with
minor influence of the free Mn ions below 50 K.

At temperatures aboveTC , namely between 320 and 380 K, the susceptibility exhibits
the Curie–Weiss law again (see the inset to figure 7) but with other values of the Curie–Weiss
temperature,θ2 = 310±20 K, and the Curie constant,C2 = (3.3±0.3)×10−3 emu K cm−3 G−1

corresponding topeff = 4.8±0.4 per Mn ion. These values coincide within the experimental
error withθ = 285 K andpeff = 4.45 in the PM hexagonal phase of bulk MnAs [16] existing
above 394 K. In bulk MnAs the width of the orthorhombic phase is 80–90 K. As follows from
the shift ofTC with B, about 30 K (figure 6), in the sample withx = 0.01 and from the value
of TC & 300 K and the onset of the Curie–Weiss law (∼320 K, figure 7) in the sample with
x = 0.05 it does not exceed∼20–30 K in MnAs clusters of Zn1−xMnxAs2.

The above discussion gives sufficient evidence that the magnetic properties of
Zn1−xMnxAs2 are determined mostly by small ferromagnetic MnAs clusters. Generally,
small single domain FM particles incorporated in a solid matrix can exist in two different
states [19]. AtT > Tb or above the blocking temperature thermal fluctuations can cause
a sort of Brownian rotation of the magnetic moment of the particles with the result that
an assembly of such particles exhibits superparamagnetic (SP) behaviour. In this caseM,
corrected against the temperature dependence of the saturation magnetization of the clusters,
would be a Langevin-type function of the ratioB/T . At T < Tb the moments of the particles
are blocked, with their directions distributed at random over the sample volume violating
theB/T -scaling ofM. There are two conceivable sources of the blocking barriers: (i) the
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anisotropy energy of individual particles and (ii) the dipolar interaction between the moments
of different particles.

In the case (i) the moment of each particle is stabilized independently when its anisotropy
energy,KV , becomes high enough to counteract the thermal excitations∼kBT . HereK is
the density of the anisotropy energy andV is the volume of the particle. After removal of the
external field the moments of the particles relax towards an equilibrium state. The relaxation
time,τ , is given by 1/τ = f0 exp(−KV/kBT ), wheref0 is a frequency factor of the order of
109 s−1. When the value ofτ = 102 s is used as the criterion for transition to stable behaviour
the energy barrier must be 25kBT . Then the blocking temperature can be written as [19]

T
(anis)
b = KV/25kB. (2)

The temperature dependence ofM is determined only by that of the saturation magnetization
of the FM particles,σs , so that the ratioM/σs would be temperature independent.

In case (ii) the blocking temperature and the magnetization will satisfy the equations (see
equation (A10) and (A11) in appendix A)

T
(inter)
b = µ2I

1/2
0 /3 kB (3)

and

M = MsB/(B + ξMs) (4)

respectively. In equation (4)Ms = µN is the saturation magnetization of the specimen,µ and
N are the moment and the concentration of the particles (neglecting the distribution of their
sizes),I0 = zI /r6, zI = 11.6, r = 2(4πN/3)−1/3 is the mean distance between particles and
ξ = 17.3.

The blocking transition (i.e. transition from the SP to stable behaviour) of the assembly of
single-domain particles can be identified by deviation ofχZFC(T ) fromχFC(T ). The blocking
temperatureTb is defined by the cusp ofχZFC(T) meaning that forT > Tb the thermal energy
is large enough to enable the clusters to be oriented by an external magnetic field. Below
Tb clusters cannot overcome the blocking barriers (independent of their nature) [19] with the
help of thermal excitations. Blocking temperatures as high as the room temperature were
established e.g. in heterogeneous metallic Cu–Co alloy films containing nanometre scale FM
Co-rich clusters [20] and in III–V semiconductor GaAs with Fe3GaAs precipitates [21]. Lower
values ofTb were observed in some granular systems demonstrating SP response of the clusters
and related giant magnetoresistance (see [21] and references therein). Accordingly, the high-
temperature irreversible phenomena shown in figure 1 can be attributed to the presence and
blocking of the MnAs cluster moments in the samples. It is interesting to note that the blocking
transition is broad in Zn1−xMnxAs2 and overlaps with the transition from PM to FM state in
MnAs clusters (cf figures 1, 5 and 6). Consequently, the SP region corresponding to unstable
cluster moments is practically unobservable.

As evident from figure 3 the ratio ofM/σs is in all fields independent ofT within the error of
2–3%, excluding the data at 2 K which are influenced by increasing PM contribution of the free
Mn ions when the temperature is lowered (figure 7). This is consistent with the assumption that
the anisotropy energy barriers are the main reason for stabilizing the cluster moments. From
the temperature dependence ofχZFC(T ) in the lowest applied fields (figure 1) we calculate
the distribution function of the blocking temperatures (equation (B3) in appendix B),

F(T ) = 1

γ

d

dT

[
T χZFC(T )

σ 2
s (T )

]
− α. (5)

The distribution function,f (R), of the cluster radius,R (or more strictly the radius of the
sphere of equivalent volume) is calculated using the relation between the cluster volume and
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Figure 8. The distribution function of the cluster radius of Zn1−xMnxAs2 for x = 0.01 (line 1),
0.05 (line 2) and 0.1 (line 3). Inset: composition of the distribution function for the compound
with x = 0.05 (×) by three overlapping Gaussian distributions.

the blocking temperature given by equation (2) and the dependence ofK on T [18]. The
constantsγ and α are determined by normalizingf (R) to unity and using the condition
f (R) = 0 at R = 0. As evident from figure 8(a) the normalized distribution function
for the sample withx = 0.05 has a sharp peak atR1 ≈ 3.3 nm. Analysis off (R)
with the multiple Gaussian function reveals two other peaks centred atR2 ≈ 2.4 nm and
R3 ≈ 1.7 nm. As follows from figure 8(b) the size distribution functions are similar for all
the samples. Whenx is increased the main peak is sharpened leading to some shift of the
cluster sizes towardsR1. The calculated moments at 300 K corresponding to the values of
R1, R2 andR3 areµ1 ≈ 10.4 × 103 µB , µ2 ≈ 4.1 × 103 µB andµ3 ≈ 1.5 × 103 µB ,
respectively. The average values〈R〉 ≈ 3.1 nm and〈µ〉 ≈ 8.8 × 103 µB are evaluated
with the distribution function shown in figure 8(a). The concentration of clusters can be
calculated from the equationN ≈ Ms/σs〈V 〉 where〈V 〉 is the mean cluster volume. The
obtained valueN ≈ 1.8× 1017 cm−3 corresponds to the mean intercluster distance,〈r〉 =
2(4πN/3)−1/3 ≈ 22 nm. The cluster parameters found above permit us to compare the scales
of the anisotropy energy of a mean cluster,Wa ≈ |K|〈V 〉 ≈ 0.5 eV (K ≈ −6× 106 erg cm−3

at 300 K [18]), and of the energy of dipolar interaction,Wd ≈ zJ 〈µ〉2/〈r〉3 ≈ 0.013 eV.
The long-range character of the dipolar interaction is taken into account by introducing a
constantzJ ≈ 33 stemming from extension of the interaction beyond the nearest neighbours
(see comments on equation (A2) in appendix A). SinceWd is less than 3% ofWa the dipolar
interaction can be neglected and the description of the magnetic properties of Zn1−xMnxAs2

given above is consistent. The difference between the magnetization measured forB ‖ (100)
andB ⊥ (100) does not vanish atB ≈ 50 kG. On the other hand, the anisotropy field
of MnAs is three times lower,Ba = 18.3 kG at 300 K [18]. This suggests that the
observed anisotropy of the magnetization is connected with some non-sphericity of the cluster
shape.
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Finally, we discuss the magnetization data assuming that blocking of the cluster moments
is caused only by the dipolar interaction between the clusters, i.e. neglecting the influence of the
anisotropy energyWa and the distribution of the cluster sizes. The dependence ofM onB for
all the specimens can be fitted with equation (4) using the product ofVN (sinceMs = σsVN )
andξ as adjustable parameters. An example is shown in figure 4, givingVN = 0.017±0.001
(0.020±0.001) andξ = 15±1 (7±1) for the cases of the parallel (perpendicular) orientation
of B with respect to the (100) plane. Hence, the value ofξ differs somewhat from 17.3,
predicted by the model of interacting clusters and, additionally, depends on the direction of the
magnetic field. The values ofV andN can be found separately with equation (3), using those
of VN andTb ≈ 250 K. This gives the values ofR = 10.9 nm (10.4 nm),µ = 4.6× 105 µB
(4.0× 105 µB), both atTb,N = 3.2× 1015 cm−3 (3.7× 1015 cm−3) andr = 84 nm (80 nm).
With the values ofµ andr above we evaluateWa ≈ 19.3 eV (16.8 eV) andWd ≈ 0.67 eV
(0.55). The value ofWa � Wd contradicts with the assumption made in this paragraph that
our magnetization data could be explained by attributing the blocking of the cluster moments
to the dipolar interactions.

5. Conclusions

In this work the temperature and the field dependences of the magnetization of Zn1−xMnxAs2

are investigated for= 0.01, 0.05 and 0.1, opening a novel group II–V2 of DMSs. Analysis
of the data gives strong evidence for presence of small MnAs clusters in this compound.
The irreversible phenomena observed in Zn1−xMnxAs2 starting fromx = 0.01 reflect the
blocking transition in dynamics of the magnetic moments at temperatures comparable with
the ferromagnetic Curie temperature of bulk MnAs. The dependence ofM onB is consistent
with the behaviour of the magnetization below the blocking temperature. The analysis of
the temperature dependence of the saturation magnetization demonstrates that the majority of
Mn ions in Zn1−xMnxAs2 are located in the MnAs clusters. The distribution function of the
sizes, the magnetic moments and the concentration of the clusters are obtained. Comparing
the anisotropy energy of individual particles and the energy of intercluster dipolar interaction
it is concluded on basis of our magnetization data that the anisotropy energy of the clusters
is the reason for the blocking of their moments. A dependence of the magnetization on the
direction of the applied magnetic field suggests some non-sphericity of the cluster shape.

Appendix A

The blocking of the moments due to the dipolar interaction is a cooperative process similar to
freezing of spins in spin-glasses. Therefore, this phenomenon can be analysed in a similar way
using the mean-field theory. Following the method proposed in [22] we treat a disordered lattice
of interacting cluster moments,µ, in the dipolar approximation, neglecting the distribution of
the cluster sizes. Then the equations defining the mean fieldB∗i at theith site may be written as

B∗i = B +
∑
j

JijµL

(
µB∗j
kT

)
(A1)

whereB is the external field,L(y) = cotanh(y) − 1/y is the Langevin function and
Jij = (1− 3 cos2 ϕij )/r3

ij are random variables describing the dipolar interaction. Hereϕij is
the angle between the direction of the fieldB∗j at the sitej and the vector distancerij between
the sitesi andj . In equation (A1) the summation over the sitesj is extended to infinity due
to the long-range character of the dipolar interaction. To describe the distribution of the fields
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B∗i we introduce the mean value,〈B∗〉, and the variation,〈(B∗)2〉 − 〈B∗〉2, where the angular
parenthesis mean the averaging over the configurations. Assuming that the random variables
ϕij andRij in different sites are uncorrelated, we obtain from equation (A1) in a standard way
[22] the following relations,

〈B∗〉 = B + J0〈µL(µB∗/kT )〉 (A2)

and

〈(B∗)2〉 − 〈B∗〉2 = I0〈µ2L2(µB∗/kT )〉. (A3)

In equations (A2) and (A3)J0 =
∑

j 〈Jij 〉 = −(1/2)
∑

j 〈r3
ij 〉 = −zJ /r3 and I0 =∑

j (〈J 2
ij 〉− 〈Jij 〉2) = (11/8)

∑
j 〈r6

ij 〉 = zI /r6. Herer = 2(4πN/3)−1/3 is the mean distance
between the nearest sites, and the values of the constantszJ ≈ 33 andzI ≈ 11.6 are obtained
by performing the numerical summation.

The averaging over the configurations in these equations can be made using the Gaussian
distribution of fields,f (B∗) = exp[−(B∗ − B1)

2/2B2
2]/[(2π)1/2B2], with B1 ≡ 〈B∗〉 and

B2
2 ≡ 〈(B∗)2〉 − 〈B∗〉2. This gives

B1 = B +
J0µ

B2

∫
dB∗√

2π
exp

[
− (B

∗ − B1)
2

2B2
2

]
L

(
µB∗

kT

)
(A4)

and

B2
2 =

I0µ
2

B2

∫
dB∗√

2π
exp

[
− (B

∗ − B1)
2

2B2
2

]
L2

(
µB∗

kT

)
. (A5)

It is convenient to analyse the mean-field equations (A4) and (A5) by introducing an
analogue of the Edwards–Anderson order parameter,q, and local magnetization,m [22, 23],
defined as

q = 〈L2(µ
∗
B/kT )〉 and m = µ〈L(µB∗/kT )〉 (A6)

respectively. They are connected to the parametersB1 andB2 by the relations

B1 = B + J0m and B2
2 = I0µ2q (A7)

following from equations (A2), (A3) and (A6) and the definition ofB1 andB2. Replacing
B1 and B2 in equations (A4) and (A5) with those in equations (A7), and substituting
B∗ = B + J0m + tµ(I0q)1/2 we obtain finally the following system of equations forq andm,

q =
∫

dt√
2π

exp

(
− t

2

2

)
L2

[
µ

kT
(B + J0m + tµ

√
I0q)

]
(A8)

and

m = µ
∫

dt√
2π

exp

(
− t

2

2

)
L

[
µ

kT
(B + J0m + tµ

√
I0q)

]
. (A9)

The macroscopic magnetization is thenM = mN .
The state of stable moments is defined byq 6= 0 andm = 0 atB = 0. Therefore, this

state corresponds to the interval of non-zero solutions of equation (A8) in zero field given by
inequalityT 6 T (inter)b where

T
(inter)
b = µ2I

1/2
0 /3 kB. (A10)

SinceL(y) is a finite function (L(y) → 1 asy → ∞ and exp(−t2/2) decays rapidly
with increasingt) the expression under the integral in the right-hand side of equation (A9)
is determined by small values oft . Therefore, for high fields the third term in the argument
of the Langevin function can be neglected, resulting inm ≈ L[µ(B + J0m)/kBT ]. This
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equation is solved in the limits ofµB/kBT � 1 andB � |J0|m taking into account the
asymptotic form of the Langevin function,L(y) ≈ 1− 1/y at y � 1. The solution is given
by m ≈ (µB + kBT )/(B + |J0|µ). For large cluster moments we have thenµB � kBT

resulting in a weak temperature dependence of the magnetization. Finally, the macroscopic
magnetizationM = mN can be expressed in the form

M ≈ MsB

B + ξMs

(A11)

whereMs = µN andξ = πzJ /6≈ 17.3.

Appendix B

The distribution function of the blocking temperatures can be obtained with the following
method [24]. The ZFC susceptibility of a system of identical clusters satisfies the conditions
χZFC = χ0 atT < Tb andχZFC = C/T atT > T0, whereC is the Curie constant for clusters.
The low-field contribution to the susceptibility from the stable clusters is small and depends
onT only byσs . Then the susceptibility of a system of arbitrary clusters can be written as

χZFC(T ) = χ0 +
C

T

∫ T

0
F(T ∗) dT ∗ (B1)

where the first and the second terms on the right-hand side represent the contributions of the
stable and the SP clusters, respectively, andF(T ) is the distribution function of the blocking
temperatures. It is convenient to represent the parametersχ0 andC asχ0 = γασ 2

s and
C = γ σ 2

s (whereα andγ are constants) depending onT only by the temperature dependence
of σs . Then equation (B1) can be written in the form

χZFC(T ) = γ σ 2
s

[
α +

1

T

∫ T

0
F(T ∗) dT ∗

]
. (B2)

Finally,F(T ) can be given in the form

F(T ) = 1

γ

d

dT

(
χZFCT

σ 2
s

)
− α (B3)

obtained by differentiation of equation (B2) with respect toT . The values of the constantsγ
andα can be determined by normalizingF(T ) to unity and using the conditionF(T ) = 0 at
T = 0, respectively.
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Abstract. Magnetic properties of the II–V diluted magnetic semiconductor(Zn1−xMnx)3As2
are investigated forx = 0.08, 0.10 and 0.13, betweenT = 3 and 500 K and in fields up to 60 kG.
All samples show a steep decrease of the magnetization above 280 K. In low fields (5–80 G) the
temperature dependence of the magnetic susceptibility is strongly irreversible below the blocking
temperatureTb ≈ 250 K. Above 15 kG the difference between the zero-field-cooled and the field-
cooled susceptibilities disappears. These features give evidence for the presence of two magnetic
subsystems: (i) paramagnetic centres including a single Mn ion and an open or closed triple
antiferromagnetic cluster of Mn2+ and (ii) ferromagnetic MnAs nanoclusters. The size distribution
of the MnAs clusters is described by two overlapping Gaussian functions with the maxima at
R1 = 2.6–3.1 nm andR2 = 3.3–3.8 nm, depending onx.

1. Introduction

(Zn1−xMnx)3As2, ZMA, is a derivative of Zn3As2 obtained by substitution of Mn for Zn.
With x up to 0.135 it is isomorphic to Zn3As2 (so-calledα-modification of Cd3As2, space
groupI4I cd) [1]. ZMA belongs to a relatively new and less investigated family of the II–V
group diluted magnetic semiconductors (DMSs) in which the Mn-alloyed II3V2 ternary and
quaternary semiconductors [2] are the majority.

At temperatures higher than 100 K the magnetic properties of ZMA are determined
by single Mn2+ ions [1]. WhenT is decreased a well measurable contribution from
antiferromagnetic (AF) clusters of Mn2+ is observed with evidence for a spin-glass state below
Tf ∼ 3–4 K [1, 2]. Those investigations were made in relatively high magnetic fields. In
low-field measurements a second spin-freezing effect was observed at temperatures as high as
200–250 K in ZMA withx = 0.08–0.13, provided that the field was less than 100 G [3–5]. The
coexistence of two spin-glass-like states, one at high and another at low temperatures, has been
found also in Cd1−x−yMnxFeyTe withx = 0.37 andy = 0.01 [6]. Different mechanisms have
been proposed for explanation of the high-temperature spin freezing in these DMSs [5–7],
without still reaching a fully conclusive picture. On the other hand, irreversible behaviour
of the susceptibility and magnetic freezing observed atT ∼ 250 K in Zn1−xMnxAs2 were
attributed to ferromagnetic (FM) MnAs nanoclusters [8].

In this paper we report investigations of the magnetic properties of(Zn1−xMnx)3As2 with
x = 0.08–0.13. Using specimens with a relatively high Mn concentration we expect to obtain
information about the presence and nature of MnAs clusters in this material. The contribution
of different clusters to the high-temperature magnetic freezing phenomena is discussed.

0953-8984/99/448697+10$30.00 © 1999 IOP Publishing Ltd 8697
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Figure 1. Temperature dependences ofχZFC (open symbols) andχFC (closed symbols) for ZMA
with x = 0.13 measured in the field ofB = 10 G (1) and 80 G (∇). Inset:χZFC(T ) andχFC(T )
for ZMA with x = 0.08 andB = 10 G, andx = 0.10 andB = 5 G.

2. Experimental results

Single crystals of ZMA withx = 0.08, 0.10 and 0.13 were grown by the modified Bridgman
method (slow cooling of a melt in the presence of a temperature gradient in a furnace) [3].
Details of the preparation and characterization of the specimens (structure, composition and
homogeneity) are described in [3]. Dc magnetic measurements were made separately between
3–310 K and 250–500 K with a SQUID magnetometer extending considerably the temperature
range (5–220 K) attainable in our previous experiments [3, 4]. Before every measurement the
sample was annealed for 0.5–2 h at a temperature between 150 and 200◦C to remove traces
of any possible remanent magnetization.

The temperature dependence of the magnetization,M(T ), was measured after cooling the
sample in zero (B < 0.1 G) field (ZFC) or while cooling it in a field (FC). As can be seen from
figure 1 the plots ofχZFC(T ) andχFC(T ) (χ = M/B) measured in fields ofB = 5–10 G
deviate from one another belowTi ≈ 280 K andχZFC(T ) has a broad maximum around
Tb ≈ 250 K. The difference betweenχZFC(T ) andχFC(T ) decreases strongly on increasing
the measuring field and disappears completely atB = 15 kG (figure 2(a)). The magnetic
properties described above reproduce well the previous results for ZMA withx = 0.08–0.13,
obtained in the temperature region below 220 K [3, 4]. Additionally, as evident from figure 2(b),
the magnetization curveM(B) observed atT = 3.3 K starts to deviate from linearity already
in fields above a few kilogauss.
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Figure 2. (a) Temperature dependence ofχZFC (1) andχFC (∇) for ZMA with x = 0.13
andB = 15 kG. Lines 1 and 2 represent the contributions of the first and the second term of
χ(T ) in equation (6), respectively, and line 3 is their sum. (b) Magnetic field dependence of the
magnetization forx = 0.13 atT = 3.3 K measured in an increasing (1) and decreasing (∇)
magnetic field. Lines 1 and 2 show the contributions of the first and the second term ofM(B) in
equation (7), respectively, and line 3 is their sum.

A completely new result is shown in figure 3: aboveTi ≈ 280 K the functionsχZFC(T )
andχFC(T ) fall together and above 350 K the susceptibility approaches a constant value which
is small in comparison with that observed atTi .

3. Discussion

The magnetic properties of ZMA described above give strong evidence for the presence of FM
MnAs nanoclusters in all the samples investigated. The structure of bulk MnAs is hexagonal
B81 (NiAs type) aboveTD = 394 K and orthorhombicB31 (MnP type) belowTD [9]. These
phases are paramagnetic (PM) [9]. On cooling in zero field a first-order magnetostructural
phase transition takes place atTCc ≈ 306 K, again to a hexagonalB81 modification with a
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Figure 3. Temperature dependence ofχ for ZMA with x = 0.08 (1), 0.10 (2) and 0.13 (3),
measured in the field ofB = 80 G. The open and closed symbols representχZFC andχFC ,
respectively. The dashed and the dotted lines give the Curie temperatureTC of MnAs and the
temperature of the onset of irreversibility,Ti , respectively. For convenience the plots (2) and (3)
are shifted along theχ axis by the amount shown above the corresponding curves.

spontaneous magnetizationσs(T ). On heating in zero fieldσs vanishes atTCh ≈ 317 K [9].
The FM-like transition temperatures,TC , of the investigated ZMA samples are close to the
average ofTCc andTCh given by the vertical dashed line in figure 3. The steep decrease of
the magnetization just belowTC ≈ 310 K, indicating the presence of MnAs clusters, has been
observed earlier in the III–V DMS In0.82Mn0.18As [10] and in the II–V2 DMS Zn1−xMnxAs2

with x = 0.01–0.1 [8].
Generally, small single domain FM particles incorporated in a solid matrix can exist in two

different states [11]. At temperatures above the blocking temperatureTb thermal fluctuations
can cause a sort of Brownian rotation of the magnetic moment of the particles with the result
that an assembly of such particles exhibits superparamagnetic (SP) behaviour. In this case the
magnetization of the FM clusters having the volumeV and the magnetic momentµ = σsV
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satisfies the equation

MFM = M∗FML(µB/kBT ) (1)

whereM∗FM = ησs is the saturation magnetization of the assembly of the FM particles with the
volume fractionη andL(ξ) is the Langevin function. AtT < Tb the moments of the particles
are blocked, with their directions distributed in random over the sample volume. There are two
conceivable sources of the blocking barriers: (i) the anisotropy energy of individual particles
and (ii) the dipolar interaction between the moments of different particles.

In case (i) the moment of each particle is stabilized independently when its anisotropy
energy,KV , becomes high enough to counteract the thermal excitations having the energy
∼kBT . HereK is the density of the anisotropy energy andV is the volume of the particle.
After removal of the external field the moments of the particles relax towards an equilibrium
state. The relaxation time,τ , is given by 1/τ = f0 exp(−KV/kBT ), wheref0 is a frequency
factor of the order of 109 s−1 [11]. If a plausible value ofτ = 102 s is used as the criterion
for transition to stable behaviour the energy barrier is 25kBT . Then the blocking temperature
can be written as [11]

T
(anis)
b = KV/25kB. (2)

In case (ii) the blocking temperature and the magnetization forT < Tb will satisfy the
equations [8]

T
(inter)
b = µ2I

1/2
0 /3 kB (3)

and

MFM = M∗FMB/(B + ξMs) (4)

respectively. The saturation magnetization in equation (4) can be written asM∗FM = µN where
N is the concentration of the particles. In equations (3) and (4) we haveI0 = zI /r6 where
zI = 11.6 andr = 2(4πN/3)−1/3 is the mean distance between the particles, andξ = 17.3
[8].

The blocking transition (i.e. transition from the SP to stable behaviour) of an assembly of
single-domain particles can be identified by deviation ofχZFC(T ) fromχFC(T ). The blocking
temperatureTb is defined by the cusp inχZFC(T )meaning that forT > Tb the thermal energy
is large enough to enable the clusters to be oriented by an external magnetic field. Below
Tb the clusters cannot overcome the blocking barriers (independent of their nature) [11] with
the help of thermal excitations. Blocking temperatures as high as the room temperature have
been established e.g. in heterogeneous metallic Cu–Co alloy films containing nanometre scale
FM Co-rich clusters [12] and in the III–V semiconductor GaAs with Fe3GaAs precipitates
[13]. Lower values ofTb were observed in some granular systems demonstrating the SP
response of the clusters and related giant magnetoresistance (see [13] and references therein).
Accordingly, the high-temperature irreversible phenomena shown in figure 1 can be attributed
to the presence and blocking of the FM MnAs cluster moments in the samples. The broad
maximum ofχZFC(T ) suggests a distribution of the blocking temperatures aroundTb ≈ 250 K
and, as follows from equation (2), a distribution of the sizes of the FM clusters.

Taking into account the proximity of the temperaturesTi and TC and the relation
M(Ti)� M(T ) atT > TC (figure 3), the volume fraction of MnAs in ZMA can be determined
from the equation

η ≈ M(Ti)ρZMA

σs(Ti)ρ
L
MA[25σs(Ti)B/K(Ti)]

(5)

whereρMA = 6.25 g cm−3 andρZMA = ρZAµZMA/µZA are the mass densities of MnAs
and ZMA (hereρZA = 5.60 g cm−3 is the density of Zn3As2 andµZMA, µZA andµMA are



8702 R Laiho et al

the molecular weights of ZMA, Zn3As2 and MnAs, respectively). AtTi = 280 K we have
σs(Ti) ≈ 115 emu g−1 andK(Ti) ≈ 8× 106 erg cm−3 [14] which givesη ≈ 2.3× 10−3,
3.5×10−3 and 3.8×10−3 for ZMA with x = 0.08, 0.10 and 0.13, respectively. These values of
η correspond to the fraction of Mn ions entering the FM clusters,β = ρMAµZAη/(ρZAµMAx),
asβ ≈ 0.086, 0.10 and 0.087 and those ofx∗ = x(1− β) ≈ 0.07, 0.09 and 0.12 in the rest of
the material forx = 0.08, 0.10 and 0.13, respectively. Hence, in ZMA only a small part of the
Mn ions is bound in the FM clusters, in comparison with Zn1−xMnxAs2 where the values of
η = (2.3–3.5)×10−2 andβ = 0.97–0.73 forx = 0.05–0.10 are much higher [8]. On the other
hand, opposite to Zn1−xMnxAs2, in ZMA both χZFC(T ) andχFC(T ) increase rapidly when
T is decreased below∼30 K (figure 1). From comparison of the values ofη andβ in ZMA
and in Zn1−xMnxAs2 we can conclude that in ZMA the majority of the Mn ions outside the
FM MnAs clusters can form paramagnetic (PM) centres explaining the increase ofχZFC(T )

andχFC(T ) at low temperatures (figure 1).
To determine the nature of the PM centres, first we analyse the temperature dependence

of the susceptibility in figure 2(a). Taking into account the disappearance of the irreversibility
of χ(T ) atB = 15 kG and assuming a linear response of the PM centres to the applied field,
we fit χ(T ) in figure 2(a) with the equation

χ(T ) = ησs(T )
B

+
C

T − θ (6)

where the first term represents the contribution from FM MnAs clusters. The diamagnetic
background of the host material Zn3As2, χ0 = −0.12× 10−5 emu cm−3 G [3], is small
and can be neglected. If outside the FM clusters in ZMA all Mn2+ formed only the single
ion PM centres, the second term in equation (6) would describe exactly the PM contribution,
with the Curie constantC = p2

eff µ
2
BN0x

∗/3kB wherepeff is the effective number of the Bohr
magnetons,µB per Mn ion,N0x

∗ is the concentration of Mn in ZMA outside FM clusters andθ
is the Curie–Weiss temperature introduced to account for the interaction between the Mn ions.
The dependence ofσs onT is given in [14]. The functionχ(T ) evaluated with equation (6) is
shown by the solid line in figure 2(a). The contributions of the first and the second terms in the
right-hand side of equation (6) are displayed by the dotted and the dashed lines, respectively.
From the best fit with equation (6) we obtainC = (420± 30) × 10−5 emu cm−3 G K−1,
θ = −10.7± 0.8 K andη = (4.3± 0.4)× 10−3. The value ofη agrees well with that found
above with equation (5) for the sample withx = 0.13. However, the value ofp2

eff ≈ 5.9
calculated fromC is much smaller than the effective number of the Bohr magnetons for free
Mn2+ (p2

eff = 35) or for single Mn ions in ZMA withx = 0.005–0.049 (p2
eff ≈ 29–26,

respectively) [1]. The interaction between single Mn ions in ZMA is described by the function
2(x) ≈ −(2000± 200)x (in K) [1], which for x = 0.12–0.13 exceeds considerably the
Curie–Weiss temperatureθ = −10.7 K found above. These disagreements point out that
outside the FM nanoparticles Mn ions exist not only in the single ion state but can form also
small clusters with strong AF interaction between ions inside the clusters. Such AF clusters
have been found in many other Mn-based DMSs [15] as well as in the II–V group materials
when Mn concentration is increased [1, 2].

Important information about the AF clusters in ZMA can be obtained by fitting the
magnetic field dependence of the low-temperature magnetization data shown in figure 2(b)
with the equation

M(B) = MPM(B) +MFM(B). (7)

The contribution of the PM centres to equation (7) can be expressed with a phenomenological
equation [15]MPM(B) = M∗PMB5/2[5µBB/kB(T +T0)] whereM∗PM = µBgS0N0x

∗, gS0 and
T0 are the effective spin per Mn ion and the effective temperature, respectively, andB5/2(ξ)
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Figure 4. gS0 againstx in ZMA (open squares) obtained in [1] (0.00526 x 6 0.049) and in this
work (x∗ = 0.12). The lines 1–4 are calculated as described in the text.

is the Brillouin function. As evident from figure 2(b) no difference between the curvesM(B)

obtained by increasing or decreasing the magnetic field is observed atT = 3.3 K up to
B = 60 kG. That is why the contribution to the net magnetization from the FM clusters (the
second term in equation (7)) in a sufficiently strong field is determined by reversible processes.
Therefore, using equations (1) and (2) and neglecting the size distribution of the FM clusters
we obtainMFM(B) ≈ ησsL(25σsB/K). The dependenceM(B) calculated with equation (7)
is shown by the solid line in figure 2(b). The contributions of the first and the second term
to equation (7) are given by the dashed and the dotted lines, respectively (in calculations we
use the low-temperature values ofσs ≈ 144 emu g−1 andK ≈ 12× 106 erg cm−3 [14]).
From the best fit with equation (7) we obtainη = (4.5± 0.5)× 10−3, T0 = 3.5± 0.5 K and
gS0 = 0.47± 0.01.

The value ofη agrees with those obtained from equations (5) and (6) andT0 is comparable
with the corresponding values found in other DMSs. On the other hand,gS0 is an order
of magnitude lower than for free Mn2+ (gS = 5) or for single Mn ions in ZMA with
x = 0.0052–0.049,gS∗0 = 4.3± 0.2 [1]. The effective spin per Mn ion can be expressed
in the form [15]

gS0 = gS∗0(P1 + PO3/3 +PC3/15 + · · ·) (8)

where the terms in the parenthesis represent probabilities of Mn2+ to be in the single ion
state (P1), in the open (PO3) or closed (PC3) triples or in the larger AF clusters (. . .). These
probabilities can be expressed as different polynomial functions ofx depending on the type of
the crystal lattice and the number of interactions between Mn ions taken into account [15, 16].
The metallic atoms in the lattice of ZMA occupy the sites of a slightly distorted cube [2].
Therefore, we calculatedgS0 using the corresponding expressions in [16] obtained for the sc
lattice. In figure 4 is presented the functiongS0(x) evaluated by taking into account only single
ion centres and interactions between only nearest neighbours (line 1). In this figure are shown
also the dependences ofgS0 on x, calculated by taking into account interactions between
both the nearest and next-nearest neighbours for singles (line 2), singles and open triples
(line 3) and singles and open and closed triples (line 4). These dependences are compared
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Figure 5. Expression of the distribution function of the FM cluster radiusR in ZMA with x = 0.10
(+) by two overlapping Gaussian functions (a) and the distribution functions for the samples with
x = 0.08 (line 1), 0.10 (line 2) and 0.13 (line 3) (b).

with the experimental values ofgS0 obtained in this work forx∗ ≈ 0.12 and in [1]. In [1] the
analysis of the magnetization was performed neglecting the contribution of the FM clusters.
This assumption is justified in ZMA only belowx ≈ 0.05 (where the difference between
χZFC(T ) andχFC(T ) disappears [3]). Therefore, from [1] we chose only the data obtained for
x between 0.0052 and 0.049. As evident from figure 4, forx 6 0.03 the PM response of ZMA
is governed by single ion centres (line 2) when the interactions are extended to the nearest and
next-nearest neighbours. Abovex = 0.03 some contribution from the triples (see line 3) of
Mn ions interacting with the nearest and next-nearest neighbours does exist also. No influence
of the AF clusters larger than triples can be observed up tox ≈ 0.12. Comparing with the
II–VI group Mn-based DMSs, the influence of larger clusters is observed in these materials
starting fromx ≈ 0.05–0.06 [15]. A possible reason for this difference may be presence of
FM nanoclusters in ZMA and the gradual growth of their fraction when the total concentration
of Mn is increased abovex ≈ 0.05, which does not take place in the II–VI group DMSs.

As mentioned above, the broad maximum ofχZFC(T ) suggests a distribution of the
blocking temperature aroundTb ≈ 250 K, corresponding to the distribution of the sizes of
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the FM clusters. The distribution function of the blocking temperature can be evaluated with
the equation [8, 16]

F(T ) = 1

γ

d

dT

[
T χZFC(T )

σ 2
s (T )

]
− λ. (9)

The distribution function,f (R), of the cluster radius,R (or the radius of a sphere of equivalent
volume) is calculated using equation (2) and the temperature dependences ofK andσs [14].
The constantsλ andγ are determined by normalizingf (R) to unity and using the condition
f (R) = 0 atR = 0. As evident from figure 5(a) the normalized distribution function for
ZMA with x = 0.10 has a sharp peak atR1 ≈ 3.3 nm. Analysis off (R) using two Gaussian
functions reveals another peak atR2 ≈ 2.6 nm. For the specimens withx = 0.08 and 0.13
the distribution functions in figure 5(b) are also described by two overlapping Gaussians (only
their sum is shown), with the peaks atR1 ≈ 3.8 nm and 3.6 nm and atR2 ≈ 2.8 nm and
3.1 nm, respectively. These values are similar to the sizes of FM clusters in Zn1−xMnxAs2,
excluding the somewhat lower values ofR1 andR2 (3.3 and 2.4 nm, respectively) and the
contribution of an additional Gaussian with a weak peak atR3 ≈ 1.7 nm [8]. This suggests
that the mechanisms of generating the FM MnAs nanoparticles in these materials are similar.

The above discussion gives sufficient evidence that the contribution of the FM MnAs
clusters to the net magnetization of ZMA is governed by local anisotropy fields acting on the
spins inside each cluster (the first out of the two sources of the blocking barriers mentioned
above). In Zn1−xMnxAs2 the moments of the FM clusters are blocked by the same mechanism
[8]. This can be demonstrated independently by comparing the scales of the anisotropy energy,
Wa, and the energy of the dipolar interaction,Wd , if the latter is assumed to be predominant in
formation of the blocking barriers. By fitting the magnetization in figure 2(b) with equation (7)
whereMFM(B) is given by equation (4) we obtainM∗FM ≈ 5.2 emu cm−3, gS0 ≈ 0.47 and
T0 ≈ 5.1 K. Using equation (3), the relationM∗FM = µN and the values ofTb ≈ 250 K
andM∗FM ≈ 5.2 emu cm−3 we find the following typical values of the moment and the
concentration of the FM clusters (if their size distribution is neglected):µ ≈ 1.2×106 µB and
N ≈ 4.6× 1014 cm−3. Using these values, we obtainV = M∗FM/σsN ≈ 1.3× 10−17 cm3,
r = 2(4πN/3)−1/3 ≈ 1.6×10−5 cm,Wa = KV ≈ 95 eV andWd = zJµ2/r3 ≈ 0.6 eV. The
value ofWa � Wd contradicts the assumption made above that our magnetization data can be
explained by attributing the blocking of the cluster moments to the dipolar interaction.

4. Conclusions

In this work magnetic properties of ZMA are investigated forx = 0.08, 0.10 and 0.13. The
dependences of the magnetization on the temperature and magnetic field give evidence for the
presence of two magnetic subsystems, PM centres and FM MnAs nanoclusters, in this material.
The former subsystem consists presumably of single Mn ions with some admixture of open
or closed triple AF clusters of Mn2+. No influence to the PM response from the AF clusters
larger than triples is observed up tox ≈ 0.12. Clear irreversible phenomena are observed in
low magnetic fields, reflecting a blocking transition in the dynamics of the magnetic moments
of the FM clusters about 10% below the ferromagnetic Curie temperature of bulk MnAs. The
size distribution of the MnAs clusters in ZMA is found to be similar with that of Zn1−xMnxAs2

[8], suggesting that the mechanism of generation of the MnAs nanoparticles is similar in both
materials. On the other hand, the volume fraction of MnAs is an order of magnitude smaller
in ZMA than in Zn1−xMnxAs2. Because both materials are obtained with the same crystal
growth method, a likely reason is the difference of the lattice structures of ZMA (α-Cd3As2

type, space groupI4I cd) and Zn1−xMnxAs2 (β-ZnP2 type, space groupP21/c).
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Abstract
The magnetic properties of oriented CdSb single crystals doped with
2 at% of Ni are investigated. From measurements of magnetic irreversibility
defined by deviation of the zero-field-cooled (ZFC) susceptibility from
the field-cooled (FC) susceptibility, the value of the mean anisotropy field
BK ∼ 4 kG is obtained. The ZFC susceptibility displays a broad maximum
at a blocking temperature, Tb, depending on B according to the law
[Tb(B)/Tb(0)]1/2 = 1 − B/BK with Tb(0) ∼ 100 K. The field dependence
of the magnetization exhibits saturation above ∼20–30 kG with values of
Ms different for B along the [1 0 0], [0 1 0] and [0 0 1] axes. The temperature
dependence of Ms is weak, increasing slightly upon cooling the sample
below ∼100 K. The temperature dependence of the coercive field, Bc(T ),
is weak above Tb but is enhanced strongly with decreasing temperature
below Tb. The anisotropy of Bc is inverted with respect to the anisotropy
of Ms. Such behaviour can be attributed to spheroidal Ni-rich Ni1−xSbx
nanoparticles with a high aspect ratio, broad size distribution and distribution
of the orientation of the major axis around a preferred direction. The relation
Bc � BK and the anisotropies of Ms and Bc are consistent with reversal
of the magnetization by the curling mode, whereas the Tb(B) dependence
is typical of the coherent rotation mode. This difference is connected
to the proximity of the average transversal cluster radius to a critical
value for transition between the two magnetization reversal modes within
a wide crossover interval, due to broad distribution of the cluster sizes.

1. Introduction

Interest in the II–V group semiconductor cadmium
antimonide, CdSb, having the energy gap Eg ∼ 0.56 eV
and an orthorhombic crystal structure, is connected to its
strongly anisotropic transport properties [1] attractive for
designing devices as anisotropic thermoelectric sensors [2].
Unintentionally doped (briefly undoped) CdSb is a p-type
semiconductor with non-degenerate charge carriers and
activated conductivity [1, 3]. Doping of CdSb with different

elements influences strongly its transport properties like
changing the type of dominating charge carriers from holes
to electrons in CdSb:In [1, 4] or inducing a metal–insulator
transition and degenerate hole gas in CdSb:Ag [5]. Cyclotron
[6] and magnetophonon [7] resonances were investigated in
undoped p-CdSb, anisotropic quantum oscillations of the
resistivity in p-CdSb:Ag [8] and in n-CdSb:In [9] as well
as anomalous anisotropic magnetoresistance due to weak
localization of the holes in p-CdSb:Ag [10, 11]. Recently,
anisotropic hopping conductivity and complex hole transfer
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between the shallow acceptor bands and the valence band
maxima were observed in undoped p-CdSb in a strong
magnetic field [12, 13].

Undoped CdSb is diamagnetic with different values of
magnetic susceptibility χ = M/B along the crystallographic
axes [1 0 0], [0 1 0] and [0 0 1] [1], and contributions of the
anisotropy of the lattice and the hole gas to χ have been
observed [14]. It was established that the anisotropy of
χ in CdSb doped with group I elements did not depend
on the kind of impurities but only on their concentration
[14, 15]. Fe and Ni substituting for Sb in the lattice were
found to act as acceptors [4]. The acceptor impurities Mn
and La partially dissolve in CdSb as substitutional impurities
forming with Sb a new strongly paramagnetic phase that fully
exceeds the diamagnetism of the parent compound [1, 4].
The anomalously large diamagnetic susceptibility found in
CdSb crystals doped with Fe was interpreted by formation of
impurity clusters [16].

The limited solubility of Ni in the CdSb lattice leads
to formation of an eutectic composition CdSb + NiSb at
∼2 mol% of NiSb [17]. The microstructure of the eutectic
composition consists of needle-like NiSb inclusions of length
∼30–40 µm and diameter ∼1–1.5 µm in the CdSb host
matrix. In addition, the orientation of the needles is distributed
around a preferred direction at some angle with the growth
direction of the ingot [17]. Therefore, at smaller doping
levels of Ni formation of nanosize non-randomly oriented
spheroidal Ni-rich Ni1−xSbx clusters with a high aspect ratio
m = l/r, where l and r are the semi-lengths of the major and
the minor axes, respectively, can be expected. Because the
Ni1−xSbx compounds are ferromagnetic at x � 7.5% [18, 19],
a system of Ni-rich Ni1−xSbx nanoclusters in CdSb should
exhibit interesting magnetic properties, including blocking of
the magnetic moments as typical of an assembly of magnetic
nanoparticles and anisotropic features due to large m and
preferential orientation of the clusters.

In this work we investigate magnetic properties of CdSb
weakly doped with Ni, giving evidence for the presence of
Ni-rich Ni1−xSbx nanoclusters, and analyse their properties.

2. Experiment

Single crystals of CdSb doped with Ni (2 at%) were prepared
by the modified Bridgman method (slow cooling of a melt in
the presence of a temperature gradient in the furnace) using a
two-stage process. At the first stage Ni was dissolved in Cd
annealing the melt at the temperature of 700 ◦C for 8 h. At the
second stage stoichiometric amounts of Sb (purity 99.999%)
and Cd:Ni were loaded into a quartz ampoule covered with
a thin layer of graphite and filled after evacuation with Ar
gas to p = 0.1 atm. After keeping the material for 12 h at
the temperature of 460 ◦C the ampoule was cooled down at
the rate of 0.5 ◦C h−1. According to x-ray diffraction the
ingots of volume ∼1 cm3 were of single phase material with
orthorhombic structure (space group D15

2h), and had the same
lattice parameters as undoped CdSb. The growth direction of
the ingots deviated by an angle of 50◦ ± 5◦ from the [1 0 0]
crystal axis.

For magnetic measurements, rectangular prisms of
dimensions 6.0 × 2.0 × 2.2 mm3, 6.0 × 1.8 × 2.4 mm3

χ

χ

χ

χ

χ

χ

Figure 1. Temperature and magnetic field dependences of χFC

(open symbols) and χZFC (closed symbols) of CdSb doped with
2 at% Ni. For convenience some of the curves are shifted along
the vertical axis by the values shown in parenthesis in units of
10−7 emu g−1 G−1.

and 6.0 × 2.1 × 2.0 mm3 with the longest edge along the
[1 0 0], [0 1 0] and [0 0 1] axes, respectively, were cut from
the ingots providing approximately the same angle between
each crystallographic axis and the growth direction. The
measurements were made with a SQUID magnetometer in
fields of 0 � B � 6 T parallel to the crystallographic axes
of the three samples defined above. The magnetization M(T )

was measured in a field of 50 G–10 kG after cooling the sample
from 300 K down to 5 K in zero field (MZFC or zero-field-cooled
magnetization) or in the field of the measurement (MFC or
field-cooled magnetization). Thermoremanent magnetization
(TRM) was investigated after cooling the sample from the
room temperature down to 5 K in a magnetic field and reducing
the field to zero.

3. Experimental results

In figure 1 are shown the plots of the magnetic susceptibilities
χZFC(T ) = MZFC(T )/B (closed symbols) and χFC(T ) =
MFC(T )/B (open symbols). Here and thereafter the
temperature-independent diamagnetic contribution having a
linear dependence on B is subtracted from the magnetization
data. The magnetic irreversibility or deviation of χZFC(T )
from χFC(T ) in the smallest fields is observed already below
300 K. In addition, χZFC(T ) has a broad maximum around

229



R Laiho et al

∆χ

χ
χ

∆χ

∆χ

Figure 2. Temperature dependences of TRM/B (open symbols) and
�χ ≡ χFC − χZFC (closed symbols) in different magnetic fields. For
convenience some of the curves are shifted along the vertical axis by
the values shown in parenthesis in units of 10−7 emu g−1 G−1.

a temperature Tb ∼ 100 K. With increasing B the magnetic
irreversibility is damped and becomes unobservable above
BK ∼ 4 kG whereas Tb is shifted to lower temperatures. One
can also see that for B ‖ [1 0 0] and [0 1 0] the values of χZFC(T )
and χFC(T ) are comparable and systematically lower than
those for B ‖ [0 0 1]. Also the difference between χZFC and
χFC decreases with increasing field. The TRM(T ) shown in
figure 2 (open symbols) follows a similar relation with respect
to the crystallographic axes and decreases with temperature.
It can also be noted that the temperature dependence of
TRM is enhanced when T is decreased and the onset of the
enhancement is shifted to a lower temperature when the field
is increased.

The field dependence of the magnetization M(B) for
each axial direction is similar to that shown in figure 3
for B ‖ [0 0 1] (large scattering of the data above ∼1 T is
connected to subtraction of the diamagnetic contribution).
A rapid saturation of M(B) can be seen already above B ∼
2–3 T. The hysteresis loops show decreasing values of the
coercivity and the remanence when T is increased. In
figure 4 is shown the saturation magnetization M

(j)
s (T ),

the coercivity filed B
(j)
c (T ) and the remanent magnetization

M
(j)

R (T ) where j = 1, 2 and 3 corresponds to the direction
of B along the [1 0 0], [0 1 0] and [0 0 1] axes, respectively.
One can see that all of them display the same tendency of
enhancement below ∼100 K. In addition, a large difference
is observed between the values of M(1)

s < M(2)
s and M(3)

s

and the anisotropy of B
(j)
c (T ), B(1)

c (T ) > B(2)
c (T ) > B(3)

c (T )

is inverted with respect to that of M
(j)
s . A non-zero anisotropic

Figure 3. Magnetic field dependence of the magnetization at
different temperatures for B ‖ [0 0 1]. Inset: hysteresis loops
measured at T = 200 K for B ‖ [0 0 1]. The dashed lines are to guide
the eye.

Figure 4. Upper panel: temperature dependences of the coercivity
and remanence (inset) for different directions of the magnetic field.
Lower panel: temperature dependence of the saturation
magnetization for different directions of the magnetic field. The
lines are to guide the eye.

coercivity field exists up to 300 K. It is worth mentioning that a
weak temperature dependence of the saturation magnetization
(as in the bottom panel of figure 4 at T > 100 K) persists in our
samples at least up to 460 K, which is the highest temperature
attainable in our magnetometer.
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4. Analysis of the experimental results

The magnetic irreversibility of the samples (figure 1) suggests
formation of nanosize magnetic particles. Because at high
doping levels the NiSb needles are segregated in the CdSb
host, it may be expected that at low doping levels like 2 at%
nanoparticles consist of Ni1−xSbx which is ferromagnetic at
x � 7.5% (TC = 284 K at x = 7.5%), with TC decreasing
with increasing x [18, 19]. Since no steep variation of
χ (T ), characteristic of a ferromagnetic transition, is observed
in our samples up to 460 K, it can be concluded that the
Ni-rich nanoclusters are below 460 K in the ferromagnetic
state. However, for the nanoparticles this means strong
correlations of the internal ion spins due to exchange
interaction, but no certain direction of the whole cluster
magnetic moment, µ. The moment of a particle can be
switched spontaneously between different directions with a
frequency f = f0 exp(−KV/kT) with f0 ∼ 109 s−1, provided
that the anisotropy energy barrier ∼KV, where K is the density
of the anisotropy energy and V is the volume of the particle,
can be surmounted by the thermal energy kT, which yields
to superparamagnetic behaviour. However, with lowering the
temperature the thermal excitations ∼kT become insufficient
to overcome KV and the spontaneous switching of the moments
is transformed into a slow relaxation towards equilibrium
or blocking when the moments do not change appreciably
during the time of τ e ∼ 102 s for static observations [20, 21].
Then the temperature, corresponding to transition from the
superparamagnetic to a blocking state, is given by [20]

Tb ≈ KV /(25 k). (1)

Therefore, the deviation of χZFC(T ) from χFC(T ) and the
maximum of χZFC(T ) at Tb (figure 1) are attributable to
blocking of the moments of the Ni-rich Ni1−xSbx clusters.
A broad distribution of the sizes of the clusters explains the
broadness of the maximum and the large difference between
the values of Tb ∼ 100 K and the onset temperature of
the magnetic irreversibility ∼300 K observed in weak fields
(figure 1). An applied magnetic field reduces the anisotropy
energy barriers leading to decreasing of Tb according to an
approximate relation

[Tb(B)/Tb(0)]1/2 = 1 − B/BK, (2)

where BK is the mean anisotropy field [22]. As B → BK the
magnetic irreversibility decreases and vanishes for B ∼ BK,
which explains the damping of the difference between χZFC(T )
and χFC(T ) and shifting of Tb(B) to lower temperatures as may
be observed in figure 1. This data yields BK ∼ 4 kG. In addition,
the values of BK and Tb(0) are related to the equation BK/Tb(0)
≈ 2k/µ(21 + ln τ e) [22] which gives at τ e ∼ 102 s

BK/Tb(0) ≈ 50kB/µ. (3)

For an assembly of spherical clusters the relation TRM(T ) ≈
MFC(T ) − MZFC(T ) should be fulfilled. Therefore, the large
difference between TRM(T )/B (open symbols) and χFC(T ) −
χZFC(T ) (closed symbols) in figure 2 suggests a considerable
non-sphericity of the Ni-rich clusters [23] in CdSb:Ni. In
turn, the large difference of χFC, χZFC and TRM for B ‖ [1 0 0]
or [0 1 0] in contrast with B ‖ [0 0 1], suggests non-random
orientation of the clusters around a preferred direction.

It should be noted that the above discussion and
equations (1)–(3) are valid without restrictions only for an
assembly of single-domain particles and the magnetization
reversal process by coherent rotation, when all spins of the ions
in the cluster remain parallel to each other. Such a situation
takes place when the conditions r � rsd and r � rc are fulfilled,
where rsd and rc are the critical radii of a single-domain particle
and the coherent rotation, respectively, given by the equations

(Nc/6A)(M∗
s )2r2

sd = ln(4rsd/a) − 1 and

rc = q(2/Na)
1/2A1/2/M∗

s .

(4)

Here M∗
s , a and A are the zero-temperature saturation

magnetization, the mean distance between the magnetic ions
and the exchange stiffness constant of the cluster material,
respectively, and Na(m) is the demagnetization factor of the
cluster [24, 25]. In the case of spheroidal particles Nc(m) and
Na(m) refer to the major and minor axes, respectively, and are
given e.g. in [26]. Another condition is that the intercluster
interaction energy W � KV is not important for blocking.

As can be seen from the top panel of figure 5 the field
dependence of Tb is close to that given by equation (2) for any
direction of B without displaying a measurable anisotropy.
The parameters Tb(0), BK and µ, obtained with linear fits of
the plots in figure 5 for different orientations of B are the same
within the limits of error (see table 1). In addition, the value
of µ is typical of a nanosize magnetic particle, whereas that
of BK agrees with the above estimation from vanishing of the
magnetic irreversibility with increasing B.

The temperature dependence of the coercivity of an
assembly of blocked nanoparticles is given by

B(j)
c (T ) = B(j)

c (0){1 − [T/Tb(0)]n}, j = 1, 2 and 3,

(5)

where B
(j)
c (0) and n depend on the magnetization reversal

mode [27]. For coherent rotation n = 1/2 [21]. For rsd 	
r 	 rc the magnetization reversal by curling would set in.
This is connected to the case that the neighbouring spins of the
cluster ions are not constrained to be parallel, leading to n =
2/3 in equation (5) [27]. Finally, for r > rsd the magnetization
reversal by motion of weakly pinned domain walls would yield
n = 1 [28].

For coherent rotation of an assembly of randomly oriented
spheroids, B

(j)
c (0) = α(j)BK with α(j) = 0.479 for any j

[29]. If there is a preferred orientation, characterized by the
angle θj between the major axis of a spheroid and the jth
crystallographic axis, one has α(j) = (cos2/3 θj +sin2/3 θj )

−3/2

for 0 < θj < 45◦ and α(j) = sinθj cos θj for 45◦ < θj < 90◦

[26], where the values of θj are constrained by the equation

cos2 θ1 + cos2 θ2 + cos2 θ3 = 1. (6)

As follows from table 1 and the upper panel of figure 4 we
have B

(j)
c (T ) � BK for any j and T. Therefore, the relation

B
(j)
c (0) � BK should be fulfilled, too, due to the absence of

a discontinuity in the function B
(j)
c (T ) at T → 0 as follows

from equation (5). This corresponds to α(j) � 1. However,
it is easy to see that equation (6) and the equations for α(j)

above exclude an orientation or a set of θj when all α(j)

are simultaneously much smaller than unity. Therefore,
independently of the exact value of n in equation (5) it is
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Table 1. The values of the zero-field blocking temperature Tb(0), the anisotropy field BK, the mean cluster moment µ, the zero-temperature
values of the coercive field B(j)

c (0), the mean angles θ
(B)

j and θ
(M)

j and the widths of the angular distribution �
(B)

j and �
(M)

j , obtained from
the coercivity and the magnetization data, respectively.

Orientation Tb(0) (K) BK (kG) µ (104 µB) B(j)
c (0) (G) θ

(B)

j (◦) �
(B)

j (◦) θ
(M)

j (◦) �
(M)

j (◦)

B ‖ [1 0 0] 107 ± 5 3.9 ± 0.5 2.0 ± 0.2 320 60 3 66 3
B ‖ [0 1 0] 105 ± 5 4.7 ± 0.5 1.7 ± 0.2 271 54 4 62 5
B ‖ [0 0 1] 110 ± 3 4.5 ± 0.5 1.8 ± 0.2 244 49 7 39 6

Figure 5. Upper panel: dependence of T
1/2

b on the magnetic field
for different directions of B. The lines are linear fits. For
convenience two plots are shifted along the vertical axis by the
values shown in parenthesis in K1/2. Lower panel: dependence of
B(j)

c on T/Tb(0) for different directions of the magnetic field. The
solid lines are calculated with equation (5) and n = 2/3 as described
in the text, the dotted lines are to guide the eye.

evident that the coercivity in the bottom panel of figure 5
within the blocking regime (i.e. at T definitely below Tb) does
not satisfy the conditions of coherent rotation of the moments
of single-domain particles.

Our attempts to fit the data of B
(j)
c (T ) using equation (5)

with n = 1/2, 2/3 or 1 were partially successful only within a
narrow temperature interval of T = 5–20 K. A typical example
of the calculations using n = 2/3 is shown with the solid lines
in the bottom panel of figure 5, which does not allow us to
obtain a correct value of n for establishing the origin of the
coercivity in this way. An obvious reason for such a situation
is the broad distribution of the parameters of Ni-rich clusters
in CdSb around their mean values, including the radius, the
aspect ratio and the orientation of the spheroids. In particular,
this reason is likely to be responsible for the non-zero
coercivity of the material even at T 	 Tb (figure 4, top panel).
Another reason may be strong intercluster interactions, when

equation (5) is not applicable. The role of such interactions in
blocking of the cluster moments will be discussed further in
section 5.

Next we analyse the coercive field B
(j)
c (0), assuming the

single-domain model and magnetization reversal by curling.
This is useful to do along with the corresponding analysis of
M

(j)
s (0). For the approximative zero-temperature coercivity

data we take the values obtained by fitting of B
(j)
c (T ) to

equation (5) with n = 2/3, collected in table 1. For the
zero-temperature magnetization we utilize the values at 200 K
lying within the interval of weak variation of M(T ) as shown
in figure 4 (the reason for such a choice will be discussed in
section 5). In the case of magnetization reversal by curling we
have

Bj
c (0) = 2πM∗

s

× (2Dc − κ/S2)(2Da − κ/S2)√
(2Dc − κ/S2)2 sin2 ϑj + (2Da − κ/S2)2 cos2 ϑj

,

j = 1, 2 and 3, (7)

where Da(m) ≡ Na(m)/(4π), Dc(m) ≡ Nc(m)/(4π), S = r/r0,
r0 = A1/2/M∗

s , κ = q2/π and q is the smallest solution of the
Bessel functions having the limiting values of q = 1.8412 for
m → ∞ (the infinite cylinder) and q = 2.0816 for m = 1 (the
sphere) [26], whereas the distributions of θj , r and m around
their mean values are neglected. In this approximation and
for a high enough aspect ratio the magnetization of a spheroid
is directed close to its major axis and the components of the
zero-temperature saturation magnetization can be given as

M(j)
s (0) = ηM∗

s [1 − D(θj )] cos θj , j = 1, 2 and 3, (8)

where η is the volume fraction of the Ni1−xSbx phase and
D (θj ) = Da sin2 θj + Dc cos2 θj for a spheroid, satisfying the
constraint equation

D(θ1) + D(θ2) + D(θ3) = 1. (9)

Generally, at arbitrary m the magnetization may not be parallel
to the major axis of the spheroid, having an angle ϕj (j = 1,
2 and 3 corresponding to different orientations of the field)
connected to θj with the equations

tan ϕj = (X/Y )1/2 tan θj /[(X/Y )1/2 + tan2 θj ], j = 1, 2, 3,

(10)

where X = (2Dc − κ/S 2)2 and Y = (2Da − κ/S 2)2.
M∗

s can be excluded with equations (6) and (7) and
we find cos2 θj = (2X + Y − ZjX)/[Zj(Y − X)], where

Zj = [
B

(j)
c (0)

]2 ∑3
j=1

[
B

(j)
c (0)

]−2
(Zj = 4.13, 2.95 and 2.39

for j = 1, 2 and 3, respectively). Hence, for X � Y (see
section 5) we have cos2 θj ≈ Z−1

j and θj ≈ acos
(
Z

−1/2
j

)
. The

values of θj obtained with this expression with the coercive
field data, θ

(B)
j , are displayed in table 1. The product of ηM∗

s
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can be excluded from equations (8) by taking the ratios of
M

(j)
s

/
M(i)

s for j �= i, yielding two equations for θj . Solving
the system of these equations and equation (6) numerically, we
find for m 	 1 the values of θj obtained with the saturation
magnetization data, θ

(M)
j , collected in table 1.

It can be seen that both θ
(B)
j and θ

(M)
j satisfy the relation

θ1 > θ2 > θ3, however differing by ∼10–20% for the
same direction of the field. These differences between
θ

(B)
j and θ

(M)
j cannot be attributed to the influence of the

demagnetizing field. Indeed, the relative differences of the
demagnetization factors for our samples, estimated using
their sizes and equations for a prolate ellipsoid [21, 27], lie
between ∼2 and 4% yielding negligible corrections to θ

(M)
j ,

while the demagnetization factors for rods are even smaller
[29]. Below we show that this disagreement between θ

(B)
j

and θ
(M)
j can be explained by a distribution of θj around the

mean values, which can be taken into account by changing
θj → θj + αj in equations (6)–(8), where αj is a random
deviation from the mean angle θj satisfying the conditions
−�j < αj < �j and �j is the width of the distribution of
θj (j = 1, 2 and 3). The distribution function is taken in
a stepwise form f (αj ) = 1/(4�ϕj�j sin θj ) for −�j <

αj < �j and f (αj ) = 0 otherwise, where �ϕj is the width
of the distribution of the polar angle ϕj around the jth axis.
Then the mean value of the magnetization averaged over the
above angular distribution,

〈
M

(j)
s (0)

〉 = ∫
M

(j)
s (0) f (αj ) d�,

satisfies the expression

〈
M(j)

s (0)
〉 = Cj

∫ ϕj +�ϕj

ϕj −�ϕj

dϕj

∫ �j

−�j

dαj

× [ξ − λ cos2(ϑj + αj )] cos(ϑj + αj ) sin(ϑj + αj ), (11)

where Cj = ηM∗
s /(4�ϕj�j sin θj ), ξ = 1 − Dc and λ =

Dc − Da. The integration in equation (11) yields

〈
M(j)

s (0)
〉 = ηM∗

s

2�j

sin(2�j) cos ϑj

× [ξ − λ(cos2 �j cos2 ϑj + sin2 �j sin2 ϑj )]. (12)

In a similar way we find under the condition of X � Y the
expression for the mean value of the coercive field,

〈
B(j)

c (0)
〉 = 2πM∗

s X1/2

2�j sin ϑj

ln

(
1 + tan �j tan ϑj

1 − tan �j tan ϑj

)
. (13)

The widths of the distribution of θ
(B)
j and θ

(M)
j , labelled

as �
(B)
j and �

(M)
j , respectively, are evaluated by solving

the equations for the ratios of
〈
M(i)

s (0)
〉/〈

M(k)
s (0)

〉
and〈

B(i)
c (0)

〉/〈
B(k)

c (0)
〉
(i �= k, i, k = 1, 2 and 3), respectively,

under the condition of equation (6). As can be seen from
table 1, the values of �j calculated with the coercivity and
the magnetization data are close to each other and lead to
overlapping intervals of θ

(B)
j ± �

(B)
j and θ

(M)
j ± �

(M)
j . It can

also be mentioned that the angular distribution is increased
with decreasing θj , which is consistent with the expected
orientations of the cluster spheroids along or near the growth
direction of the ingot.

Finally, we evaluate a set of parameters which depend
only weakly on a narrow distribution of the angles and can
be calculated by neglecting the scattering of θj above. With
equations (8), (9) and the expressions η = NV and µ = M∗

s V

we find the concentration of the clusters N = (2µ)−1G ≈
1.8 × 1014 cm−1, where G = ∑3

j=1 M
j
s (0)

/
cos ϑ

(M)
j yielding

the mean intercluster distance 〈R〉 = 2(4πN/3)−1/3 ≈
240 nm. Assuming that all or a greatest part of Ni in CdSb
enters the Ni1−xSx nanoclusters we obtain η ≈ N0/N∗ ≈ 3.8 ×
10−3, where N∗ and N0 are the concentrations of Ni in Ni1−xSbx

for x = 0 (N∗ = 9.1 × 1022 cm−3) and in our samples (N0 =
3.5 × 1020 cm−3), respectively. The mean number of Ni ions
in a cluster and the mean magnetization of the cluster per
Ni are found to be n ≈ N/N∗ ≈ 1.8 × 106 and µion ≈ µ/n
≈ 0.01µB/ion, respectively. Although the values of m and
M∗

s could not be determined in our study, useful information
can still be obtained taking M∗

s within the limits of ∼500–
350 emu cm−3 corresponding to x = 0 and to a minimum
value of x ∼ 3.8% for which TC > 460 K, respectively
[18, 19]. It can be expected that m is large; however, for
the reasons given below (see section 5) we restrict ourselves
to values of m between 3 and 15 when some intermediate
value of Ms = 430 emu cm−3 is taken, and with m = 4 when
using different values of Ms. The mean cluster radius can be
obtained with the expression r = [3M∗

s /(4πmµ)]1/3. Then the
exchange stiffness constant can be evaluated with the formula
A = 2π[M∗

s (κ/S2)r/q]2 where κ/S2 can be found with
equation (7). Next, equations (4) can be used for evaluations
of rc and rsd, and finally the values of the volume fraction η′ =
(2Ms)−1G and the magnetization per Ni ion in clusters, µ′

ion =
µionη/η′, are useful to be calculated for comparison: if all Ni
or most part of Ni enters the Ni1−xSbx nanoclusters, we should
have η ≈ η′ and µion ≈ µ′

ion. In this way we obtain r ≈ 3.1–
2.8 nm, rc ≈ 1.8–1.6 nm, rsd ≈ 130–115 nm, A ≈ (0.5–0.8) ×
10−6 erg cm−1, η′ ≈ (0.9–0.6) × 10−4 and µ′ ≈ 0.4–0.6 µB/ion
for constant m = 4 by varying M∗

s within the above limits. On
the other hand, for constant Ms = 430 emu cm−3 and m =
3, 4, 6, 8 and 15 we have r ≈ 3.2, 2.9, 2.5, 2.3 and 1.9 nm,
rc ≈ 2.2, 1.6, 1.1, 0.7 and 0.4 nm, respectively, and for m =
3–15 rsd ≈ 135–70 nm and A ≈ (1.18–0.03) × 10−6 erg cm−1.
It can also be obtained with equation (10) that the angles ϕj for
j = 1, 2 and 3, coincide with θ

(M)
j already at m � 4.

5. Discussion

As mentioned above the picture of blocking in figures 1 and 2,
and the field dependence of the blocking temperature (see
equation (2) and the upper panel of figure 5), are consistent
with the coherent rotation of the magnetization of nanosize
Ni-rich Ni1−xSbx clusters. On the other hand, the anisotropies
of the saturation magnetization and the coercivity (figure 4 and
the bottom panel of figure 5) give evidence for magnetization
reversal by the curling mode, in conditions of a narrow
distribution of the major axes of the cluster spheroids around
a preferred mean direction (table 1). However, there is no
contradiction between the interpretations of the magnetization
reversal modes. Indeed, estimations at the end of section 4
demonstrate that there is an interval of 4 � m < 6–8 where m
is high enough to provide all the above approximations (e.g.
already at m = 4 we have ϕj coinciding with θ

(B)
j and X/Y ∼

10−4), r is always much smaller than rsd confirming the strictly
single-domain regime and, simultaneously, r is comparable
with rc. On the other hand, the broad maximum of χZFC (T )
(figure 1) gives evidence for a wide distribution of the sizes of
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the clusters around the mean value. Therefore, there should
be a wide crossover region between the two magnetization
reversal modes which removes the above issue.

As mentioned in section 4 the functions TRM(T ), B(j)
c (T )

and M
(j)

R (T ) exhibit two temperature intervals of variation:
one with relatively weak dependence on T at high temperatures
and the other enhancing when T is decreased (figure 4). The
border between these intervals lies near Tb, and therefore
such behaviour is consistent with the picture of blocking
suggested in section 4. However, the analysis in section 4
is valid only when the interaction between the clusters is not
important for blocking. On the other hand, blocking cannot
be a reason for enhancement of the low-temperature saturation
magnetization. If the majority of Ni enters the nanoclusters we
would have quite an opposite picture, a more rapid variation
of M

(j)
s (T ) at high T and slowing down when T is decreased.

This issue suggests the presence of a strong paramagnetic
(PM) subsystem containing small clusters with small magnetic
moments, including probably single Ni ions and remaining
unblocked down to 5 K. The PM contribution of the small
clusters to the net magnetization is negligible at a high T, but
increases to be predominant below ∼100 K. Assuming only
nanoclusters we obtain the value of µion ∼ 0.01 µB/ion, which
cannot exist in the ferromagnetic Ni1−xSbx phase having the
minimum possible value of ∼0.24 µB/ion [18, 19]. It has been
demonstrated above that the quantities η and η′ do not coincide
(see the end of section 4), which is also explained by existence
of a great amount of Ni outside the nanoclusters. The fraction
of Ni in the nanoclusters can be estimated by the ratio of η/η′ ∼
1.7–2.4% for Ms between 500 and 350 emu cm−3. On the
other hand, µ′

ion = µη/η′ is between 0.4 and 0.6 µB/ion,
corresponding to the ferromagnetic phase of Ni1−xSbx with x
varying from ∼3.8% to 0 and TC > 460 K [18, 19]. Hence,
only a small part of Ni in CdSb enters the nanoclusters, while
the majority of Ni forms a PM system of even smaller magnetic
clusters. At this point, it is reasonable to take for M

(j)
s (0) not

the values of the saturation magnetization at the smallest T,
where the PM contribution is largest, but somewhere inside
the temperature interval of a weak variation of M

(j)
s (T ) where

the PM response is negligible, as has been done above (see
section 4) in the analysis of the magnetic anisotropy.

Finally we estimate the intercluster interaction energy.
The mean distance between the clusters, 〈R〉 ≈ 240 nm
allows us to exclude the direct exchange interaction between
the Ni ions in different clusters. If the PM subsystem in
CdSb:Ni contains a minority of single Ni ions and most
of them belong to the small clusters (as follows from the
activated conductivity of CdSb weakly doped with Ni), then
the concentration of the free carriers at the room temperature
would be nf ∼ 1015 cm−3 as typical of undoped CdSb with a
moderate degree of compensation [1], which exceeds N by an
order of the magnitude. However, nf decreases exponentially
with lowering T down to negligible values near 4.2 K, which
corresponds to filling in the acceptor bands of CdSb [1].
This allows us to exclude the long-range RKKY exchange
interaction between the clusters mediated by the free carrier
spins, because the concentration of the free carriers vanishes
rapidly with lowering of T. The dipolar intercluster interaction
has a typical energy W = Wd ≈ zJ µ2/R3 ∼ 0.1 meV,
where the origin of a constant zJ ≈ 33 is connected to the

long-range character of the dipolar interaction [30]. On the
other hand, as can be found from equation (1) using the data
in table 1, the anisotropy energy KV ≈ 25kTb ∼ 102 meV
exceeds considerably Wd excluding any role of the intercluster
interaction in blocking of the cluster moments.

6. Conclusions

We have investigated magnetic properties of oriented CdSb
single crystals doped with 2 at% of Ni. Magnetic irreversibility
or deviation of the susceptibility data measured for the zero-
field-cooled and the field-cooled samples is clearly observed in
low fields below 300 K, but vanishes above BK ∼ 4 kG which
is taken as the anisotropy field of the samples. The zero-field-
cooled susceptibility exhibits a broad maximum at Tb, which
decreases with increasing the field. The thermoremanent
magnetization is observed between 5 and 300 K which deviates
considerably from the difference of the field-cooled and the
zero-field-cooled magnetizations. Magnetic field dependence
of the magnetization displays saturation already above 2–3 T
and has a weak temperature dependence between ∼100 and
300 K, which is slightly enhanced below 100 K. In addition,
Ms has different values along the crystallographic axes [1 0 0],
[0 1 0] and [0 0 1]. The temperature dependence of the
coercivity, Bc(T ), is weak above Tb and is enhanced below
it. The coercive field obeys the relation of Bc � BK and has
crystalline anisotropy inverted with respect to that of Ms.

It is concluded that the observed magnetic irreversibility
and the anisotropic properties of CdSb:Ni are governed by an
assembly of spheroidal Ni-rich Ni1−xSbx nanoparticles with a
high aspect ratio and broad size distribution. The orientations
of these particles are distributed around a preferred direction.
The relation Bc � BK and the anisotropies of Ms and Bc are
consistent with the magnetization reversal mode by curling,
whereas the behaviour of Tb(B) is typical of the coherent
rotation mode. This difference can be explained by proximity
of the average value of the transversal radius, r, of the clusters
to the critical value rc for transition between the two modes and
with the wide crossover interval between these magnetization
reversal processes due to the broad distribution of the cluster
sizes.
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Magnetic and transport properties of the group II-V semiconductor CdSb single
crystals doped with Ni (2 atom%) have been investigated. The magnetization data
provide evidence for spheroidal magnetic Ni-rich Ni1–xSbx nanoparticles, responsible
for magnetic irreversibility in low fields, rapid saturation of the magnetization with
increasing field strength, and large anisotropy of the saturation magnetization and
coercivity. Conductivity below T ~ 2.5 K is found to be of variable-range hopping
(VRH) character in zero magnetic field, changing its type in nonzero fields. Analysis of
the resistivity and magnetoresistance yields values of the microscopic parameters of
the charge carriers and details of their critical behaviour near the metal-insulator
transition.

Cadmium antimonide, CdSb, is a group II-V orthorhombic semiconductor with strongly
anisotropic transport properties, which chiefly engender interest in this compound.1 Doping of
CdSb with nickel leads to a secondary magnetic phase, which at small doping levels is expected
to consist of an assembly of nanosize spheroidal Ni-rich Ni1–xSbx clusters, influencing both
magnetic and transport properties of CdSb:Ni.

In this work we investigate the magnetization of CdSb:Ni, finding evidence for the presence
of Ni-rich Ni1–xSbx nanoclusters, and analyse the hopping conductivity of this diluted magnetic
material.

Single-crystalline material doped with 2 atom% of Ni was prepared using a modified
Bridgman method.1 Measurements of the d.c. magnetization, M, were carried out in a field B

* Corresponding author. E-mail: erkki.lahderanta@lut.fi
1 Arushanov, E.K. “Crystal Growth, Characterization and Application of  II-V Compounds”. Prog.

Crystal Growth Charact. 13 (1986) 1–38.
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parallel to one of the crystallographic axes [100], [010] and [001] after cooling the sample in zero
field (ZFC) or in a magnetic field (FC). The resistivity ρ (T) and magnetoresistance (MR) were
measured in transversal field configurations with j || [100] and B || [001] (sample # 1), j || [010]
and B || [100] (sample # 2), j || [001] and B || [010] (sample # 3) at temperatures T from 1.5 to
300 K in pulsed magnetic fields up to B = 30 T.

A clear irreversibility of the low-field magnetic susceptibility, χ, is evident from Fig. 1(a)
below 300 K after subtraction of the diamagnetic background, including the deviation from
linearity of the plots of χZFC(T) and χFC(T) and the broad maximum of χZFC(T) around Tb ~ 100 K.
The evolution of these properties with increasing B displays a tendency toward the collapse of
both branches of χ(T) onto a single curve above ~ 4 kG and the shifting of Tb to a lower
temperature.

The main features of the magnetization behaviour in strong fields deduced from Fig. 1(b)
are the rapid saturation of the plots of M(B) with increasing B, the weak dependency of the
saturated magnetization Ms on T, and the large anisotropy of Ms evident from the inset to Fig. 1(b).
The hysteresis of the M(B) curves is observed already below room temperature (an example is
shown in the inset to Fig. 2(a) at 200 K), whereas the coercivity, Bc(T), in Fig. 2(a) exhibits
anisotropy, which is inverted with respect to that of Ms(T).

2 Sun, L. et al. “Tuning the properties of magnetic nanowires”. IBM J. Res. Dev. 49 (2005) 79–102.
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The low-field irreversibility in Fig. 1(a), as well as the rapid saturation of M(B) and weak
temperature dependency of Ms in Fig. 1(b), are typical of an assembly of magnetic nanoclusters2

or nanosized Ni-rich Ni1–xSbx inclusions. Namely, blocking of the moments of the Ni1–xSbx
clusters due to the anisotropy energy barriers, affected by the external field, leads to deviations
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of χZFC(T) and χFC(T) until B is smaller than the mean anisotropy field BK. In turn, reduction of
the barriers by B is responsible for the magnetic-field dependency of Tb, yielding the following
relations: [Tb(B) / Tb(0)]1/2 ≈ 1 – B/BK and BK/Tb(0) ≈ 50 kB /μ, where μ is the mean cluster
moment. As can be seen from Fig. 2(b) the function Tb(B) is close to the first of these relations,
giving Tb(0) = 105 ± 5 K and BK = 4.4 ± 0.5 kG, whereas with the second relation we obtain
μ = (1.8 ± 0.2 × 104 μB. One can also see that BK obtained from the analysis in Fig. 2(b) is the
same as the field (~ 4 kG) in which the low-field magnetic irreversibility seen in Fig. 1(a)
vanishes. Finally at this point, the magnetic-field and temperature dependencies of the
magnetization in Fig. 2(b) are in general agreement with the corresponding behaviour of the
ferromagnetic Ni1–xSbx secondary phase, which has only a minor fraction of the Ni ions, whereas
the majority of the nickel in our CdSb:Ni samples forms a paramagnetic subsystem.3

As mentioned above, undoped CdSb is the anisotropic material. Therefore, probably the
most important feature of CdSb:Ni attracting interest to this compound, not least because of its
possible applications as a diluted magnetic semiconductor, is the anisotropy of the magnetic
properties, as shown in the inset to Fig. 1(b) and in Fig. 2(a). Detailed analysis has demonstrated
that this feature is due to the significant nonsphericity (or high aspect ratio m = l/r, where l is the
longitudinal size and r is the radius) of the Ni1–xSbx nanoclusters, along with their single-domain
structure, broad size distribution and preferred orientation of the major axis.3 Values of m ~ 4 – 8
and r ~ 2.6 – 3.6 nm, as well as the volume fraction η′ of the Ni1–xSbx phase from 0.6 to 0.9 × 10–4

have been estimated.3
As can be seen from Fig. 3, the resistivity of CdSb:Ni below T ≈ 2.5 K satisfies the

conditions of the variable-range hopping (VRH) charge transfer, ρ(T) = ATm exp[(T0/T)p]
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3 Laiho, R. et al. “The influence of Ni-rich nanoclusters on the anisotropic magnetic properties of CdSb
doped with Ni”. Semicond. Sci. Technol. 21 (2006) 228–235.
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(where m = p, A is a constant, and T0 is the VRH characteristic temperature) of the
Shklovskii-Efros type, or SE (p = 1/2, T0 = T0SE) in # 1 and # 3, and of the Mott type (p = 1/4,
T0 = T0M) in # 2.4 This is evident from the analysis of the local activation energy Ea ≡ d ln ρ/
d(kBT)–1 in the top panel of Fig. 3, which can be presented as ln [Ea/(kBT) + m] = ln p + p ln T0 +
p ln (1/T), yielding the value of p at a given m as the gradient of the plots, and from the perfect
linearization of ρ(T) in (ln (ρ/Tm), T–p) coordinates in the bottom and middle panels of Fig. 3.
The SE-VRH conductivity sets in due to microscopic disorder and Coulomb interaction between
the charge carriers (holes in the case of CdSb:Ni), leading to appearance of a Coulomb gap, Δ, in
the spectrum of the density of the localized states (DOS) with width W, having optimal
observability when Δ and W are comparable. Mott-VRH conductivity takes place when the
Coulomb interaction between the carriers can be neglected, with the condition of Δ  W being
preferable for observation.2

As follows from Fig. 4, the plots of ln ρ vs B2 below B ~ 6 T can be well approximated with
linear functions. In # 3 the slope of the plots is constant between 1.6 and 4.2 K. The slope of the
corresponding plots for # 2 does not vary between 3 and 4.2 K and increases only slightly
between 3 and 1.6 K. In sample # 1 all the plots have different slopes according to temperature.

4 Shklovskii, I. and Efros, A.L. Electronic Properties of Doped Semiconductors. Berlin: Springer (1984).
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In weak fields a quadratic dependence of ln ρ on B is predicted regardless of the hopping
conductivity mechanism.3 On the other hand, the dependency of ln ρ(B) on temperature is
different for each hopping regime. Namely, for the nearest-neighbour hopping (NNH)
conductivity we get ln [ρ(B)/ρ(0)]j = Cj B2, where Cj = t e2 a pj

2/( 2NA) does not depend on T.
Here t = 0.036, a is the mean localization radius, pj is the anisotropy coefficient, with j, k, l = 1, 2 , 3
(j ≠ k ≠ l) and j = 3, 1, and 2 for # 1, # 2, and # 3, respectively, corresponding to the direction of
the magnetic field along the [001], [100], and [010] axes, respectively, and NA is the acceptor
concentration.3 For the Mott-VRH conductivity in low fields one gets an expression similar to
that of the NNH conductivity, but with Cj replaced by Aj

(M)(T) = A0j
(M)T –3/4, where A0j

(M) =
t1e2 a4 T0M

3/4 pj
2/ 2 and t1 = 5/2016.2 Finally, for the SE-VRH conductivity in low fields, instead

of Cj we have Aj
(SE)(T) = A0j

(SE) T –3/2, where A0j
(SE) is given by an expression similar to Aj

(M)(T),
but with t2 = 0.0015 and T0SE instead of t1 and T0M, respectively.3

From comparison of the behaviour of the experimental slopes of the plots of ln ρ vs B2 in
Fig. 4 with Cj, Aj

(M)(T) and Aj
(SE)(T) predicted for the different hopping regimes3 (see above), it

follows that contrary to the case of B = 0, in # 1 the Mott-VRH conductivity takes place
between 1.6 and 4.2 K (see Fig. 5, where Aex is the experimental value of the slope), whereas
in # 2 and # 3 the NNH conductivity is observed between 3 and 4.2 and 1.6 and 4.2 K,
respectively (where the experimental values of the slopes do not depend on T—cf. the middle and
bottom panels of Fig. 4).
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Using the values of T0SE and T0M obtained from the plots in Fig. 3, the expressions for them,
T0M = βM / [ kB g(μ) a3] and T0SE = βSEe2/(kB κ a), respectively (where βM = 21, βSE = 2.8 and κ
is the dielectric permittivity), the values of the slopes of the plots in Fig. 4 and corresponding
expressions for them above, as well as the equations for critical behaviour of a and κ near the
metal-insulator transition (MIT), a = a0 (1 – NA/NC)ν and κ = κ0 (1 – NA/NC)–ζ, respectively
(where NC is the critical acceptor concentration corresponding to MIT, a0 and κ0 are the values
of a and κ far from MIT, and ξ and ζ are the critical exponents), a set of microscopic parameters of
the charge carriers a, κ, Δ, W and g (DOS outside the Coulomb gap) as well as NA, pj (see Table 1),
NC = 6.275 × 1016 cm–3, ν = 1.00 and ζ = 1.90, have been determined.

It can be seen that (i) ν and ζ are close to their theoretical values, (ii) values of NA in the
samples are rather close to NC, in agreement with the behaviour of the parameters a and κ
exceeding those of a0 = 83.5 Å and κ0 = 25, (iii) the anisotropy coefficients pj are close to the
calculated values pj

(cal), (iv) Δ is comparable with W in # # 1, 3 and Δ  W in # 2, in agreement
with observations of the SE-VRH conductivity in # # 1, 3 and the Mott-VRH conductivity in # 2
(Fig. 3). This supports completely the identification of the regimes of the hopping conductivity
above, including their transformations from the SE-VRH to the Mott-VRH in # 1, from the
Mott-VRH to the NNH in # 2, and from the SE-VRH to the NNH in # 3 in zero (Fig. 3) and
nonzero (Fig. 4) magnetic fields, respectively. In CdSb:Ni such transformations can be

Table 1. Values of the microscopic parameters, acceptor concentration and anisotropy coefficients.

Figure 5. Plots of Aex vs T–3/4 ( ) and of ln Aex vs ln T ( ) for sample # 1. The lines are linear fits.
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interpreted by the presence of an additional magnetic disorder brought about by the Ni1–xSbx

nanoclusters, which is suppressed in the field. Indeed, as is evident from Fig. 1(a) the
irreversibility of χ(T) connected to magnetic disorder already disappears at B ~ 4 kG, supporting
this mechanism.

To conclude, magnetic and transport properties of CdSb weakly doped with Ni give
evidence for an assembly of spheroidal magnetic Ni-rich Ni1–xSbx nanoparticles, influencing
strongly both the low- and high-field magnetization and contributing to the establishment of the
hopping conductivity mechanism in the magnetic field. This reveals CdSb:Ni to be an interesting
new diluted magnetic semiconductor with prospective spintronics applications, taking into
account the large anisotropy of both its magnetic and transport properties.
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Abstract
Mechanisms of the resistivity, ρ, of single crystal samples oriented along the [100] (No 1),
[010] (No 2) and [001] (No 3) axes of anisotropic semiconductor p-CdSb doped with 2 at.% of
Ni are investigated. In zero magnetic field the Mott type variable-range hopping (VRH)
conductivity is observed in No 2 and the Shklovskii–Efros type in No 1 and No 3 at T � 2.5 K.
The magnetoresistance (MR) of the samples obeys the law ln ρ ∼ B2 up to B ∼ 6 T. However,
the temperature dependence of MR gives evidence for the Mott-VRH conductivity in No 1 at
T � 4.2 K and the nearest-neighbor hopping conductivity in No 2 between T = 3 and 4.2 K
and in No 3 between 1.5 and 4.2 K. From the experimental data the values of the localization
radius and dielectric permittivity and details of their critical behavior near the metal–insulator
transition, as well as the widths and the values of the density of the localized states, the acceptor
energies, their concentrations and the anisotropy coefficients, are obtained.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Crystalline semiconductors doped with transition-metal ele-
ments can be divided into (i) compounds with microscopically
homogeneous magnetization or semimagnetic semiconductors
and (ii) diluted magnetic systems containing nanosize mag-
netic particles (clusters) and strongly inhomogeneous distribu-
tion of magnetization. Both groups of the materials exhibit
spin-dependent electron transport [1].

Recently, magnetic properties of cadmium antimonide
doped with Ni (p-CdSb:Ni) have been investigated [2]. The
special interest in this compound is related to the strongly
anisotropic transport properties of CdSb, which is a group II–V
p-type semiconductor with orthorhombic crystal structure and
the energy gap Eg ∼ 0.56 eV at 0 K [3]. Undoped CdSb
has non-degenerate charge carriers and activated conductivity
governed by acceptor bands with energies ∼ 3 and 6 meV.
Fe and Ni substituting for Sb in the lattice act as acceptors
in CdSb. Doping with Ag induces in CdSb a metal–
insulator transition (MIT) by removing the energy difference
between the shallow acceptor states and the valence band [3].
Investigations of the Shubnikov–de Haas effect in heavily
doped p-CdSb have yielded the values of the hole effective

masses, mi = 0.16, 0.35 and 0.19 (in units of free electron
mass, m0) in the crystallographic directions [100], [010]
and [001], respectively [4]. On the metallic side of the
MIT anisotropic quantum interference effects such as weak
localization and anomalous magnetoresistance (MR) have been
observed [5], whereas on the insulating side of the MIT
anisotropic hopping conductivity was found [6].

Limited solubility of Ni in CdSb stimulates formation
of a eutectic composition CdSb + NiSb at ∼2 mol% of
NiSb, containing needle-like NiSb inclusions of length l ∼
30–40 μm and diameter d ∼ 1–1.5 μm [7]. On the
other hand, at smaller doping level nanosize Ni-rich Ni1−x Sbx

ferromagnetic (FM) clusters are formed [2]. The clusters have
a broad size distribution, high aspect ratio l/d and orientations
distributed along a preferred direction. The presence of
these clusters leads to considerable anisotropy of the magnetic
properties of p-CdSb:Ni, as well as to a frustrated ground state
and spin freezing below room temperature [2]. This makes p-
CdSb:Ni a promising group (ii) material mentioned above.

Generally, galvanomagnetic properties of diluted mag-
netic semiconductors with itinerant electrons are investigated
much better than those with localized charge carriers and hop-
ping charge transfer. Moreover, investigations of the hopping

0953-8984/08/295204+08$30.00 © 2008 IOP Publishing Ltd Printed in the UK1
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Figure 1. The temperature dependence of the resistivity of
p-CdSb:Ni. Inset: plots of ln ρ versus T −1. For convenience the data
for No 2 and No 3 are shifted by +0.5 and +2.5 units along the
vertical axis. The straight lines are linear fits.

conductivity in such compounds demonstrating anisotropic
transport and magnetic behavior are lacking in the literature.
On the other hand, in the group (ii) compounds one may ex-
pect new interesting features of hopping transport connected to
inhomogeneous magnetization. The point is that hopping con-
duction mechanisms are determined strongly by the degree of
internal microscopic disorder, whereas magnetic nanoclusters
with broad size distribution bring to a system additional disor-
der of a magnetic nature, being sensitive to external magnetic
field.

In this work we investigate the resistivity and MR of CdSb
doped with Ni. Special attention is paid to the mechanisms
of low-temperature charge transfer. Information about critical
behavior of the microscopic parameters near the MIT and
properties of localized charge carriers are obtained.

2. Experiment

Single crystals of CdSb doped with 2 at% of Ni were prepared
by the modified Bridgman method [2]. As observed by
x-ray diffraction, the ingots were of single phase material
with orthorhombic structure (space group D15

2h) and had the
same lattice parameters as undoped CdSb. For investigations,
rectangular prisms with the longest edge along the [100]
(No 1), [010] (No 2) and [001] (No 3) axes, respectively, were
cut from the ingots. The measurements of ρ(T ) were made
by recording the signal from two different pairs of potential
contacts on the samples placed in a He exchange gas Dewar,
where their temperature could be varied between 1.5 and 300 K
to an accuracy of 0.5%. MR measurements were made in
transversal field configurations with j ‖ [100] and B ‖ [001]
(No 1), j ‖ [010] and B ‖ [100] (No 2), j ‖ [001] and
B ‖ [010] (No 3) at temperatures between T = 1.5 and
300 K in pulsed magnetic fields up to B = 30 T. The magnetic
pulse length was 8 ms, the error in the strength of the field
was not larger than 5% and its inhomogeneity did not exceed

Figure 2. The dependence of the resistivity of p-CdSb:Ni on
magnetic field.

0.3%. Measurements of the low-field Hall coefficient, R,
at 77 K in fields below 0.1 T gave the Hall concentrations
p77 = (eR77)

−1 = 3.56 × 1016 cm−3, 2.73 × 1016 cm−3 and
2.10 × 1016 cm−3 for No 1, 2 and 3, respectively.

As shown in figure 1 the values of ρ(T ) decrease smoothly
below 300 K until a minimum is attained at ∼30 K followed
by strong increase of ρ with further decreasing of T . The data
of ρ(B) in figure 2 show large positive MR, increasing with
B and decreasing with increasing T at liquid He temperatures
(approximately above the break in the ρ(B) axis), whereas
at higher T (below this break) the dependence of ρ on B is
weakened. In addition, MR decreases with increasing T up
to ∼30 K and then starts to increase, in agreement with the
behavior of ρ(T ) at B = 0 shown in figure 1.

As can be seen from the inset to figure 1, the slopes
of the plots of ln ρ versus T −1 exhibit two intervals of
activated behavior characterized by different slopes between
∼5 and 20 K and below ∼5 K, which suggests the
conductivity determined mainly by activation of the holes from
shallow acceptor states to the valence band and the hopping
conductivity over the states of the impurity band, respectively.
The behavior of MR in figure 2, including a strong increase
with B below ∼4.2 K followed by a weaker one above T ∼
10 K, satisfies this conjecture, too (see below).

3. Theoretical background

The resistivity of a semiconductor in the interval of thermal
activation of charge carriers from shallow impurity levels to

2
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the conduction or valence band satisfies the law

ρ(T ) = ρ0 exp[EA/(kT )], (1)

where ρ0 is the prefactor and EA is the activation energy [8].
On the other hand, the hopping conductivity in three-
dimensional (3D) doped crystalline semiconductors can be
realized via different mechanisms given by a universal equation

ρ(T ) = DT m exp[(T0/T )p], (2)

where D is a constant, T0 is a characteristic temperature
and m = p for hydrogenic wavefunctions of the localized
electrons, a case which is most expectable for doped
crystalline semiconductors with shallow impurities at low
temperatures [8] (although in other materials and temperature
intervals the values of m may differ from p as discussed
in detail in [9]). The case of p = 1 corresponds to the
regime of nearest-neighbor hopping (NNH) conductivity and
p = 1/4 and 1/2 to the Mott [10] and the Shklovskii–Efros
(SE) [8] types of variable-range hopping (VRH) conductivity,
respectively. Generally, the VRH conductivity sets in when
the internal microscopic disorder is high enough to make
tunneling between the nearest sites energetically unfavorable.
Because at low T hopping of the electrons takes place only
within a limited energy interval or the Mott’s optimum energy
stripe �ε (T ) around the Fermi level, μ [10], the type of the
VRH charge transfer depends on the relations between �ε (T )
(decreasing with T ), the width W of the impurity band or
density of the localized state (DOS), g(ε), and the width � of
the parabolic Coulomb gap, which exists around μ due to the
Coulomb interaction between the charge carriers in disordered
materials [8]. The general result is that for � < �ε(T ) < W
and weak dependence of g(ε) the Mott-VRH conductivity sets
in, whereas for �ε(T ) < � the VRH conductivity is of the
SE type [8, 10]. Hence, the temperature interval where one
out of the two types of VRH conductivity dominates depends
on the relation between � and W , both being sensitive to
the degree of disorder: the higher ratio of �/W favors the
SE-VRH conductivity at higher T , whereas the lower �/W
stimulates the Mott-VRH, shifting the onset of the SE-VRH
conductivity to lower T .

The characteristic temperature in the case of the Mott- and
SE-VRH conductivity mechanisms can be written as

T0M = βM/[kg(μ)a3], T0SE = βSEe2/(kκa) (3)

respectively, where κ is the dielectric permittivity, βM = 21,
βSE = 2.8 and a = (a1a2a3)

1/3 is the mean localization
radius [8]. Here ai (i = 1, 2 and 3) scales the exponential
decay of the anisotropic impurity wavefunctions (which takes
place in p-CdSb as well—see the introduction) in the i th
direction, where the anisotropy of ai is connected to that
of mi as follows: for NA � NC (far from MIT) ai =
a0i ≡ h̄(2mi EA)−1/2 and for NA → NC (close to the MIT)
ai = a0i(1 − NA/NC)ν , where NA and NC are the impurity
concentration (acceptor concentration in the case of p-CdSb)
and the critical concentration of MIT, respectively, and ν is
the critical exponent of the correlation length [8, 10, 11]. One

can also introduce the mean parameter a0 ≡ (a01a02a03)
1/3 to

obtain a general expression

a = a0(1 − NA/NC)ν, (4)

the same as in an isotropic material [11].
To find the regime of hopping conductivity at B = 0 it is

convenient to rewrite equation (2) as

ln[Ea/(kT ) + m] = ln p + p ln T0 + p ln(1/T ), (5)

where Ea ≡ d ln ρ/d(kT )−1 is the local activation energy [8],
so that for a certain conductivity mechanism the left-hand side
of equation (5) would be a linear function of ln(1/T ) and p
would be given by the slope of the plot ln[Ea/(kT )+m] versus
ln(1/T ).

In weak fields with magnetic length λ � a0 quadratic
dependence of ln ρ on B has been predicted for all the
mechanisms of the hopping conductivity considered above.
The positive MR is connected to shrinkage of the impurity
wavefunctions in the direction perpendicular to B [8, 12].
On the other hand, the dependence of ln ρ(B) on temperature
is different for each hopping regime. Namely, for the NNH
conductivity we get

ln[ρ(B)/ρ(0)] j = C j B2, (6)

where the prefactor

C j = te2ap2
j/(h̄

2 NA) (7)

does not depend on T . Here t = 0.036 [8] and

p j = [m2
j/(mkml)]1/6 (8)

is the anisotropy coefficient [6], with j, k, l = 1, 2, 3 ( j �=
k �= l) and j = 3, 1, 2 for No 1, No 2 and No 3, respectively,
corresponding to the direction of the magnetic field along the
[001], [100] and [010] axes, respectively. In equation (7)
p j reflects the different elasticity of the anisotropic acceptor
wavefunctions to magnetic shrinkage at different directions of
B [6, 8].

As in the case of the NNH conductivity [6], it can be
shown that for the Mott-VRH conductivity in low fields one
gets an expression similar to equation (6), but with C j replaced
by A(M)

j (T ) = A(M)

0 j T −3/4, where

A(M)

0 j = t1e2a4T 3/4
0M p2

j/h̄2 (9)

and t1 = 5/2016 [8] with the meanings and the values of p j

and j the same as in equations (6)–(8). Finally, for the SE-
VRH conductivity in low fields, instead of C j in equation (6)
we have A(SE)

j (T ) = A(SE)

0 j T −3/2, where A(SE)

0 j is given by an
expression similar to equation (9) but with t2 = 0.0015 and T0SE

instead of t1 and T0M, respectively [12].
Finally, it is worth mentioning at this point that damping of

the quantum interference of hopping electrons in the magnetic
field leads to the negative magnetoresistance (NMR) in the
VRH conductivity regime of doped semiconductors [13].

3
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Table 1. The values of the prefactor (ρ0) and the activation energy
(EA) in the acceptor freeze-out interval and the prefactor constant
(D) and the characteristic temperature of the VRH conductivity (T0)
in the hopping conductivity interval at B = 0.

Sample No
ρ0

(	 cm)
EA

(meV)
D
(	 cm K−p) T0 (K)

1 0.0378 2.45 0.491a 18.7a

2 0.0475 2.50 0.0928b 3180b

3 0.0111 2.85 0.477a 51.3a

a p = 1/2 (SE-VRH regime).
b p = 1/4 (Mott-VRH regime).

It has been predicted that for non-interacting electrons NMR
dominates in low fields of B < B0, where B0 ≈ 1.3B∗ and

B∗ = 4h̄c

a2e

(
T

T0M

)3/8

, (10)

if both field effects, on the quantum interference and on the
impurity wavefunctions (leading to PMR—see above), are
taken into account simultaneously. In the opposite case of
B > B0 MR is positive and at B = B0 it changes sign [14].

4. Analysis of the experimental data

4.1. Resistivity in zero magnetic field

The activation energy EA connected to thermal excitation of
the holes to the valence band can be obtained by fitting of the
plots of ln ρ versus T −1 with equation (1) between ∼5 and
20 K (the straight lines in the inset of figure 1) provided that
the prefactor ρ0 depends only weakly on T . The values of EA

are collected in table 1. However, neglecting the temperature
dependence of ρ0 only approximate values of EA can be found
due to temperature dependence of the hole mobility.

Analysis of the hopping conductivity can be done as
follows. At first, putting m = 1/2 we obtain with equation (6)
the values of p close to 1/2 in No 1 and No 3, which is
characteristic of the SE-VRH conductivity regime below the
temperature Tv ≈ 2.5 K (see the top panel of figure 3).
However, in No 2 the situation is quite different: putting
m = 1/4 we find with equation (6) that p ≈ 1/4 between
Tv ≈ 2.5 K and T ′ ≈ 1.8 K, whereas below T ′ the left-
hand side of equation (6) exhibits a systematic decrease, which
takes place at m = 0 as well. The behavior of the local
activation energy in the interval of (Tv , T ′) is typical of the
Mott-VRH conductivity. On the other hand, the decrease of
the left-hand side of equation (6) below T ′ is attributable to
an intermediate region between the Mott- and the SE-VRH
conductivity regimes (similar to the descending branch above
Tv which corresponds to the intermediate interval between
the band conduction and the hopping conduction), provided
that the onset temperature of the latter lies below ∼1.6 K.
We will return to this conjecture further in section 5. Next,
we plot ln (ρ/T 1/2) versus T −1/2 in the middle panel of
figure 3 for all samples and ln (ρ/T 1/4) versus T −1/4 in the
bottom panel of figure 3 for No 2. Comparing these plots,
one can find a broader linear interval of the low-temperature

Figure 3. Plots of ln(Ea/kT + m) versus ln(1/T ) (top panel),
ln(ρ/T −1/2) versus T −1/2 (middle panel) and ln (ρ/T −1/4) versus
T −1/4 (bottom panel). For convenience the data for No 2 on the top
panel are shifted along the vertical axis by +0.17 units. The lines are
linear fits.

data for No 1 and No 3 than for No 2 in the middle panel
of figure 3, as well as expansion of this interval for No 2
in the bottom panel of figure 3. According to equation (2)
this supports completely the identification of the hopping
conductivity regimes followed from the top panel of figure 3.
Hence, the SE-VRH conductivity is realized in No 1 and No 3
and the Mott-VRH conductivity in No 2, whereas no intervals
of the NNH conductivity are observed. The values of D, T0SE,
T0M are found from the plots in the middle and bottom panels
of figure 3 and are collected in table 1.

It is important to note at this point that at first glance the
interval of the hopping conduction above looks rather small
to identify the mechanisms of the hopping charge transfer in
zero magnetic field. However, this has been done based on the
analysis of the resistivity with two different methods including
those shown in the top panel of figure 3 and on the middle and
bottom panels of figure 3. Both methods yield unambiguous
conclusions on the mechanism of the hopping conductivity and
give the same VRH conduction regime for one and the same
sample.

Finally, we discuss the role of the prefactor in equation (2)
and the importance of its temperature dependence given by the
exponent m. Many authors in analysis of hopping conductivity
with equation (2) neglect this point by putting m = 0, which
is completely substantiated when ρ(T ) changes by several

4
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Figure 4. Plots of ln ρ versus B2. The lines are linear fits to the
experimental data.

orders of magnitude, making the relatively weak power-law
temperature dependence of the prefactor unimportant with
respect to the much stronger exponential one. However, this
may not be so when the dependence ρ(T ) is not strong enough.
As can be seen in figure 1 (inset), in the interval of hopping
conductivity ρ(T ) varies only a few-fold, definitely within one
order of magnitude, and the temperature dependence of the
prefactor should be taken into account. To clarify this issue
we analyzed the same plots as in figure 3 but with m = 0,
yielding the following results: (i) from the plots of ln (Ea/kT )
versus ln(1/T ) the values of p = 0.44±0.02, 0.26±0.02 and
0.62±0.04 are obtained for No 1, No 2 and No 3, respectively,
and (ii) from the plots of ln ρ versus T −1/2 and ln ρ versus
T −1/4 the values of T0 = 8.7 K, 1590 K and 33.9 K are
obtained for No 1, No 2 and No 3, respectively. On one hand,
it can be seen that neglect of the temperature dependence of
the prefactor in equation (1) causes only small differences in
p following from the analysis of the local activation energy,
which cannot spoil the identification of the VRH conductivity
mechanisms above (in fact, even in the worst case of No 3
the value of p = 0.62 is much closer to 1/2 than to other
possible values in 3D doped crystalline semiconductors, 1/4
and 1 [8, 10]). On the other hand, the differences of T0 are
very large (up to twofold—cf table 1), which in turn would
lead to more serious errors in subsequent analysis involving
this parameter.

Figure 5. The dependences of Aex on T −3/4 (O) and of ln Aex on
ln T (�) for No 1. The lines are linear fits.

4.2. Resistivity in weak magnetic fields

As can be seen from figure 4 the plots of ln ρ versus B2 below
B ∼ 6 T can be approximated well with linear functions,
which is in agreement with equation (6). Slight deviations
from linearity are observed for No 1 and No 2 only in the
weakest fields. These deviations are attributable to a small
negative contribution to MR (see the end of section 3), which
will be verified in more detail in section 5. In No 3 the slope
of the plots is C (3)

ex = (6.41 ± 0.04) × 10−2T −2 between
1.6 and 4.2 K. The slope of the corresponding plots for No 2,
C (2)

ex = (4.49 ± 0.04) × 10−2T −2, does not vary between 3
and 4.2 K and it increases only slightly between 3 and 1.6 K.
In sample No 1 all the plots have different slopes varying
with T according to the function Aex(T ) = A(0)

ex T −3/4 with
A(0)

ex = (6.7 ± 0.1) × 10−2T −2 K3/4 as shown in figure 5.
Hence, from comparison of the behavior of the slopes

of the plots of ln ρ versus B2, C (2)
ex , C (3)

ex and Aex(T ) with
C j , A(M)

j (T ) and A(SE)
j (T ), predicted for the different hopping

regimes (see section 3, equations (7), (9) and remarks to
equation (9)), it follows that, in contrast to the case of B = 0, in
No 1 the Mott-VRH conductivity takes place between 1.6 and
4.2 K, in No 2 the NNH conductivity is observed between 3
and 4.2 K and in No 3 the NNH conductivity is realized within
the whole temperature interval between 1.6 and 4.2 K.

4.3. Determination of the microscopic parameters

The data at B = 0 and in weak fields obtained above
allow determination of a variety of microscopic parameters
for verification of the conclusions about the mechanisms of
hopping conductivity made above. This will be done in steps
(i)–(viii) below.

(i) With the expression

� ≈ 0.5k(TVSET0SE)
1/2 (11)

the width of the Coulomb gap for No 1 can be
determined [8]. Then from the equation � ≈ U ,

5
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Table 2. The acceptor concentration (NA), the localization radius (a), the dielectric permittivity (κ), the widths of the Coulomb gap (�) and
of the acceptor band (W ), the density of the localized states (g) and the experimental ( p j ) and the calculated ( p(cal)

j ) values of the anisotropy
coefficients at different orientations of the magnetic field ( j ).

Sample
No.

NA

(1016 cm−3) a (Å) κ
�
(meV)

W
(meV)

g
(1016 cm−3 meV−1) pj p(cal)

j j

1 3.61 196 127 0.30 0.50 5.94 0.839 0.839 3
2 3.37 180 108 0.18a 1.28 1.31 1.008 0.897 1
3 2.51 139 66 0.49 0.91 2.16 1.182 1.327 2

a Calculated.

where U = e2/(κ Rh) is the energy of the Coulomb
repulsion between the holes at the mean distance Rh ≈
2(4πp77/3)−1/3, the value of κ can be found. Here we use
the values of p77 (section 2), taking into account that the
shallow acceptor states at EA ∼ 2.4–2.8 meV above the
top of the valence band are completely ionized at 77 K.
The value of DOS outside the Coulomb gap, g0, can be
evaluated with the expression g0 = 3κ3�2/(πe6) [8].
Usually the DOS parameters in the Mott-VRH and the
SE-VRH models, g(μ) and g0, are close to each other in
doped semiconductors (see e.g. [15]), and so T0M can be
calculated with the first of equations (3) at g(μ) ≈ g0 ≡
g. Finally, with equation (9) we obtain for A(M)

03 = A(0)
ex

the anisotropy coefficient p3 ( j = 3 for No 1). The values
of �, κ , a, g and p3 for No 1 are collected in table 2.

(ii) The parameters �, κ , a and g0 ≡ g for No 3 can be found
as in (i). Their values are given in table 2.

(iii) The values of a for No 1 and No 3 exceed by 2.1–2.9
times the Bohr radius, aB = h̄2κ0/(me2) = 66.8 Å,
where m = (m1m2m3)

1/3 = 0.20 and κ0 ≈ 25 is
the value of κ far from the MIT [16]. The values of κ

exceed that of κ0 by 2.6–5.1 times. Taking into account
equation (4) and a similar expression

κ = κ0(1 − NA/NC)−ζ (4′)

where ζ is the critical exponent of κ [11], the enhanced
values of a and κ are consistent with proximity to
the MIT, NA being relatively close to NC. Then with
equations (4) and (4′) one gets the relation

ς

ν
= ln

[
κ(No 1)/κ(No 3)

]
ln

[
a(No 1)/a(No 3)

] , (4′′)

yielding ζ/ν = 1.90. On the other hand, from
equations (4) and (4′) we have a pair of equa-
tions a0 = a(No 1)[κ0/κ(No 1)]ν/ζ and a0 =
a(No 3)[κ0/κ(No 3)]ν/ζ , giving the same value of the
mean localization radius a0 = 83.5 Å far from the MIT.
Finally, with the equation EA = h̄2/(2ma2

0) (see text
between equations (3) and (4) in section 3) we obtain
EA = 2.78 meV.

(iv) Suppose that the value of p2 is known. Then with
equation (7) at C2 = C (3)

ex ( j = 2 for No 3) the value
of NA for No 3 can be evaluated. It can be shown that
for a rectangular DOS having the Coulomb gap at the

Fermi level the width W of the DOS (or the width of the
acceptor band) is given by the equation

W = NA

2g0
+ 2

3
�, (12)

allowing evaluation of W for No 3.
(v) In No 2 the influence of the Coulomb gap is minimal

since only the Mott-VRH conductivity is realized at
B = 0. Therefore the DOS in the acceptor band can be
approximated with a rectangular shape without including
� and we get W ≈ kT 3/4

VM T 1/4
0M for this sample [8].

Then, using the relation p1 = (p2 p3)
−1 following from

equation (8) and the expression g(μ) ≈ NA/(2W ) valid
for this choice of the DOS, and solving equations (3)
and (7) with C1 = C (2)

ex (note that j = 1 for No 2), the
values of a and NA can be obtained. After NA is known,
the value of g(μ) ≡ g can be determined.

(vi) The value of ν can be calculated with the expression

ν = ln

[
1 − a0/a(No 3)

1 − a0/a(No 2)

]
×

{
ln

[
NA(No 3)

NA(No 2)

]}−1

(13)

following from equation (4). Then NC can be found with
the equations

NC = NA(No 2)[1 − a0/a(No 2)]−1/ν,

NC = NA(No 3)[1 − a0/a(No 3)]−1/ν .
(14)

Using the values of ν and the ratio ζ/ν obtained above
we get ζ and

κ(cal)(No 3) = κ0[1 − NA(No 3)/NC]−ζ . (15)

Steps (iv)–(vi) are repeated by variation of p2 until the
values of NC in equations (14) coincide and, additionally,
the condition κ(cal)(No 3) = κ(No 3) is satisfied. This
gives ν = 1.00, ζ = 1.90, NC = 6.275 × 1016 cm−3,
N1/3

C aB = 0.265, and yields the values of p1 and p2 in
table 2.

(vii) Knowing ν, ζ , a0 and κ0, one can evaluate NA for No 1
with any of the equations (4) and (4′) yielding the same
result. Then W can be obtained with equation (12)
(because in No 1 the effect of the Coulomb gap cannot be
neglected), using the data of g0 ≡ g and � determined in
step (i) (table 2).

(viii) With NC and ζ found in (iv)–(vi) and κ0 and NA in
No 2 evaluated in (v), the value of κ can be obtained
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from equation (4′). Then from the expression g0 =
3κ3�2/(πe6) [8] at g0 ≈ g(μ) in (v) the value of
� can be calculated. The parameters κ and � for
No 2 are given in table 2. Finally, from the second of
equations (3) we evaluate T0SE and from equation (11)
TVSE ≈ 4�2/(T0SEk2) ≈ 0.7 K in No 2. The parameters
NA, K and W for all samples are obtained in (iv)–(vii).
The values of g(μ) ≡ g and a found for No 2 in step (v)
are given in table 2.

5. Discussion

The relations of the obtained microscopic parameters in
table 2, a(No 1) > a(No 2) > a(No 3) and κ(No 1) >

κ(No 2) > κ(No 3), are in line with the corresponding relation
NA(No 1) > NA(No 2) > NA(No 3), where the values of NA

are relatively close to NC. Such dependence agrees well with
the proximity of the acceptor system in p-CdSb:Ni to the MIT,
and the critical exponents found in steps (iv)–(vi) are close to
their theoretical values ν = 1 and ζ = 2 [11]. The value
of the product N1/3

C aB = 0.265 obtained in section 4.3 after

steps (iv)–(vi) agrees well with the Mott criterion N1/3
C aB ≈

0.25 [10] for the critical concentration at the MIT, and the value
of the shallow acceptor energy EA ≈ 2.78 meV evaluated with
a0 found in step (iii) agrees reasonably with the corresponding
data within the temperature interval of the acceptor freeze-out
in figure 1 (table 1).

Next, the anisotropy coefficients satisfying the condition
p2 > p1 > p3, as may be expected for p-CdSb, can be
compared with those calculated with equation (8) using the
data of mi cited in section 1 (see table 2), and yielding
coincidence of p3 and p(cal)

3 and a difference of ∼11% between
the other two pairs. At this point, we must note that p3 was
determined in section 4.3 in a most direct way in step (i),
whereas p1 and p2 were obtained with a less direct procedure,
(iv)–(vi), which may contain additional sources of errors. On
the other hand, the valence band of CdSb is non-parabolic [4],
and, strictly speaking, we should compare our data of p j with
those evaluated using the values of mi at the top on the valence
band, which differ somewhat from those determined at the
Fermi energy from the Shubnikov–de Haas effect [4]. Taking
this into account the difference between the experimental and
the calculated values of p1 and p2 does not look too large.
Hence, the anisotropy of hopping conductivity in p-CdSb:Ni
is well described by the anisotropy of the hole effective mass,
which occurs in undoped p-CdSb as well [6].

The relations between the values of � and W (concerning
the role of the ratio of �/W in the VRH conduction
mechanism see section 3) agree with the types of VRH
conductivity observed at B = 0 in each sample. Indeed, in
No 1 and No 3 the Coulomb gap has about half the width of the
acceptor band stimulating the SE-VRH conductivity regime,
whereas the ratio of �/W ∼ 0.1 in No 2 is more favorable for
the Mott-VRH conductivity in the same temperature interval,
so that the onset of the conductivity over the states of the
Coulomb gap in No 2, estimated at the end of section 4.3
(TVSE ≈ 0.7 K), lies outside the temperature interval down to
∼1.6 K used in the measurements of ρ(T ). This supports our

conjecture that the decrease of the left-hand side of equation (6)
with decreasing T between ∼1.8 and 1.6 K may mean the
existence of an intermediate interval between the Mott- and
the SE-VRH conductivity regimes (see section 4.1 and the top
panel of figure 3, where T = 1.6 K corresponds to the right
edge of the abscissa axis). At this point we must underline
that observation of the Mott- or the SE-VRH conductivity in
different directions of p-CdSb:Ni at B = 0 is not connected
immediately to the intrinsic anisotropy of p-CdSb, but mostly
to correlation between � and W , which eventually depends on
internal microscopic disorder being different in all samples cut
from different parts of the ingot.

Above we have supposed that slight deviations of the plots
in the top and middle panels of figure 4 from linearity in the
weakest fields may be due to the negative contribution to MR,
connected to the quantum interference of hopping electrons
(see section 4.2). As mentioned in section 3, such NMR is
expected to be important at B < B0, where B0 ≈ 1.3B∗ and
B∗ is given by equation (10). A scale of B0 can be estimated
for No 2, taking T = Tv ≈ 2.5 K and the values of T0M and
a from tables 1 and 2, respectively. This yields B0 ≈ 0.7 T,
which is in agreement with the fields where deviations from
linearity of the plots in figure 4 are observed. Therefore, a
contribution of interference effects to MR can be important
only for B covering a negligible part of the field interval used
in our analysis.

Hence, the set of the microscopic parameters determined
from the resistivity data at B = 0 and in weak magnetic
fields, is consistent and supports the conclusions about the
hopping conductivity mechanisms made from the temperature
dependences of ρ and MR in sections 4.1 and 4.2, respectively.
On the other hand, one can see that the hopping conductivity
in p-CdSb:Ni contains features not common to conventional
(non-magnetic) doped semiconductors. Namely, the VRH
conductivity at B = 0 transforms into the NNH conductivity at
B �= 0 in No 2 and No 3 (or the type of the VRH conductivity
is changed in No 1), which is accompanied by an increase of
the onset temperature of the hopping conductivity from ∼2.5 K
in zero field up to at least 4.2 K in non-zero field (cf figures 3
and 5).

In conventional semiconductors the type of the hopping
conductivity is insensitive to magnetic field, whereas the
broadening of the temperature interval of the hopping
conductivity can be expected only in strong magnetic fields
B > B0, where B0 = h̄/(ea2

0) ≈ 10 T is the field where
the magnetic length λ reaches a0, and deviations from the
dependence of ln ρ ∼ B2 are observed. This leads to the
onset of the magnetic field dependence of EA, stimulating
the acceptor freeze-out with increasing field [8], which favors
hopping conductivity and has been observed in undoped p-
CdSb [6], but cannot take place in our case of low fields
B < 6 T in the interval of the quadratic dependence of MR [8].

Besides the charge and lattice disorders typical of
non-magnetic doped semiconductors, p-CdSb:Ni, belonging
to group (ii) of the diluted magnetic materials (see the
introduction), also possesses magnetic disorder due to strongly
inhomogeneous magnetization or the presence of small Ni-
rich clusters with FM ordering of internal spins and broad
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distribution of the cluster size [2]. In particular, this leads
to magnetic irreversibility or deviation of zero-field cooled
magnetic susceptibility, χZFC, from field cooled susceptibility,
χFC, in weak fields and the appearance of a broad maximum of
χZFC(T ), reflecting spin-freezing phenomena with onset near
room temperature [2]. Therefore, if the inhomogeneity of
the local magnetization, caused by randomly frozen-in cluster
moments, is significant within the average distance between
the acceptors, the interaction of the spins of the carriers
with local magnetic moments would be different already for
nearest sites. This would create an additional energy barrier
�E at B = 0 hindering tunneling of the carriers between
the nearest sites in favor of VRH conductivity. However,
in p-CdSb:Ni the magnetic disorder is damped already at
B ∼ 0.4 T by orienting magnetic moments of the clusters
along the field [2]. Therefore, �E is decreased in the field
stimulating the NNH conductivity. This mechanism should
be more significant at low temperatures, where the fraction
of the frozen-in spins is higher, i.e. in the interval of the
hopping conductivity, in agreement with the unusual sequence
of the hopping conductivity regimes observed in p-CdSb:Ni. In
addition, damping of magnetic disorder stimulates the hopping
conductivity in general, favoring tunneling of the electrons
between any sites, which increases its efficiency over the band
mechanism (activation of the holes into the valence band) at
higher temperatures. This may explain the expansion of the
interval of the hopping conductivity already in low fields.

6. Conclusions

We have investigated the resistivity and magnetoresistance of
p-CdSb doped with 2 at% Ni. The resistivity at B = 0
exhibits activated behavior with two temperature intervals,
one where the conductivity is governed by activation of holes
to the valence band at T between ∼5 and 20 K and the
other realized by hopping charge transfer at temperatures
below Tv ∼ 2.5 K. The variable-range hopping conductivity
of the Mott or the Shklovskii–Efros types is observed at
B = 0. In fields up to ∼6 T the resistivity obeys the
law ln ρ ∼ B2, whereas the temperature dependence of the
magnetoresistance gives evidence for variable-range hopping
conductivity of the Mott type or the nearest-neighbor hopping

conductivity. The values of the microscopic parameters
such as the localization radius, the dielectric permittivity, the
widths and the values of the density of the localized states,
the acceptor energies and concentrations and the anisotropy
coefficients, obtained from the analysis of the resistivity
and the magnetoresistance data, support identification of
the hopping regimes in the intervals of the magnetic field
concerned above. The tendency of transformation of the
dominating charge transfer from variable-range hopping to
nearest-neighbor hopping with increasing B can be attributed
to the intrinsic magnetic disorder in p-CdSb:Ni.
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Abstract

The Hall effect in single crystals of the group II–V semiconductor p-CdSb doped with 2 at%
of Ni is investigated between T = 1.5 and 300 K in pulsed magnetic fields up to B = 25 T. The
Hall resistivity, ρH, exhibits a nonlinear dependence on B, which is strongly pronounced below
∼10 K but is still observed even up to 300 K. The analysis of ρH(B) gives evidence for the
presence of a positive normal and a negative anomalous contribution, ρN = R0B and ρA,
respectively. The temperature dependence of the (normal) Hall coefficient R0 is determined by
the activation of holes into the valence band with a small contribution of the itinerant holes
from the acceptor band at lowest T. The dependence of ρA on T is quite different within two
temperature intervals, being weak between ∼50 and 300 K and very strong below ∼50 K, the
latter resembling that of the resistivity, ρ. Analysis of ρA below ∼77 K demonstrates that it
scales approximately as ρn with n = 1.6 ± 0.1 within four decades of ρA and more than two
decades of ρ. The anomalous Hall effect in p-CdSb:Ni is attributable to the presence of
magnetic Ni-rich nanoclusters, whose properties have previously been investigated by the
analysis of the magnetization data.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nowadays, diluted magnetic systems are extensively
investigated due to their possible application in spintronics
[1]. Crystalline semiconductors doped with transition-
metal elements represent two important classes of such
systems demonstrating a spin-dependent electron transport:
(i) those having microscopically homogeneous magnetization
due to the incorporation of magnetic ions in the lattice, and
(ii) those possessing a strongly inhomogeneous distribution
of magnetization connected to nanosize magnetic particles
(clusters) [1].

Recently, the group II–V semiconductor cadmium
antimonide doped with Ni (p-CdSb:Ni) has attracted attention
due to its interesting magnetic properties [2]. At a high doping
level of Ni, needle-like micrometer-size NiSb inclusions are
known to be formed in CdSb [3]. On the other hand,

an array of nanosize Ni-rich Ni1−xSbx precipitates has been
produced in p-CdSb:Ni by reduction of the doping level
down to 2 at% of Ni [2], attributing the weakly doped
compound to the group (ii) of diluted magnetic systems above.
Macroscopic samples of Ni1−xSbx are ferromagnetic (FM) at
x � 7.5% [4, 5]. As a result of the formation of Ni1−xSbx

nanoclusters, with an FM ordering of the internal Ni spins,
a high aspect ratio and preferential orientation of the major
axes, the magnetization of p-CdSb:Ni has already saturated
at 300 K in the magnetic field B ∼ 2 T, demonstrating a
large anisotropy of the saturation magnetization: Ms = 11.6,
14 and 30 (in units of 10−4 emu g−1) along the axes [1 0 0],
[0 1 0] and [0 0 1] respectively. Magnetic irreversibility and
spin-freezing phenomena or deviation of the zero-field-cooled
susceptibility, χZFC(T ), from the field-cooled susceptibility,
χFC(T ), connected to the frustrated ground state are already
observed in p-CdSb:Ni below room temperature and attain

0268-1242/08/125001+06$30.00 1 © 2008 IOP Publishing Ltd Printed in the UK
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maximum near the cluster blocking temperature Tb ∼ 100 K.
The broad peak of χZFC(T ) around Tb reflecting transition from
superparamagnetic (SP) to spin-frozen (blocked) behavior
also implies a broad-size distribution of the Ni1−xSbx clusters
[2]. In addition, one should mention the presence of a
diamagnetic (DM) contribution (at all T between 5 and
300 K) and a paramagnetic (PM) contribution (below
∼50 K) to the net magnetization of p-CdSb:Ni [2]. The former
is typical of undoped CdSb [6], whereas the latter reflects that
the overwhelming majority of Ni does not enter the Ni1−xSbx

nanoclusters, forming smaller clusters and/or single ions in the
lattice. Hence, the volume fraction of the Ni1−xSbx phase, η′ ∼
0.01% being well below the percolation threshold, makes the
clusters completely independent (isolated), excluding either
direct or indirect (due to the low concentration of the holes)
interaction of their magnetic moments [2].

The resistivity, ρ, of p-CdSb:Ni in a zero-magnetic field
is anisotropic [7], as well as in undoped p-CdSb [6], and
is governed above ∼2.5 K by activation of holes from the
acceptor levels to the valence band with the activation energy
EA = 2.45, 2.50 and 2.85 meV in the samples 1, 2 and 3
oriented along the axes [1 0 0], [0 1 0] and [0 0 1], respectively
[7]. In fields between B = 10 and 15 T, EA acquires a weak
dependence on B according to the law EA ≈ β B1/3, where
β = 1.64, 1.53 and 1.19 meV T1/3 for samples 1, 2 and
3 respectively [8]. The anisotropic variable-range hopping
conductivity observed below 2.5 K at B = 0 transforms into
the nearest-neighbor hopping conductivity (with the onset at
∼4.2 K) above B ∼ 4 T, reflecting reduction of magnetic
disorder when B is increased [8]. Analysis of the hopping
conductivity in zero and weak (B < 6 T) fields has yielded
values of the acceptor concentration, NA = 3.61, 3.37 and
2.51 × 1016 cm−3 in samples 1, 2 and 3, respectively [7], which
are typical of undoped and weakly doped CdSb [6] and have
been confirmed by investigations of the hopping conductivity
into fields up to 30 T [8].

This work completes our investigations into the magnetic
and galvanomagnetic properties of p-CdSb:Ni, which started
in [2] and continued in [7, 8], and is dedicated to the
Hall effect. The presence of the magnetic nanoclusters
suggests the existence of an anomalous contribution to the
Hall resistivity, ρH, as has been established in various diluted
magnetic semiconductors exhibiting superparamagnetism
[9–11]. On the other hand, the low value of η′ in our material
does not favor neglecting the normal component of ρH. In such
conditions the application of high magnetic fields is expected
to yield valuable information on both contributions, normal
and anomalous, to the Hall effect in CdSb:Ni.

2. Results and discussion

Single crystals of CdSb doped with 2 at% of Ni were grown
by the modified Bridgman method [6]; one can find further
preparation details in [2]. X-ray diffraction investigations do
not reveal the presence of the second phase (which, however,
has been established unambiguously in the magnetization
measurements [2]—see section 1), the ingots of volume
∼1 cm3 have been found to possess the same orthorhombic

Figure 1. The plots of ρH versus B for sample 1. The lines are linear
fits.

structure (space group D15
2h) and lattice parameters as undoped

CdSb. The growth direction of the ingots deviates by an angle
of 50◦ ± 5◦ from the [1 0 0] axis. For investigations rectangular
prisms of sizes 5.5 × 1.9 × 2.3 mm−3, 5.5 × 1.5 × 2.3 mm−3

and 5.5 × 1.9 × 2.0 mm−3 with the longest edge along the
[1 0 0] (1), [0 1 0] (2) and [0 0 1] (3) axes, respectively, were
cut from the ingots. The same samples have previously been
used in the investigations into the longitudinal resistivity, ρ,
and magnetoresistance [7, 8]. The measurements of ρH were
made at constant temperatures between T = 1.5 and 300 K
in pulsed magnetic fields up to B = 25 T in the transversal
magnetic field configuration with j ‖ [1 0 0] and B ‖ [0 0 1]
(1), j ‖ [0 1 0] and B ‖ [1 0 0] (2), j ‖ [0 0 1] and B ‖ [0 1 0] (3).
The magnetic pulse length was 8 ms, the error in the strength
of the field was not larger than 5% and its inhomogeneity did
not exceed 0.3%.

The plots of ρH versus B are shown in figures 1–3 for
samples 1, 2 and 3, respectively, exhibiting nonlinearity or
strengthening of the dependence of ρH(B) with increasing
field, which is damped considerably when T is increased, being
most pronounced below ∼10 K but still persisting even up to
300 K. Another feature of the plots in figures 1–3, which
is much less pronounced, is a weak inflection of ρH in the
interval of B < 10 T at temperatures below ∼10 K being
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Figure 2. The plots of ρH versus B for sample 2. The lines are linear
fits.

more observable for sample 1 (see the inset to the top panel
of figure 1). Such a feature (clearly visible on the plots
of RH versus B, where RH ≡ ρH/B) indicates the presence of
two groups of the charge carriers (holes) typical of weakly
doped or not intentionally doped p-CdSb [12], including
those activated from acceptors to the valence band (VB) and
occupying the extended (delocalized) states of the acceptor
band (AB). In our case of p-CdSb:Ni contribution to the Hall
effect from the itinerant holes of the AB is small, causing
only a slight distortion of ρH(B) in relatively weak fields, and
at a reasonable approximation can be neglected (below we
estimate this contribution more accurately).

In weakly doped non-magnetic semiconductors the
nonlinearity of ρH or, equivalently, the magnetic-field
dependence of RH can appear due to the presence of the two
groups of the charge carriers as mentioned above. However,
for the same sign of the carriers (e.g. both groups are holes) this
causes diminution of RH with increasing B or the nonlinearity
of ρH inverted with respect to that observed in figures 1–3,
i.e., weakening of ρH(B) when B is increased. The increase
of RH(B) in strong fields can be connected to the presence
of resonance bands and their complex behavior in a field,
as has been observed, e.g., in n-CdSb [13]. However, in
the weak-field interval such bands distort the dependences of
RH(B) or ρH(B) considerably, too [13], which does not take
place in our case. Finally, the increase of the (normal) Hall

Figure 3. The plots of ρH versus B for sample 3. The lines are linear
fits.

coefficient in high fields can be connected to magnetic freeze-
out of the charge carriers or diminution of their concentration
in the valence band, if the conductivity over the valence band
is dominated, due to an increase of the activation energy in
the magnetic field. However, it can be shown directly that this
reason in our case is negligible due to a very weak dependence
of EA(B) (see section 1).

Hence, the observed nonlinear behavior of ρH(B)
(neglecting a weak distortion in low fields) cannot be attributed
to the reasons similar to those acting in non-magnetic doped
semiconductors, but should be associated with the magnetic
sub-system existing in p-CdSb:Ni (see section 1) due to an
anomalous contribution to the Hall effect superimposed on the
normal one.

In FM compounds the Hall resistivity is expressed by the
equation

ρH = ρN + ρA, (1)

where ρN = R0B is the normal Hall resistivity, ρA = RsM
is the anomalous contribution to ρH, M is the magnetization
of the material, and R0 and Rs are the normal (ordinary) and
anomalous (spontaneous or extraordinary) Hall coefficients
respectively [14, 15]. The coefficient R0 governs the
transversal electric field due to the Lorenz force acting on
the charge carriers in the transversal magnetic field, and is
determined presumably by their concentration (the classical
Hall effect), whereas Rs is responsible for the generation of
the transversal electric field of another nature, connected to
the influence of the spin–orbit interaction on scattering of the
spin-polarized electrons [14, 15].
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Figure 4. Temperature dependence of ρA (the top panel) and R0 (the
bottom panel) in the investigated samples. The lines are to guide the
eye. Inset to the top panel: the plots of ρ versus T [7].

Generally, the anomalous Hall effect (AHE) is observed
not only in purely FM compounds, and so the observation
of this phenomenon cannot be regarded as a proof of an
FM state [9]. At this point, the utilization of equation (1)
for the interpretation of the Hall effect, which has been
done (sometimes with modifications) in a variety of diluted
magnetic semiconductors [9–11, 16, 17] or other types of
magnetic materials, as, e.g., the colossal magnetoresistive
oxides [17–19], should be performed with a certain caution,
regarding it only as a phenomenological equation with limited
applicability. Such applicability in our case of evidently non-
FM compound can partially be substantiated by saturation
of the magnetization when B is increased taking place
already at 300 K (see section 1), so that the second term in
equation (1) becomes independent of B and the plots of ρH

versus B should tend to linear functions. Indeed, as follows
from figures 1–3, such a tendency takes place in strong
magnetic fields, permitting us to determine R0 and ρA in a
standard way, as the angular coefficient and the interception
point with the ρH axis, respectively. The dependences of R0

and ρA on T are shown in figure 4.
As can be seen from the bottom panel of figure 4, R0 is

positive (which can be expected for a p-type semiconductor
with dominated conductivity over extended states) and

Figure 5. Temperature dependences of pH in the investigated
samples. The lines are calculated as described in the text.

increases with decreasing temperature. The dependence of
R0(T ) above ∼50 K is weak, but it is considerably strengthened
with lowering T, exhibiting a monotonous growth of R0 down
to 4.2 K. In sample 1, the Hall resistivity could be measured
down to 1.5 K showing a decrease of R0 when T is decreased
between 4.2 and 1.5 K.

Treating the normal contribution to the Hall effect
classically by restricting the analysis only to itinerant carriers,
and taking the Hall factor equal to unity, the concentration
of the holes can be written as pH = 1/(eR0) shown versus
temperature in figure 5. The behavior of pH(T ) in the interval
of extrinsic conductivity between ∼4.2 and 200 K is entirely
determined by the holes activated from acceptors to the VB
with the concentration pV(T ) and by the holes in the extended
states of the AB, having the fraction α, with the concentration
αpA(T ):

pH(T ) = pV(T ) + αpA(T ), (2)

where pA(T ) is the total concentration of the holes in the AB,
including those in the extended states and in the localized
states. The latter make no contribution to the classical Hall
effect, which restrict our analysis by the interval of T �
4.2 K, because at lower temperatures the hopping charge
transfer over the localized states of the AB becomes important
[7]. The upper limit of ∼200 K guarantees the absence of the
intrinsic contribution to pH(T ), the latter being non-vanishing
in CdSb already at 300 K [6]. Taking into account non-
degeneracy of the holes in our samples [7], we can write for
the terms in equation (2):

pV(T ) = NV(T ) exp[−ξ/(kT )] (3)

and

pA(T ) = 2NA/{1 + exp[−(EA − x)/(kT )]}, (4)

where ξ = EV − η, EA = EV − EA
(0), η is the chemical potential,

EV and EA
(0) are the positions of the edge of the VB and of

the maximum of the AB, respectively (the energy is measured
toward the depth of the VB), NV(T ) = 2(2mkT)3/2/(4π3/2h̄3)
and m = 0.2m0 is the mean effective mass of the holes
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in CdSb (m0 is the free electron mass) [6, 12]. In
equation (3), we took into account the existence of the two
equivalent maxima of the VB of CdSb [6] by introducing
the multiplier 2 in the factor NV(T ), and equation (4)
corresponds to one unsplit by spin AB (neglecting the Hubbard
correlations), where the spin degeneracy of the states of the
AB is taken into account by introducing the multiplier 2 in the
right-hand side of equation (4). Finally, the conservation of
the holes satisfies the equation:

pA(T ) + pV(T ) = NA(1 − K), (5)

where K = ND/NA is the degree of compensation and ND is
the concentration of compensating donors.

Excluding ξ from equation (4) with equation (3) and
substituting equation (4) into equation (5), we obtain an
equation containing a single unknown function pV(T ),
which can be solved numerically. Then pA(T ) can be
calculated with equation (5) and pH(T ) can be evaluated with
equation (2). The functions pH(T ) are shown in figure 5 (solid
lines). In calculations we use the values of EA and NA from
[7] (see section 1), the values of K = 5.5%, 13.4% and 17.7%
for samples 1, 2 and 3, respectively, are obtained by fitting the
high-temperature parts of pH(T ) and the values of α = 4 ×
10−3, 3.5 × 10−3 and 0.8 × 10−3 for samples 1, 2 and 3,
respectively, by fitting pH(T ) on the low-temperature interval.
Good agreement can be seen between the calculated and the
experimental data of pH(T ) for all our samples between 4.2
and 200 K, corresponding to the interval of applicability of
the model given by equations (2)–(5) as discussed above. In
addition, the calculations with α = 0 (i.e. assuming pH = pV)
are shown with the dotted lines in figure 5, which deviate from
those with α �= 0 only below ∼10 K. The values of α 	 1
demonstrate the existence of only a quite narrow interval of the
extended states in the AB and negligible role of the itinerant
holes of the AB in the formation of the normal contribution to
the Hall effect, excluding the lowest temperatures as has been
supposed above.

As follows from the top panel of figure 4, the temperature
dependence of the anomalous contribution to ρH is similar
to that of R0(T ) on the bottom panel of figure 4, comprising
the weak variation of ρA(T ) above ∼50 K and a very strong
increase with decreasing T from ∼50 K to 4.2 K. In addition,
the low-temperature drop of ρA in 1 resembles that of R0(T )

in the region of hopping conductivity below 4.2 K. One can
also see large scattering of the data of ρA(T ), exceeding
considerably the error of determination of this parameter from
the high-field linear approximation of ρH(B) in figures 1–3.
The normalization of ρA by Ms in figure 6 leads to closing
in the values of ρA/Ms for different samples, but it cannot
diminish the scattering of the data taking place even for one
and the same sample, because Ms does not depend on T by
definition (the data of Ms are taken from [2]—see section 1).

Because various microscopic models of AHE predict the
power-law scaling of ρA with respect to ρ, i.e. the relations
like ρA ∼ ρn, where n is a constant (see below), we should
compare the dependences of ρA(T ) and ρ(T ) rather than those
of ρA(T ) and R0(T ), despite the more similar behavior in
the last pair. Indeed, the dependence of ρA(T ) resembles ρ

Figure 6. The dependence of ρA/Ms in the investigated samples.
The line is the low-temperature fit to the experimental data with the
function 〈ρ(T )〉1.6. Inset: ρA/Ms versus ρ in the double-logarithm
scale with the line as a linear fit.

(T ) only below ∼50–77 K (see the inset to the top panel of
figure 4, where the data of ρ are taken from [7]), i.e., on the
interval where the temperature dependence of the resistivity is
determined presumably by the concentration of the itinerant
holes, and deviates at higher T where ρ(T ) is governed by
the temperature dependence of the hole mobility. On the
other hand, this suggests that ρA(T ) in our material is mainly
determined by the concentration of the charge carriers and is
less sensitive to the scattering mechanisms. Anytime, below
∼50–77 K all the three parameters ρA(T ), R0(T ) and ρ(T )

behave in a similar way, exhibiting a strong upturn with
lowering T, therefore we plotted ρA/Ms versus ρ at T �
77 K, where ρ(T ) for each sample is taken from the inset
to the upper panel of figure 4 in a double-logarithm scale to
test the possibility of the power-law scaling above. The linear
approximation of the data in figure 6 yields n = 1.6 ± 0.1
within four decades of ρA/Ms and more than two decades of
ρ. Also from the main part of figure 6, it follows that ρA/Ms

decays between ∼1.5 and 77 K according to the power law
〈ρ(T )〉1.6, where 〈ρ(T )〉 is the mean resistivity obtained by
averaging the plots in the inset to the upper panel of figure 4.

For FM materials the values of n = 1 and 2 have been
predicted by the microscopic models taking into account two
different mechanisms of AHE, namely the skew scattering
[20] and the side jump [21], respectively, both induced by the
spin–orbit coupling. In a theory of multiband FM metals with
dilute impurities [22], the power-law dependence σ A ∼ σ n

of the anomalous Hall conductivity, σ A, on the conductivity
σ is shown to have an extrinsic-to-intrinsic crossover with n
depending on the value of σ . Namely, the extrinsic skew
scattering mechanism prevails in a clean limit with high
conductivity yielding n = 1, whereas the intrinsic contribution
becomes dominant in a dirty limit with low σ leading to n =
1.6. On the other hand, for diluted magnetic semiconductors
with intrinsic FM behavior the intrinsic Berry phase theory of
the AHE predicts the relation of ρA ∼ ρn with n = 2, too [23].

Experimentally, in FM metals the values of n = 1 and 2 in
the law ρA ∼ ρn were already observed for a long time [14, 15].
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Among the more recent results obtained in other materials, one
can mention the value of n = 1.9 between the two limits of n =
1 and 2 in the models above, found for heterostructures (In,
Mn) As/(Ga, Al) Sb [10], and n ≈ 0.6 outside these limits,
as determined in granulated films of Fe/SiO2 [24]. On the
other hand, neither the laws Rs ∼ ρn with n = 1 or 2, nor
their combination Rs = (aρ + bρ2) were found to interpret the
AHE in the colossal magnetoresistive oxides La1−xCaxCoO3

[18] and La2−2xSr1+2xMn2O7 [19].
The experimental data above demonstrate non-

universality of n in the power-law scaling ρA ∼ ρn, which
is in line with the absence of a universal mechanism of AHE
in various FM systems. However, the analysis of the literature
data of AHE in 28 different compounds, belonging to five
different types of FM materials, suggests a broad universality
class of the value of n ≈ 1.6 in another law, σ A ∼σ n, being valid
within over than five decades of σ irrespective of metallic or
activated (and even hopping) conduction [17]. This value of n
coincides with one of the predictions of the model [22], which,
however, assumes only the metallic conductivity. Therefore,
the universality of n ≈ 1.6 in the law σ A ∼ σ n seems to have
more general meaning.

Hence, the same value of n = 1.6 ± 0.1 obtained by
the analysis of our resistivity data (figure 6) may reflect the
general universality established in [17]. On the other hand,
as can be seen from figure 4, the values of ρ, ρA and ρN

are comparable below ∼77 K, where the power-law scaling
is observed (the inset to figure 6). This hinders obtaining
σ A from our data unambiguously, which suggests a strong
domination of the anomalous contribution to the Hall effect,
and obtaining the exponent in the law σ A ∼ σ n, being a subject
of analysis in [17]. In addition, as has been mentioned above,
our material is not ferromagnetic. The point is that the array of
Ni1−xSbx nanoclusters possesses features of an FM system only
partially because, due to large-size distribution (see section
1), the unblocked clusters exist even below the blocking
temperature Tb [2]. At this point, the large scattering of the
data of ρA (figures 4 and 6) may reflect the existence of such
unblocked clusters. Another feature of AHE in our material
is also attributable to its poor similarity to FM systems,
namely a linear dependence of ρH(B) occurs above ∼10 T
(figures 1–3), whereas the magnetization has already saturated
above ∼2 T [2], which implies that ρA(B) does not match
the behavior of M(B) in detail. Therefore, strictly speaking,
neither of the models developed for FM systems above can be
applied to our case directly, which does not permit us to make
a final inference on the mechanism of AHE in our material.

3. Conclusions

We have investigated the Hall effect in single crystals of
p-CdSb:Ni between 1.5 and 300 K in pulsed-magnetic fields
up to 25 T. The dependence of the Hall resistivity ρH(B)
exhibits both the normal, ρN(B) = R0B, and the anomalous,
ρA, contributions, which follows from the nonlinearity of
ρH(T ) being strongest at low temperatures but still existing

even at 300 K. The temperature dependence of the normal
Hall coefficient R0 is determined by activation of holes from
acceptors into the valence band with a small contribution of
the itinerant holes from the acceptor band at lowest T. The
dependence of ρA on T is weak at high temperatures and is
very strong below ∼50 K, the latter resembling that of the
resistivity, ρ. Below ∼77 K the power-law scaling ρA ∼
ρn with n = 1.6 ± 0.1 is observed within four decades of
ρA and more than two decades of ρ. The anomalous Hall
effect is attributable to magnetic Ni1−xSbx nanoclusters, whose
presence in p-CdSb:Ni has been established in investigations
of the magnetic properties [2].
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a b s t r a c t

Magnetoresistance (MR) of oriented single crystals of the anisotropic semiconductor p-CdSb doped with

2 at% of Ni is investigated between T ¼ 1.5 and 300 K in transversal pulsed magnetic fields up to

B ¼ 30 T. In fields B�4–15 T at T below 4.2 K, the resistivity obeys the law lnr�Z[Bj(B)]1/2 with

j(B) ¼ a(0)/a(B), where a is the carrier localization radius and parameter Z depends on a(0), on the

acceptor concentration NA and on the direction of the magnetic field with respect to the crystallographic

axes, but does not depend on T. Such behavior gives evidence for MR realized by hopping charge transfer

over the nearest-neighbor sites in strong magnetic field. The analysis of the experimental data yields the

values of Z, agreeing with calculated ones within an error of 10%, taking into account the effects of the

anisotropy of the acceptor states and of the explicit dependence of a(B) due to the increase in

the activation energy of shallow acceptors in magnetic field and the sensitivity of the metal–insulator

transition to B.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Interest in semiconductors doped with transition-metal ele-
ments is concerned with the spin-polarized electron transport,
making them attractive, e.g. for applications in spintronics [1].
Progress in this rapidly developing area suggests search for new
diluted magnetic semiconductor systems. Recently a family of
such materials has been enriched by cadmium antimonide doped
with Ni (p-CdSb:Ni) [2]. Special interest in this system is related to
strong anisotropic transport in the group II–V semiconductor p-
CdSb [3]. In undoped material the activated conductivity is
governed by acceptor bands with energies �3 and 6 meV. Fe and
Ni substituting for Sb in the lattice act as acceptors, whereas
doping with Ag induces the metal–insulator transition (MIT) [3].
The anisotropic quantum transport revealed by Shubnikov–de
Haas effect [4] and negative magnetoresistance (MR) [5] are
observed on the metallic side of the MIT, whereas anisotropic
hopping conductivity is realized on the insulating side of the
MIT [6].

A new important feature of CdSb doped with Ni is the
formation of nanosize Ni-rich Ni1�xSbx clusters with ferromag-
netic (FM) ordering of internal Ni spins [2]. The clusters have a
broad size distribution, large non-sphericity and orientations

distributed along a preferred direction. The presence of these
clusters leads to considerably anisotropic magnetic properties of
p-CdSb:Ni, as well as to frustrated ground state and spin-freezing
starting at the room temperature [2], making p-CdSb:Ni a
perspective spintronics material.

Investigations of hopping transport in p-CdSb:Ni in zero and
weak magnetic fields (Bo6 T) reveal interesting behavior, un-
common of conventional (non-magnetic) semiconductors. Namely
the variable-range hopping (VRH) conductivity at B ¼ 0 trans-
forms into the nearest-neighbor hopping (NNH) conductivity in
nonzero field. This transition is accompanied with the expansion
of the temperature interval of the hopping conductivity already
in weak magnetic fields, in line with presence of magnetic dis-
order or strongly inhomogeneous magnetization due to Ni-rich
nanoclusters [7], which is damped when B is increased.

In this work detailed investigation of the hopping conductivity
in p-CdSb:Ni in strong magnetic field is reported to complete the
picture of hopping charge transfer in this material.

2. Experimental results

Single crystals of CdSb doped with 2 at % of Ni were pre-
pared by the modified Bridgman method [2,3]. As observed by
X-ray diffraction, the ingots of volume �1 cm3 were of single-
phase material with orthorhombic structure (space group D15

2 h)
and had the same lattice parameters as undoped CdSb [3].
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For investigations rectangular prisms with the longest edge along
the [10 0] (# 1), [0 10] (# 2) and [0 0 1] (# 3) axes, respectively,
were cut from the ingots. The measurements of r(T) were made
by recording the signal from two different pairs of potential
contacts on the samples placed in a He exchange gas dewar, where
their temperature could be varied between 1.5 and 300 K to an
accuracy of 0.5%. MR measurements were made in transversal
field configurations with j J[10 0] and B J[0 0 1] (# 1), j J[0 10] and
B J[10 0] (# 2), j J[0 0 1] and B J[0 10] (# 3) at temperatures
between T ¼ 1.5 and 300 K in pulsed magnetic fields up to
B ¼ 30 T. The magnetic pulse length was 8 ms, the error in the
strength of the field was not larger than 5% and its inhomogeneity
did not exceed 0.3%.

As can be seen from Fig. 1 the values of r(T) at B ¼ 0 decrease
smoothly below 300 K until a minimum is attained at �30 K
followed by a strong increase of r with further decrease of T [7].
As shown in Fig. 2 the data of r(B) exhibit large positive MR,
increasing with B and decreasing with increasing T at liquid He
temperatures [approximately above the break in the r(B) axis],
whereas at higher T (below this break) the dependence of r on B is
weakened. In addition, MR decreases with increasing T up to
�30 K and then starts to increase, in agreement with the behavior
of r(T) at B ¼ 0 in Fig. 1 [7].

3. Analysis of the results and discussion

The plots of lnr vs. T�1 in the inset to Fig. 1 exhibit two
intervals of activated behavior characterized by different slopes
between �5 and 20 K and below �5 K, corresponding to the
conductivity determined mainly by the activation of holes from
shallow acceptor states to the valence band (VB) and to the
hopping conductivity over the states of the impurity band [7]. In
semiconductors transversal MR, connected to non-generate
carriers in conduction or valence band, depends on B as follows:
r(B) ¼ r0[1+C(mB)2] for mB51 and r(B) ¼ r0[1+D] for mBb1,
where r0 and m are zero-field resistivity and carrier mobility,
respectively, C and D are constants depending on a scattering
mechanism [8].

Generally, the dependence of MR on B in the region of
conductivity over the VB states, given by these equations, is
always much weaker than the exponential magnetic-field depen-
dence of MR in the region of hopping conductivity (see below),

which takes place in p-CdSb:Ni below T�4.2 K [7]. This explains
the difference in the behavior of MR in Fig. 2 in the two
temperature regions, including a strong increase with B at
Tp4.2 K followed by a weaker one above T�10 K. On the other
hand, the equations above mean that temperature dependence
of MR in the interval of the conductivity over the VB states is
determined presumably by r0 and m, both parameters being
functions of T. In more detail this interval is presented for # 3
(the bottom panel of Fig. 2). Namely, one can see two main
features of the MR curves at T44.2 K: (i) rapid decrease of MR
with decreasing T between 4.2 and 30 K and slow increase in the
interval of 30–300 K; (ii) the weakening of the dependence of MR
on B with increasing T. Both these features agree with the
behavior predicted by the equations above, the feature (i) being
connected to the factor r(0) in both equations [cf. the behavior of
r(T) at B ¼ 0 in Fig. 1] and the feature (ii) due to decreasing m(T)
with increasing T, which takes place in undoped or weakly doped
p-CdSb in the corresponding temperature interval [3,9].

Below we investigate MR in the low-temperature interval of
hopping conductivity in more detail.

ARTICLE IN PRESS

Fig. 1. Temperature dependence of the resistivity of p-CdSb:Ni at B ¼ 0. Inset:

plots of lnr vs. T�1 at B ¼ 0. For convenience the data for # 2 and # 3 are shifted by

+ 0.5 and + 2.5 units along the vertical axis. The straight lines are linear fits.

Fig. 2. The dependence of the resistivity of p-CdSb:Ni on magnetic field.
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As mentioned in the Introduction, hopping conductivity of
p-CdSb:Ni in zero and weak (Bo6 T) magnetic fields has been
already investigated, yielding the data of microscopic parameters
such as the mean localization radius, a�a (0), the acceptor
concentration, NA and the anisotropy coefficients pj ¼ [mj

2/
(mkml)]

1/6, where mj, mk and ml are the components of the hole
effective mass. The subscripts j, k, l ¼ 1, 2, 3 (j ak al) and j ¼ 3, 1,
2 for # 1, # 2 and # 3, respectively, correspond to the direction of
the magnetic field along the [0 0 1], [10 0] and [0 10] axes,
respectively (see Table 1) [7]. As follows from Table 1, the relation
a 4 a0 corresponds to the proximity to MIT of the acceptor system
in all investigated samples (where a0 ¼ 83.5 Å is the value of a far
from the MIT) and the values of NA are relatively close to the
critical MIT acceptor concentration NC ¼ 6.28�1016 cm�3. Table 1
displays the values of the activation energy of the shallow
acceptors, EA, obtained from the linear fit of the plots of lnr vs.
T�1 at B ¼ 0 in the inset to Fig. 1 [7]. In all the samples the weak-
field limit corresponds to the condition of lba0, where l is the
magnetic length. Under this condition the quadratic dependence
of MR, lnr�B2, has been observed in p-CdSb:Ni [7], whereas its
violation (for lpa0) is related to the onset of the strong-field
limit of MR [10], which will be analyzed below.

As follows from the percolation model of the hopping charge
transfer over the nearest sites (or NNH conductivity) [10], the
positive MR is connected to shrinkage of the impurity wave
functions in the direction perpendicular to B and is given in strong
magnetic field by the expression [6,10]

ln½rðBÞ=r��j ¼ Zj½BjðBÞ�
1=2, (1)

where r* is a constant,

Zj ¼ qp
1=2
j ½e=ðNAa_Þ�1=2, (2)

q ¼ 0.92 and

jðBÞ ¼ a=aðBÞ. (3)

Presence of the factors pj in Eq. (2) reflects the anisotropy of the
acceptor states in p-CdSb and the different sensitivity of the
anisotropic acceptor wave functions to magnetic shrinkage at
different directions of B in p-CdSb [6,10], which makes MR to be
anisotropic and sensitive to the direction of the magnetic field via
the coefficient Zj in Eq. (1). On the other hand, it should be
underlined that Zj does not depend on T.

Another important point of the analysis of the MR data in
strong fields with Eqs. (1)–(3) deals with origin and consecutive
account of the magnetic-field dependence of the localization
radius, which sets in already far from the MIT, when l becomes
comparable with a0(0)�a0, and is connected to the dependence of
EA on B [10]. Introducing the field B0�_/(ea0

2) with the condition of
l(B0) ¼ a0, this dependence can be written as EA(B) ¼ EA(0)�EA for
B5B0 and EA(B) ¼ EA ln2(B/B0) for BbB0 [10]. In our case of
B0 ¼ 9.5 T the interval of high fields (see below) corresponds to
B�B0 or l�a0, where EA(B) cannot be obtained analytically [10].
On the other hand, this function can be approximated well with
the relation EA(B) ¼ bB1/3, where b is independent of B [10].
Although an analytical expression for b cannot be found, it is

reasonable to suppose that b is anisotropic in p-CdSb. The
dependence EA(B) can be found approximately from the plots of
lnr (B, T) vs. T�1 in the temperature interval of the acceptor
freeze-out (examples are shown for # 1 in Fig. 3). Then b is
obtained from the plots of EA vs. B1/3, which are close to linear
between B ¼ 10 and 15 T (see the inset in Fig. 3), yielding the
values collected in Table 1 and supporting the expected anisotropy
of b. Taking into account the magnetic-field dependence of EA(B)
above and using the relation a0�EA

�1/2 [10] one can find
j(B) ¼ j0(B), where j0(B)� a0/a0(B) is given by the expression

j0ðBÞ ¼ ðbB
1=3=EAÞ

1=2. (4)

On the other hand, as has been mentioned above, the acceptor
system in all our samples is close to the MIT. The sensitivity of MIT
to B brings an additional dependence of a on B, because shrinking
of the impurity wave functions by magnetic field diminishes their
overlap, taking the system away from the MIT at B ¼ 0. This
process decreases a when B is increased.

To take into account the dependence of MIT on B we treat the
acceptor band in p-CdSb:Ni as the Anderson band characterized
by two mobility edges, Ec and Ec

0, separating the energy interval of
the delocalized states (Ec,Ec

0) and the intervals of the localized
states outside it (i.e. close to the DOS tails) [11]. If Ea and Ea

0 are
the bottom and the top of this band, respectively, and the energy
is measured from Ea towards the valence band, then Ec

04Ec,
Ea
04Ea and Ec

0omoEa
0, where m is the Fermi energy. Such position

of m corresponds to the insulating side of MIT and to the small
degree of compensation, K ¼ ND/NA (where ND is the concentra-
tion of compensating donors) in our samples [7]. In such case the
relation Ea

0–Ec
0EV0

2/(4PI) is fulfilled, where V0 and P are constants
describing the degree of disorder (the width of distribution of the
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Table 1

The values of the parameters NA, a, pj and EA determined from the analysis of the resistivity in zero and weak field [7], constant (b) of the high-field dependence of EA on B,

the experimental (ZðexÞjj¼1, ZðexÞjj¼j0
and Z(ex)) and calculated (Zj

(cal)) coefficients of the high-field dependence of MR at different orientations of the magnetic field (j).

Sample no. NA (1016 cm�3) a (Å) pj EA (meV) b (meV T�1/3) ZðexÞjj¼1 (T�1/2) ZðexÞjj¼j0
(T�1/2) Z(ex) (T�1/2) Zj

(cal) (T�1/2) j

1 3.61 196 0.839 2.45 1.64 2.11 1.65 1.36 1.23 3

2 3.37 180 1.008 2.50 1.53 2.09 1.69 1.50 1.46 1

3 2.51 139 1.182 2.85 1.19 2.20 1.96 2.00 2.09 2

Fig. 3. The dependence of lnr on T�1 for # 1 at B ¼ 11, 13 and 15 T (from down to

up). Inset: Plots of EA vs. B1/3. The dotted lines are guides for the eye and the solid

lines are linear fits.
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hole potential energy) and the number of the nearest neighbors
in the acceptor system, respectively, and I ¼ I (a0,g0) ¼ I0(a0,g0)
exp(g0) is the overlap integral [11]. Here g0�RA/a0, RA ¼ (4pNA/3)�1/3

is half of the mean distance between the acceptors and I0(g0,a0) ¼
(e/a0)[(3/2)(1+g0)+(1/6)g0

2] is the prefactor for hydrogenic impur-
ity wave functions [11]. Near MIT the localization radius can be
written as a ¼ a0(1–E0c/m)�n, where n is the critical exponent [11].
Taking into account that n ¼ 1 and the degree of compensation, K,
is small (m lies close to E0a) [7] in the last equation we can put
mEEa and obtain aEa0m(4PI/V0

2), which gives a/a(B)Ea0(B)I(B)/
[a0I(0)], where I(B)� I[a0(B), g0(B)] and g0(B)�RA/a0(B). Finally
we get

jðBÞ �
ð3=2Þð1þ g0Þ þ ð1=6Þg2

0

ð3=2Þ½1þ g0ðBÞ� þ ð1=6Þ½g0ðBÞ�
2

expf�g0½1�j0ðBÞ�g. (5)

As can be seen from Fig. 4 the plots of lnr vs. [Bj(B)]1/2 exhibit
linear behavior in the interval of B between �4 and 15 T, and their
slopes do not depend on temperature at Tp4.2 K in # 1 and # 2
and between 3 and 4.2 K in # 3. The values of the slopes Z(ex)

obtained from the plots in Fig. 4 are collected in Table 1. They are
compared with Zj

(cal), calculated with Eq. (2) using the data of NA,
a and pj in Table 1, exhibiting deviations from them of �10%, 3%

and 5%, respectively. Hence, the behavior of MR in p-CdSb:Ni in
the interval of B between �4 and 15 T is governed by the NNH
conductivity in the limit of strong fields, yielding a complete
numerical agreement with predictions of the percolation theory of
NNH [10], if the anisotropy of the acceptor states and explicit
dependence of a on B are taken into account. It is worth
mentioning that the good agreement between Z(ex) and Zj

(cal)

above supports the values of the parameters NA, a and pj obtained
from investigations of the resistivity in zero and weak magnetic
fields [7].

At this point, the deviations of the plots in Fig. 4 from linearity
with increasing of B are attributable to deviation of the function
EA(B) from the B1/3 dependence expected for B�B0, towards ln2 B,
which sets in for BbB0�10 T [see text between Eqs. (3) and (4)],
yielding weaker dependence of a(B). On the other hand, the onset
of the temperature dependence of Zj in # 3 observed below 3 K
(Fig. 4) cannot be attributed to transition to the VRH conductivity
(as, e.g. in undoped p-CdSb [6]), because for any VRH mechanism
positive MR is predicted to strengthen when T is decreased [10,12],
that is the slopes in the bottom part of Fig. 4 are expected to
increase with T, but not vise versa. Such behavior cannot be
attributed to contribution of the negative MR, connected to
damping of the interference of the direct paths in conventional
non-magnetic semiconductors in the regime of the VRH con-
ductivity [13,14]. Indeed, the negative MR of such nature
dominates in weak fields but saturates when B is increased
[13,14], whereas no signs of the negative contribution to MR in the
weak-field limit have been observed [7]. Although one cannot
exclude the appearance of a contribution of the negative MR in
strong fields due to the presence of the magnetic Ni-rich
nanoclusters in p-CdSb:Ni [2]. A final conclusion at this point
requires further investigations. Hence, only the NNH conductivity
can be identified unambiguously in p-CdSb:Ni in strong magnetic
fields.

Finally, it is instructive to compare the analysis above with its
simplified variants to discuss their applicability. The first of them
is the case, sometimes met in the literature, when the magnetic-
field dependence of a is neglected, giving j(B) ¼ 1 and the law ln
[r(B)/r*]j ¼ ZjB

1/2 instead of Eq. (1). It can be shown that the plots
of lnr vs. B1/2 also contain linear parts approximately in the same
field interval of �4–15 T with the slopes ZðexÞjj¼1 independent of T

within some temperature intervals, which are collected in Table 1,
demonstrating a reasonable agreement with Zj

(cal) only for # 3.
The second variant of simplification is to put j(B) ¼ j0(B) given
by Eq. (4), when the sensitivity of the MIT to B is neglected. It
gives in the same way values of the slopes ZðexÞjj¼j0

displayed in
Table 1, which are closer to Zj

(cal) for # 1 and # 2 than in the
previous case, but again an agreement is observed only for # 3.
Hence, for two out of the three investigated samples it is
important to take into account both effects leading to the
dependence of a(B). On the other hand, in # 3 such dependence
is weakest due to the smallest value of b (i.e. the weakest
dependence of EA on B—see Table 1) and the largest difference of
NC–NA (the smallest proximity to the MIT—see Table 1), where
NC ¼ 6.28�1016 cm�3 [7], which makes inclusion of a(B) into the
analysis unimportant.

4. Conclusions

We have investigated the resistivity and magnetoresistance of
p-CdSb with 2 at% of Ni between T ¼ 1.5 and 300 K in pulsed
magnetic fields up to B ¼ 30 T. It is shown that below 4.2 K in the
fields between �4 and 15 T the resistivity is governed by the
hopping charge transfer over the nearest acceptor sites in
conditions of strong magnetic field. A detailed analysis of the
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Fig. 4. Plots of lnr vs. (Bj)1/2. The lines are linear fits.
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magnetoresistance using the microscopic data obtained from
investigations of the resistivity of p-CdSb:Ni in zero and weak
fields [7] demonstrates numerical agreement of the results with
predictions of the percolation theory of the nearest-neighbor
hopping conductivity in strong magnetic field [10], if the
anisotropy of the acceptor states, as well as the explicit
dependence of the localization radius on the magnetic field, are
taken into account.
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