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In this work magnetic properties of ZnGad®n were investigated in DC
magnetic field with SQUID magnetometer in the terapgre range from 3 K
up to 400 K and in AC magnetic field with AC magmeeter in the
temperature range from 77 K up to 350 K in freqyerange from 500 Hz up
to 18 KHz. Three ZnGefMn samples were studied with Mn concentration
1.5 % mass, 3 % mass and 3.5 % mass.
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1. Introduction

The basis of modern information technology is ckaand spin of the
electrons, however, charge properties of electamesused in semiconductor
materials (Si, GaAs), and spin properties are uséefromagnetic materials. It
is most prospective to use these properties in roagerial; in this case,
magnetic properties can be changed by doping wagnatic impurities. All
this is realized in a new class of materials — neignsemiconductors. The
most suitable are compounds like II-VI, 1lI-V, NAV,. Use of ternary
compounds instead of the binary ones allows toesal\problem of creation

lasers, high LEDs, etc. by doping matrix crystaithware-earth elements.

ZnGeR:Mn is one of the materials in which the room-tenapgre

ferromagnetism is observed. The Curie temperatar@about 310 K. The
correlation of the transition temperature with thaterial composition can be
obtained from temperature dependencies of magtietizan this work such
dependencies for ZnGgRIn with Mn concentratiorc = 1.5 % mass, 3 %

mass and 3.5 % mass were investigated in AC anchBghetic fields.



2. Magnetic properties of matter

All substances in nature when placed in a magriigtid change this field to
some extent, and therefore they are called magmeaterials. In some
materials (platinum, aluminum), which are calledgoaagnetics, the field
slightly increases. In others, called diamagnefoogpper, bismuth) it slightly
decreases; and in ferromagnetic materials (irockehi cobalt) the field

experiences a hundred, and sometimes even a tlhusaas increase.

The physics quantity, which is equal to the ratiate induction modulé3
inside a homogeneous magnetic material to the ntiagimeduction vector
module in vacuumBy, created by the same source, is called the magneti
permeability of substange

-B

"B, D

It is important to mention that Eq. (1) is strictiyalid only for the
homogeneous matters filling all space. In case afmetic materials with finite
sizes this ratio is applicable only when such méigmeaterial does not change
the field structure (as in the example of a homeges core inside of a
solenoid) [1, 2].

For the first time the idea that the magnetic pinesma in the long run are
reduced to electric, was presented by Amper in 182&n he stated the idea of
the closed internal microcurrents circulating inckeaatom of a magnet.
However, without any experimental confirmation oégence of such currents
in a substance this theory “faded”. The electras wiscovered by J. Thomson
only in 1897 and the description of the atom’s cuite was given by E.

Rutherford and N. Bohr in 1913. In 1852 W. Webemeaout with the

assumption that each atom of a magnetic substapcesents a tiny magnet, or
a magnetic dipole, so full magnetization of a sabsg¢ is reached when all

separate nuclear magnets appear in a certainpéeier. 1) [3].
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Figure 1. The early theory of magnetism: It was supposed @hsubstance is
magnetized, when its separate atoms (each oneiohwha small magnet), in
the absence of field, are located chaotically lga}, under the influence of an
external field they settle in a certain pattern (b)

The approach to the problem proposed once by Amiparcarnated in 1905
when P. Langevin explained the behavior of param@gmaterials, having
attributed an internal non-compensated electroniceat to each atom.
According to Langevin, these currents form tiny metg that are chaotically
oriented, when the external field is absent, butageordered orientation after
its application. In this case the approach towdmtisorder corresponds to the
magnetization saturation. Additionally, Langevitraduced a concept that the
magnetic moment for a separate magnet equals thdugqlr of "a magnetic

charge" poles by the distance between those polass, weak magnetism of



paramagnetic materials is caused by the total nimgme@ment created by non-

compensated electronic currents.

In 1907 P. Weiss introduced the concept of "domanwtiich became a very
important contribution to the modern theory of metigm. Weiss represented
domains in the form of small "colonies” of atomsside which the magnetic
moments of all atoms, for some reason, are foreeketep an identical
orientation, so that each domain is magnetizechéolével of saturation. A
separate domain might have a linear size of apprataly 0.01 mm, and
accordingly the volume of 1omn? [3, 4].

Magnetic properties of materials are defined by meéig properties of atoms
or elementary particles (electrons, protons andraes), that form an atom. It
Is now established that magnetic properties ofgm®tand neutrons are almost
1000 times weaker than magnetic properties of mlest Therefore, magnetic
properties of a substance are generally definethéyelectrons that form the

atom.

One of the major properties of the electron ispssession of not only an
electric, but also of its own magnetic field. Thagnetic field that the electron
possesses is callepin. The electron creates a magnetic field also udieg

orbital movement around the nucleus, which candmected with a circular
microcurrent. Spin fields of electrons and the nedignfields caused by their
orbital movements define wide spectrum of magnatperties of materials.

2.1. Diamagnetism and paramagnetism

Substances vary by their magnetic properties. ljomty of substances these
properties are expressed poorly. Weak-magneticdanibss are divided in two

big groups — paramagnetics and diamagnetics.

Diamagnetism persists only while an external field is appliedamagnetic
materials get magnetized in direction opposite rioapplied magnetic field.
When the external field is absent, the atoms ahdgnetic materials have their

own magnetic fields defined by electrons and algahieir orbital movement.
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These fields are completely compensated. The velatermeabilityy, is less

than unity, and the magnetic susceptibifityis negative.
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Figure 2. (a) The atomic dipole configuration for a diamagnetiaterial with
and without magnetic field. In the absence of aermeal field, no dipoles exist;
in the presence of a field, dipoles are inducedthed are aligned opposite to
the field direction. i§) Atomic dipole configuration with and without an

external magnetic field for a paramagnetic matg&hl

Table 1 presents the susceptibilities of sevemhdignetic materials. Note that
atoms of any substances have diamagnetic propetmgever, in many cases
diamagnetism of atoms is masked by stronger panaetiegeffect. The

diamagnetism phenomenon has been opened by M.d5afB845).
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Paramagnetic materials are magnetized in an extenagnetic field in a
direction of the field. This property of materiaéscalled paramagnetism (Fig.
2 b). In a non-homogeneous magnetic field parantagnare drawn into the
area of a strong magnetic field. Their magneticcepsbility is always
positive. Paramagnetism is characteristic for nmgterwhich atoms, ions or
molecules have their own magnetic moments, butenabsence of an external
field these moments are oriented chaotically andk buagnetization of
substance is absent. The magnetic moments canuseccaue to the orbital
movement of the electrons in the clusters of atmnsamolecules (orbital
paramagnetism), or the spin moments of the elest(epin paramagnetism),

the magnetic moments of an atom nucleus (nucleangsgnetism) [6, 7].

Susceptibilities for paramagnetic materials areaimge 10 - 102 (Table 1). A
schematid(H) curve for a paramagnetic material is also showfign 3.

Both diamagnetic and paramagnetic materials aresidered to be
nonmagnetic because they exhibit magnetization onlghe presence of an
external field. Also, for both, the flux densBywithin them is almost the same

as it would be in a vacuum.

Table 1. Room-temperature magnetic susceptibilities formdignetic and

paramagnetic materials [5].

Diamagnetic materials Paramagnetic materials

Material Susceptibility | Material Susceptibility
xm(volume) xm(volume)
(SI units) (S units)

Aluminum -1.81:10° Aluminum 2.0710°

oxide

Copper -0.96.0° Chromium 3.130°

12




Gold -3.4410° Chromium chloride | 1.510°
Mercury -2.8510° Manganese sulfate 3.10°
Silicon -0.4110° Molybdenum 1.190°
Silver -2.3810° Sodium 8.4810°
Sodium -1.4110° Titanium 1.8110°
chloride

Zinc -1.5610° Zirconium 1.0910°

Paramagnetic

Flux density, B

Diamagnetic

Magnetic field strength, H

Figure 3. Schematic representation of the flux densityersus the magnetic

field strengthH for diamagnetic and paramagnetic materials [5].
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2.2. Ferromagnetism

Ferromagnetism is a magnetically ordered state afernals, in which the
majority of the magnetic moments of atoms are peréd each other, so the

material possesses spontaneous magnetization.

Materials, in which occurs a ferromagnetic orderfighe magnetic moments,
are called ferromagnetics (Fig. 4). Crystals ohsraon metals (iron, cobalt,
nickel), of some rare-earth elements and of somogslferrites, and also some

metal glasses are examples of the ferromagnetierralst

The main property of ferromagnetic is the abililyremain magnetized after
the external magnetic field is removed. At high pematures ferromagnetics
get demagnetized and turn into paramagnetics. €hgpdrature at which
ferromagnetic behavior disappears is called thaeQuoint, T, (for iron this

temperature is equal to 770,%or cobalt 1130C). In spite of the fact that not
many ferromagnetics exist in nature, they havegh practical value, and not
only because of a considerable magnetic field dmation (up to ten thousand
times), but also because of their specific properggidual magnetization,
thanks to which all constant magnets exist and nssyems of record and

storing of information have been created [7, 8].

©@e6ee
CRONORC)
CORONCORC)
09000

Figure 4. Schematic illustration of the mutual alignment tdraic dipoles for
a ferromagnetic material, which will exist eventire absence of an external

magnetic field [5].
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2.3. Antiferromagnetism and ferrimagnetism
2.3.1. Antiferromagnetism

Antiferromagnetism is a magnetically ordered staftecrystal substance, in
which the magnetic moments of atoms (ions) in teghboring lattice points
are focused so (as a rule, antiparallel) that Ipudignetization of substance is
equal to zero. Under the influence of an externahgmetic field
antiferromagnetics get weak magnetization. In Neghperature, Ty, the

magnetization is lost and transition to a paramagendition takes place.

Figure 5. Schematic representation of antiparallel alignnargpin magnetic

moments for antiferromagnetic manganese oxide [5].

2.3.2. Ferrimagnetism

A material is said to exhibit ferrimagnetic ordehem, first, all moments on a
given sublattice are pointed in a single directeord, second, the resulting
moments of the sublattices lie parallel or antipp@rao one another [5].

Ferrimagnetism disappears above the Curie tempergiy).
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2.4. Spin glasses

Among many types of the magnetic-ordered mater@]sa special place
belongs to so-called spin glasses. Orientationhef ¢lementary magnetic
moments of spin glass atoms or clusters in tempestbelow some valug
has no spatial periodicity. It randomly varies pase, just like in the case of
atoms that are casually located in usual glassik&rdaramagnetics, where
elementary magnetic moments fluctuate in time, gisses are characterized
below certain temperature by the presence of "fromeagnetic moments. That
is, the atom magnetic moments have nonzero averger values in terms of
time [10, 11]. The latter is confirmed by Méssbaweeasurements, which
demonstrate the presence of effective magnetidsithat influence magnetic
atoms. As investigations show, the universal reagooccurrence of the spin
glass condition is a combination of nuclear disorded a competition of
exchange interactions. Hence, study of a spin gtasslition is part of the
general problem of studying of atomic-disorder n&tgs, that is, substances,
in which the nuclear disorder is a consequencadaom atomic distribution
of various types (the chemical disorder) or a disced distribution in atomic

space of one type (vitreous or an amorphous camjiti

An ideal spatial order is observed in a perfecstaly It represents a set of a big
number of identical atoms or molecules, packednegalar way in the volume

of a crystal.

The elementary type of the disorder is realizedairsubstitutional solid
solution. In an ideal crystal it is possible tolemg an atom of an elemeAt
with an atom of other elemeBt without essential lattice distortion. If in this
case, lattice points, where the replacement of sdmuith atomsB occurs, do
not form a regular lattice, we have an example disarder of replacement.

Otherwise, a so-called superlattice is created.

Another type of a disordered system is materiats,which the atoms
distribution does not correspond with the lattiéenorphous materials and

liquids are examples of this type.

16



Frustrated are called couplings, those connecinignetic moments, in which
mutual orientation does not correspond with a sa@n their exchange

couplings.

The presence of frustrated couplings is the maaradieristic of disordered
magnetic system. It leads to splitting the basiadton into a very big,
exponentially growing with an increase in the numdfemagnetic atoms in the

system number of underlying (in terms of energyjditions.

hN
|

Figure 6. Frustrated square. By signs + and are shown nfexgoetic and
antiferromagnetic exchange coupling, correspongifid]. Magnetic moment

in corner 2 can not fulfill all interactions.

2.4.1. Properties of spin glasses
Magnetic susceptibility

Distinctive feature of spin glass behavior is tlesence of a sharp hump on
the temperature dependence of a magnetic susdiyptiiT), measured in
small magnetic fields and low frequencies (appratety hundred hertz). In
Fig. 7, such dependence for an AuFe alloy is shi&h It is visible that the
temperaturd;, when this hump is observed, increases with arease of iron
concentration in the alloy. Another important featof susceptibility behavior
Is its strong dependence on magnetic field streimgivhich it is measured.

17
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Figure 7. Lowfield magnetic susceptibility(7) of AuFe alloys with the iron

concentration 1, 2, 5 and 8 at. % [12].

Magnetization:

It is characteristic for spin glasses that magnetamnment, induced in the spin
glass by external magnetic field, depends not onlyhe field value, but also

on the history of the sample.

Let's consider the elementary model of spin glassgalled Ising model of
Sherrington-Kirkpatrick [13, 14]. Energy of magmesiystem of spin glass in

this model follows Eq. 2:

18



H :_ZJiJUiaj’ )

wherei, | are numbers of the magnetic moments of the atems, = 1,
parameters of exchange interaction are assumegendent from the distance
between interacting atoms, and their values atelaised with Gaussian law,
J. -J3,)°
pQ;) = (29) 7% ex _M : )
2J
Distribution parameters, dispersiondoénd its average valug, depend on the
number of magnetic atoms in systén

K K

Jo=—2, J=—0.

° N N2 (4)
T.K

|

1

i
0 1.25 Ko/J

Figure 8. Magnetic phase diagram of spin glass in Shewmdgirkpatrick
model: | is paramagnetic phase, I, IV are ferroneg phases, Il is spin
glass phase [13].
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Based on the analysis of this model, D. Sherringtma S. Kirkpatrick
obtained magnetic phase diagram (Fig. 8) on a pleemeperature-parameter
Ko). In area number Il is the spin glass phase, vitnich the Edwards-
Anderson's parameter is not zero. The total magmediment of the system in
this phase is equal to zero. Susceptibility andntla¢ capacity have a hump on
a straight line dividing a paramagnetic phase |Irehibe Edwards-Anderson'’s

parameter is equal to zero, and a phase of spis gla

20



3. Spintronics

Spintronics or electronics, that uses spin-relgieenomena, attracted a lot of
attention because of its potential applicability feew functional devices,

which combine charge and magnetic properties oélkbetron [15].

Spintronics is a field of science that studies raxtdon of the magnetic
moments of electrons (spins) with electromagnegtd$ and develops spin-
electronic devices and equipment, based on disedygrenomena and effects.

According to the theory of magnetism, it is constde that electron has
quantum property, spin, because of which it behdiles an arrow of a

compass, rotating around the axis and connectinfhe electron’s) southern
and northern poles. Spins of the electron can eted in the directions, that
are usually called "spin-upwards" (major spin) dsgpin-downwards" (minor

spin) (Fig. 9).

Figure 9. "Spin-upwards" (major spin) and "spin-downwardsir(or spin).

If one places the electrons in a magnetic fieldjrtepins will be aligned along
the field direction. In this case they will precessund the field lines. One can
compare this phenomenon to the orbital precesdionrgplanet.

21



Figure 10. The orbital precession of our planet and electron.

If the field is switched off, spin precession isnménated and its orientation is
fixed. In other words, using precess effect, itpissible to change a spin
condition of the electrons, and by doing that, teargge the bit of the
information, transferred by electrons, from loglt to "1" and back.

Spintronics is used to manufacture devices that tis® creation of
nonequilibrium spin density in the semiconductong tdriving of spin

orientation by external fields and detecting a fednspin condition [16].
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4. Magnetic propertiesof ZnGeP,

ZnGeR is lI-1IV-V ; chalcopyrite crystal with a band gap 2.0 eV at BO@7].
It is a tetrahedrally bonded ternary compound w&itfia ratio equal 1.96, which
crystallizes in a form “genealogically” related tbe zinc-blende crystal
structure. It is gaining importance as a nonlingatical material. ZnGePhas
good transparency in the range of 0.7 -uh2 [18]. It is currently the most
promising optical material for nonlinear opticalva®s such as tunable mid-

infrared optical parametric oscillator (OPO) lasgstemg19].

Energy band structure of ZnGgP presented in Fig. 11.

Energy (eV)

Figure 11. Energy band structure of ZnGePin the local-density

approximation [20].

To prepare of single crystals and polycrystals £i; {Mn,)GeR was used
high-purity (99.999%) zinc (Zn), germanium (Ge), nganese phosphide
(Mn3P,), and phosphorus (P) powders as starting matenigiisparticle size <

200 mesh.
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To grow crystals, the Bridgman-Stolberg method waed. A method of
growing single crystal ingots or boules in the temapure gradient is the
Bridgman technique. It is popular method to produeeain semiconductor
crystals, such as II-V crystals, gallium arseni@mSe, CdS, CdTe), II-IV-Y

system. The method involves heating polycrystaliimaterial in a container
above its melting point and slowly cooling it sitagt from one end where a
seed crystal is located. Single crystal materidbisned along the container.

The process can be carried out in a horizontakadrocal geometry [21].

themmoconple

Figure 12. Bridgman-Stolberg method [21].

Chalcopyrite crystal structure is presented in Hig. It is the zinc-blende
superlattice structure with specific ordered areangnt of the Zn and Ge
cations accompanied by small structural distortidhgan be described as a
body-centered tetragonal primitive unit cell. Th#ite vectorsa; = (-a/2, a/2,
c/2),ax = (@/2, - a/2, c/2), andag = (a/2, a/2, ¢/2) are indicated in Fig. 13. The
structural parameters are th& ratio, thea lattice constant and the internal
structural parameter, which determines the position of the anion imigarest

neighbor tetrahedron. For example, the atom in Iéfie lower corner has

24



coordinatesd/4, ua, ¢/8). In the ideal structure the structural paramsedeec/a
= 2 andu = 1/4 [20].

Figure 13. Crystal structure of chalcopyrite [20].
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5. Magnetic measurements

Magnetization of material in magnetic field meatimat because of molecular
currents any physically small volume of materialnragnetic field gets the
magnetic moment. Hence, external sources, as wéfleainternal currents that
circulate within atoms and molecules, participatehe creating of magnetic

field in material [22].

Therefore, material in magnetic field, becomes a source for magnetic field

B' which is imposed on the fieIBo. Induction vector of resulting magnetic

field is

(5)

Magnetization of the magnetic material is charactel by the magnetic
moment of the unit volume. Generally, when magnetaterial is magnetized

non-uniformly, the magnetization in the given pagmequal to

. >'B,
M= (6)

where If’m is magnetic moment of the single molecule. Hévas infinite small

volume in a vicinity of the chosen point. Magnetiaa M is connected not

with a magnetic induction, but with magnetic fiskdengthH:
M = xH,
(7)

wherey is magnetic susceptibility.

Magnetic field strength is an auxiliary value, whics introduced for the
account of the magnetic field, created only by ents that flow along the

conductors.
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Objectives of magnetic measurements

With the help of methods and equipment of magnet@asurements, various

problems can be solved nowadays [23]. The basicunements are:

- measurement of the magnetic values (magneticctrmiy magnetic flux,

magnetic moment, etc.);
- studying characteristics of magnetic materials;
- investigations of electromagnetic mechanisms;

- measurement of the Earth magnetic field and tekeld of other planets;
- study of physical and chemical properties of make (the magnetic

analysis);
- investigation of magnetic properties of atom andatomic nucleus;

- definition of defects in materials and productgafnetic flaw detection, etc.)
[24].

Despite of variety of the problems, solved by magnmeasurements, some
basic magnetic values are defined: magnetic flyxmagnetic inductiorB,

magnetic field strengthl, magnetizatioM, magnetic moment, etc.

It is important to note, that in many types of metgm measurement, the value
that is actually measured is not magnetic one bwlectric one. This electric

value is transformed from the magnetic value dunmgasurement [25].

The magnetic value is defined by calculation, based the identified
dependences between magnetic and electric values.

Theoretical basis of similar methods is the sechladkwell equation, which
connects a magnetic field and an electric fieldsthfields display special kind

of matter called an electromagnetic field.

Other, not only electric, magnetic field display® also used in magnetic

measurements, the examples of such displays areamieal, optical.

During the measurements of magnetic moment or niagsesceptibility in a
constant magnetic field, the magnetic moments dartient parallel to the
applied field.

27



Magnetization is measured in various values ofapplied fieldHgc. If the
sample is placed in an alternating magnetic filld, magnetic moments of the
sample change orientation periodically in accoreanith the field. SQUID is
used for conducting the measurements in a constagnetic field.

The most sensitive device available for measurirgmetic fields is SQUID
(Superconducting Quantum Interference Device). IQUh the MPMS
(Magnetic Property Measurement System) is the goofcthe instrument’s
remarkable sensitivity. It does not directly detdet magnetic field from the
sample. The detection coil is a superconductingethooils, configured as a
second-order gradiometer. The measurement pringgplenoving a sample
through the superconducting detection coils, whach located outside the
sample chamber and in the magnet center. If theplgamoves through the
coils, the magnetic moment of the sample induceglaatric current in the
detection coils. Any change of magnetic flux in thetection coils produces a
change in the current of the detection circuit, alihis proportional to the
change in the magnetic flux. The superconductingneoting wires, the
superconducting detection coils, and the SQUID supw®lucting input coil
form one closed superconducting loop, which isstllated in Fig. 14. The
SQUID is working as a highly sensitive current-ttage convector. Because
of that, the variations in the current in the dBtec coils produce
corresponding variations in the SQUID output votaghese variations are
proportional to the magnetic moment of the samjrlea calibrated system,
variations of voltage are measured from the SQUHlector output when
sample is moving through the detection coils. Tngvides highly accurate
measurement of the sample’s magnetic moment. Uspigce of metal having
known mass and known magnetic susceptibility tretesy can be accurately
calibrated. The gradiometer configuration is usedetduce noise, caused by
fluctuations in the large magnetic field of the sigpnducting magnet, in the
detection circuit, and minimize background drifts the SQUID detection
system [26].
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Figure 14. SQUID, configuration [26].

For the measurement of magnetic susceptibilitynrakernative field (AC), a
AC-susceptometer is used. Its design is based enptimciple of co-axial
mutual inductance technique. AC susceptometer stnsi the primary coil,
which generates an AC magnetic field, and two séapnoppositely wound
coils, which form the basic measuring unit. Thetagé measured over these
two detection coils is ideally zero, when a samplabsent. If one inserts a
sample centered in one of the secondary coilsAtheoltage will be directly

proportional to the amplitude of AC susceptibility y'- ix" [27].
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Figure 15. Detecting system of AC susceptometer [27].
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6. Experimental facility

6.1. SQUID

DC magnetization of samples was measured with @mniegS600 SQUID
magnetometer shown in Figs. 16 - 17.

Figure 16. A Cryogenic S600 SQUID magnetometer.

Using a Quantum Design Superconducting Quantumrfémence Device
(SQUID) magnetometer (Fig. 17), the magnetizationZnGeR:Mn single
crystals was measured in the temperature range-ef0® K and in magnetic
fields up to 5 T. A Cryogenic system is completathwutomatized instrument
control, data acquisition and analysis using thetiadal Instrument's
LabVIEW software.
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Figure 17. Schematic of SQUID cryostat [28].

Magnetic flux from the magnetic moment of the sanwhs detected by the
SQUID device, because the sample was moved thrineggBQUID coils. The
upper and lower coils of the SQUID circuit are $ansequentially connected,
and wound in the opposite directions (Fig. 18). Tle resulting from the
applied field and any stray fields, which are canstalongz, is compensated.
When the sample is moved through the coils compemsecurrent in
superconducting circuit produces the magnetic flaxthe SQUID. The

amplitude of the current required for compensativsnproportional to the
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magnetic moment of the sampia.is known as the total magnetic moment of
the sample and it is measured in absolute unitsAoh® (SI) or emu
Electromagnetic unitemy is the CGS unit for moment; the CGS unit for

magnetic field is Gauss.

== 4em

e —
4 1. + I

Figure 18. Schematic of the secondary coil.

Magnetization isy =#, whereV is volume of the sample is measured in a
%

magnetometer. Magnetic susceptibildgfined asdM/dH, whenH — O, is
constant in magnetic field so that= M/H in linear materialsy is unitless,
because SQUID measures the magnetic momenéem (1 emu = 1

erg/Gauss).

It is more usual to normalized the magnetic montenihe mass or molar mass
of the sample than to the sample volume. The stibddp is therefore
presented in units of cliy or cni/mole of material [29].
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6.2. AC magnetometer

AC magnetometer measures susceptibility and magaiemn of the sample in

the temperature range 77 K - 350 K in AC magneséldf Control is done by
PC with LabVIEW software.

Figure 19. AC magnetometer. 1 is AC generator, 2 is tempegatontroller, 3
IS lock-in amplifier, 4 is stepper motor, 5 is csyat, and 6 is IEEE 488.1
interface (GPIB).
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AC magnetometer consists of AC generator, locksmpliier, temperature
controller, stepper motor, sample holder and catost

The cryostat was cooled by liquid nitrogen.

Inside the cryostat 2 tubes exist: external andlianx On the auxiliary tube
the sample holder and heater are located. Therhisapeepared as a coil of
resistive wire and is located far enough from tlmngle not to effect
measurements. Sample is fixed by teflon type orhtiider, which is made of
aluminum strips that have been stuck together hg.grhe sample possesses
good heat conductivity and is located between @& topper-constantan
thermocouples, which are fixed on distances of 24 amd 102 mm from the

end of the sample holder. The temperature of thapka is defined as

arithmetic average value of the thermocouples ataios.

Figure 20. Auxiliary tube, sample holder and heater.

On the opposite end of the auxiliary tube is fbamhnectors of heater and
thermocouples to the temperature controller. Durthg experiment, the
auxiliary tube moves inside the external tube wiah bigger diameter. On an
external tube secondary thermocouples, and alslescdbr the synchronous

amplifier and the alternating voltage generatosiexi
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Figure 21. External tube. Secondary coils.

Primary coil is wound on a plastic tube which teefi by bolts on the external
tube.

Figure 22. Primary coill.

The installation scheme:

Lock-in amplifier takes the signal from the secawydeoil and is connected
with the AC generator, which feeds the primary .cBIC controls and takes
signals from the temperature controller and lockamplifier, and also gives
the signal and feeds the stepper motor.

Before the measurements it is necessary to setatipitiie frequency and the

signal amplitude on the AC generator. After thiag thneasurement temperature
values are set to the program. When the prograstarsed, the temperature is
stabilized by the temperature controller, accordinghe set points and the
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temperature stabilization is awaited with the sebre When it happens, the
program saves the data from the lock-in amplified aends the signal to the

step motor, which moves the sample through thes awilh a certain velocity
and amplitude.
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6.2.1.Lock-in amplifier

One of the main parts of AC magnetometer is a iackmplifier (5205 model
by EG&G), which is shown in the Fig. 23. IEEE 48&iterface (GPIB) is used
to connect lock-in amplifier and PC. The GPIB Cotér for Hi-Speed USB is

presented in Fig. 24.

Figure 23. Lock-in amplifier (model 5205 by EG&G), front pain

Figure 24. GPIB Controller for Hi-Speed USB [30].
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A lock-in amplifier provides DC output directly proportionabtthe AC signal
[31]. A phase sensitive detector (PSD), which ddes conversion and is
known as a demodulator or mixer, is the basic pathe lock-in amplifier.
This is essentially a multiplier, analog or digithe scheme of a typical lock-

in amplifier is presented in Fig. 25.

MIXER (P.S.D.)

SIGNAL O r\
INPUT L//

INPUT BANDPASS
AMPLIFIER FILTER

~_ OUTPUT

B LOW PASS OUTPUT
FILTER AMPLIFIER

&3

PHASE SHIFTER

REFERENCE
INPUT (O
REFERENCE
TRIGGER

Figure 25. The block diagram of a typical lock-in amplifi€3]]].

Detector multiplies two signals together, and tléofving analysis shows how

this gives the required outputs.

Measurements of lock-in amplifiers require a frage reference. From
function generator and the lock-in defines the oesp from the experiment at

the reference frequency.

A square wave at frequenaey is the reference signal (Fig. 26). If the sine
output from the function generator is used to stetexperiment, the response

might be the signal waveform

Vsig Sin(a‘rt + qsig)’ (8)
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whereVsig is the signal amplitudey, is the signal frequency, argig is the

signal’s phase.

Lock-in generates its own internal reference signslially by a phase-locked-
loop locked to the external reference.HRig. 26 the external reference, the

lock-in’s reference and the signal are shown. Tibernal reference is

VL Sin(a“Lt + @ref ) (9)

@sig J
sana N\ [TH
NV AR,
e WV

A e

Lock-in

Reference

Figure 26. Output signal of the lock-in amplifier [31].

At the reference frequency a lock-in amplifier meas the single Fourier
(sine) component of the signal, because of muitiglythe signal and a pure
sine wave. The input consists of signal and neiggre noise is interpreted as
varying signals at all frequencies. In the ideaklin amplifier, noise at non
reference frequencies is removed by the low pdis,fiso lock-in provides
"bandwidth narrowing". Only inputs at the referefigguency give an output
[31].
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6.2.2.AC generator

A signals generator TG215 (Thurlby Thandar Instmsewas used to feed
the primary coil by electric current of the chodemquency and amplitude.
Frequency and amplitude were set manually on i@ fsanel of the generator
and they remain invariable during the measurements.

SWEEP IN AUX OUT

THURLBY THANDAR INSTRUMENTS

Figure27. TG215 AC generator, front panel.

AC generator is one of the most universal test améasurement
instrumentation available. It can generate waveshapver a range of
frequencies from mHz to MHz. From a low-impedancerse a wide range of
controlled constant amplitudes can be providedheyftinction generator. FM
and AM modulation facilities can also be used.

Main functions [32]:

- 0.002 Hz to 2 MHz frequency range.

- Very high waveform quality at all frequencies évels.

- 20 V peak to peak from 50 Ohms or 600 Ohms, PIlis'CMOS output.
- 1000:1 frequency change by vernier or externdbge.

- Variable symmetry with constant frequency.
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- Variable DC offset with zero detent.
- Digital display of frequency, amplitude and DGsetf.

- Update rate at least 2 per second.
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6.2.3. Temperature controller

Lake Shore 330 Autotuning Temperature Controllenssd as a temperature

controller in AC magnetometer.

Figure 28. Lake Shore 330 autotuning temperature contrdiient panel.

Temperature controller is a microprocessor-basgttéavith digital control of
a variable current output.

The Model 330 has two LED displays, which show deden both sensors, or
from one sensor and the setpoint. There is alsargaepbar graph that displays
heater output current. The Model 330 temperaturgrotber is easy to operate
because of the full function keypad.

The main properties of the Lake Shore 330 temperature controller are
[33]:

1) Thermometry:
Number of InputsTwo.
Update RateBoth Channels in 1 second.

Precision Curve Storag&koom for twenty 31-point Curves.

43



ThermocouplesCh-AuFe (0.07 %), Ch-AuFe (0.03 %), Type E (Chebm
Constantan), Type K (Chromel-Alumel), and Type DBgfer-Constantan).

2) Control:
Control Type Digital, three term PID with Autotuning.
Automatic Control Mode: P, PI, or PID control, usetectable.

Manual Control Mode: Gain (Proportional) 1 - 99%s&t (Integral) 1 - 999
sec., and Rate (Derivative) 0 — 200 % (0 - 500)sec.

3) Computer Interfaces:

IEEE-488 Capabilities: Complies with IEEE-488.2 SHXH1, T5, L4, SR1,
RL1, PPO, DC1, DTO, CO, E1.

Serial Interface: 300 or 1200 baud, RJ-11 conne{®$-232C electrical
standard).

4) General:

Ambient Temperature Range: 20 to 30 °C (68 °F tdB% or with reduced
accuracy in range 15 °C to 35 °C (59 °F to 95 °F).

Power Requirements: 110, 120, 220, 240 VAC (+ 5 %0 %), 50 or 60 Hz;
135 W.

Two heater settings accommodate a variety of cnyieggystems and provide
25 W or 50 W maximum powers. The Model 330 powetpouis a quiet,
variable DC current for as little noise couplingpssible between the heater
and experiment. If lower power is required, two éswanges are available
with either of the settings [33].
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6.2.4.Stepper motor

The unit, which provides the sample movement, és@nted in Fig. 29.

Figure 29. The sample driving unit. 1 is stepper motor, Bosly of gear and

the gear, 3 is the moving rack gear, and 4 is basém

Stepper motors have the following benefits [34]:
* Low cost.
* Ruggedness.

 Simplicity in construction.
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« High reliability.

* No maintenance.

* Wide acceptance.

* No tweaking to stabilize.

* No feedback components are needed.

» They work in just about any environment.
 High torque at low speeds.

* Inherently more failsafe than servo motors.

Stepper motor is a synchronous motor where the etagnfield is

electronically switched to rotate the armature neagmound.

Stepper motors are electric motors without comnousat Stepper motors
consist of a rotor and a stator. Rotating shafbhvpérmanent magnet is the
rotor [34] and the stator is electromagnets on the statioparyion that
surrounds the motor. All of the commutation is cold externally by the
motor controller. The controllers and motors arsigieed so that the motor
may be held in any fixed position as well as bewtgted one way or the other.
The repeatability and positioning depend on thenggtoy of the motor’s rotor.

A stepping motor system consists of indexer, driged stepper motor, which

is combined with some type of user interface (hostmputer or dumb

terminal).

EIGH LEVEL STIEP MOTOR
COMMANDS PULSES CURRENT

INDEXER

Figure 30. Ideology of thestepper motor system.
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The indexer is also called a controlldt is a microprocessor capable to
generate step pulses and direction signals fodther. Typically, using the

indexer avoids many other sophisticated commanchifums.

The driver (amplifier) converts the indexer commasighals into the power

necessary to feed the motor windings.

The stepper motor is an electromagnetic devicedbaverts digital pulses into
mechanical shaft rotation [35]. The resonance eftdten exhibited at low
speeds and decreasing torque with increasing spreditie main disadvantages

in using a step motor.

In this kind of AC magnetometer was used the stepp#or 6500 — 15 - 4.1.6
SONCEBOZ SA. It is a hybrid unipolar stepper motwhich is constructed
with multi-toothed stator poles and a permanent matgotor. This stepper
motor has 200 rotor teeth and rotates at 1.80 agpes. The hybrid motor is
shown in Fig. 31.

Mon-magnetic
Frelubricated Stainless
Bearing Steel Shaft

Housing Fotar Stator

Figure 31.The hybrid motor.
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6.2.5.Control program

Stepper motor, lock-in amplifier and temperaturatoaler were controlled
with a program developed based of LabVIEW.

The front panel of the program is presented inRige 32.

I'I[IIJ
il

-

I

n
\

Figure 32. The front panel of the LabVIEW program.

Procedure of the program is the following. Therssts the “Setpoint” — value
for the temperature of the sample, at which measen¢ will be carried out,
“allowable T error, K”, which is the maximum dev@t, and also the
necessary parameters of stepper motor, lock-in iietpbnd temperature

controller.

When the program starts, read-in values from theouples appear in the
fields “Sample Sensor Data” and “Control SensoraDafverage value of

temperatures is calculated. This value is subtdafrtam the value set by the
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user in the field “Setpoint”. The result is commghte a maximum deviation set
in “allowable T error, K, and if the difference lisss than the limit, the stepper
motor and the file recording of indications of tegnchronous amplifier is
simultaneously started.
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7. Experimental results

The magnetic properties of ZnGgn were investigated in DC magnetic field
with SQUID magnetometer and in AC magnetic fieldh/AC magnetometer.
Three ZnGeRPMn samples were studied with Mn concentrator 1.5 %

mass, 3 % mass and 3.5 % mass.

7.1. Magnetic propertiesof ZnGeP,:Mn in DC magnetic field

Samples of ZnGeMn were measured in DC magnetic field using a SQUI

magnetometer.

The measuring was done in following way. The samyas first cooled down
to 3 K in zero magnetic field (zero field cooled;@). Some time was given
for the sample to reach thermal equilibrium befibeéd was turned on. Then
sample was heated in a magnetic field and in teatypesr range 3 K - 305 K
the ZFC curve was obtained. After that, the sam@e cooled down to 3 K in
a magnetic field (field cooled case, FC). Finatlyagnetic field was switched
off and heating of magnetized sample started (tbeemanent residual

magnetization, TRM).

Temperature dependencies of DC magnetization of eBa@n with Mn
concentratiorc = 3 % mass in different magnetic fields are showhigs. 33 -
41.

In Figs. 33 — 35 can be seen two distinct transitiat temperatures about 50 K
and 300 K. At low temperatures ZnGd®n with Mn concentratiorc = 3 %
mass is in antiferromagnetic (AFM) state. Transitat T ~ 50 K can be
identified as an antiferromagnetic (AFM) to ferragnatic (FM) phase
transition. Betweed ~ 50 K andT ~ 300 K, this sample shows FM behavior.
A FM to paramagnetic (PM) phase transition is ssédn~ 300 K.

The T.-value can be determined by the extrapolation efstieepest part of the

M(T) curve until it crosses thEeaxis [36].
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Figure 40. Temperature dependence of thermoremanent DC magtien of

ZnGeR:Mn (3 % mass) after field

=5G.
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Figure 41. Temperature dependence of DC magnetization of BaGla (3 %

5 kG.T. ~ 300 K.

mass) in magnetic fielB

Temperature dependencies of DC magnetization ofeBi@n with the Mn

1.5 % mass and 3.5 % mass in different magnitid &re

concentratiorc

shown in Figs. 42 — 45.
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Figure 42. Temperature dependence of DC magnetization of PaGa (1.5

5T.Tc~ 290 K.

% mass) in magnetic field
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Figure 43. Temperature dependence of DC magnetization of PaGa (1.5

500 G.

% mass) in magnetic field

56



— 1 1 1 1 1 e 1 1 B
fas]
Sl &

S N S AR S Ay
= it i~
oIk 1 1 1 L = = 1 1

1 1 1 1 == 1 1
L I S L SIS S S |
S i (P 3 = i i
W o I . I [ TR I
T N e S
1 _I. 1 1 1 L " "
1 il 1 1 1 1
4 k| 1£n . . . "M__b . .
L H e T A s T E i

: L ' ' T '

S S S S =S R SN M

1 ] 1 1 1 1 1 1 1

L | o

N YR ' ' Y ' '

R L e e S S R i

(L 1 1 1 1 1 1 1

Lk ' ' ' ' ' ' '

1 1 1 1 1 1 1 1 1
IIIIJ"IIIhIIII_Illln_IlllﬂlllI_II|||_IIII1IIII_ IIIII I
L I ' ' ' ' ' '

L I 1 1 1 1 1 1 1
||||T||||m||||_||||L||||r||||_||||L||||r||||_ ||||| L
W 1 1 1 1 1 1 1

» b i i i i i i i

q ' | ' ' | ' '
IIIIIIIIIIIIIIII h i e e e e e

m A S T

" 1 1 1 1 1 1 1 1
SRR . S N R AT JOA S L

PR Ty : i i i i i

1 -.J. 1 1 1 1 1 1 1

| A I | | | | |

========r l‘-l*llllﬂ._luulllﬂlllI_II|||_I||I1||II_ ||||| -

1 1 1 “h 1 1 1 1

1 1  F e v 4 4 1 1 1

1 1 1 [ [ | .m 1 1

0 e e Ty ey 5 o e e 1 S i e P A Sl |

1 1 1 1 1 _'-. 1 o 1

1 1 1 1 1 1 -.T _-w 1

1 1 1 1 1 1 ". 1 1

U R i

1 1 1 1 1 1 1 1 1

' ' ' ' ' ' ' ' '

———t—

(= (= (=1 (=1 (=1 (=1
= g i i i i
- =] = = = =
o e~ = = o =]

By iy "uoneziaubepy

0o

250

200

150

o0

50

Figure 44. Temperature dependence of DC magnetization of PaGa (3.5

500 G.

% mass) in magnetic field
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Figure 45. Temperature dependence of thermoremanent DC magtien of

ZnGeR:Mn (3.5 % mass) after field B

500G.
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Differences between ZFC and FC curves may be atéibto the existence of

the Mn containing clusters.

Magnetic field dependence of ZnGd®n ( 3 % mass) magnetization at 3 K,
50 K, 170 K and 300 K are presented in Figs. 40.M{B) dependencies for

the ZnGeRMn samples obey the Langevin function.

Figure 46. Langevin function.
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Figure 47. Magnetic field dependence of ZnGeé®n (3

magnetization at

3 K.
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Figure 48. Magnetic field dependence of ZnGeé®n (3

magnetization at

=50 K.

In Fig. 48 the saturation of ZnGgNn (3 % mass) is seen in magnetic fiéld

0.2T.

~
~
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7.2. Magnetic propertiesof ZnGeP,:Mn in AC magnetic field

To measure magnetization of the samples in diftefesquencies of AC
magnetic field the AC magnetometer was used.

The results for ZnGefMn sample with Mn concentrationn = 3 % mass in

magnetic field with different frequencies are shawirigs. 51 - 52.

_, * J J Ent‘aPz:Mn { j'm massj J
; i ' f=2.67 kHz
@ %+ : :
T . e
= ! !
5 o .
_E —------.----------1--;1. ----------------------------------------
= *»
M
W MMl
=
[l
i
=

f y f y f y f y f y f
00 150 200 250 oo 3450

Figure 51. Temperature dependence of AC magnetization of PaG (3 %
mass) in AC magnetic field with frequenicy 2.67 kHz.
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Figure 52. Temperature dependence of AC magnetization of PaG (3 %
mass) in AC magnetic field with frequenicy 1.317 kHz.

In Fig. 53 are shown the results for ZnGékh sample with Mn concentration

c = 3.5 % mass.

| ZnG eP3:Mn (3.5 % mass)
:m : : 1 1 1 : 1 1
I I 1 I ] 1 f=I2.ﬁ? kHI 1
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Figure 53. Temperature dependence of AC magnetization of PaGk (3.5
% mass) in AC magnetic field with frequenfcy 2.67 kHz.
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The results for ZnGefMn sample with Mn concentration= 1.5 % mass are

shown in Figs. 54 - 55.

The sensitivity and digital levels of the AC magmaeter is clearly seen in

Fig. 55. Also in this figure a sharp slope is sélmis slop is very similar to the

slope in Fig. 43.

Magnetization, arb. units

1T """""""""""" 2: nGe F'"z':'r;ﬁi (T5% iiulié s)
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* i | |
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A g : : :

e T B s S
e 5 5

8 P R S PP S S
i . :

8 R S—— S R SEeeTe . ——
5 e

-11 -------------------- w ------
u 1 S 1 u : u 1 S 1
A0 il 150 200 250 300

T, K

Figure 54. Temperature dependence of AC magnetization of PaGk (1.5
% mass) in magnetic field with frequenicy 1.314 kHz.
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Figure 55. Temperature dependence of AC magnetization of PaGk (1.5
% mass) in magnetic field with frequenicy 17.13 kHz.
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8. Comparison of theresults of AC and DC magnetometry

The superposition oM(T) dependencies obtained in AC and DC magnetic
fields are presented in Figs. 56 - 57.

A0

P i i i 5 §| ¢ ACT=17.13kHz
E E E "l,vlr‘rlrvvirr T‘.“‘i.. 1 E E E E -
| | w | "o.g-m“ I LT

: [ .Y : : : : : 1 |-I11'|.: :.
| | | | | | | | X |

R e D e e e R RNt et

DC rnagnetization, A™n™y
K
o

AL magnetization, arh. units

e I S E e e o e e e e :_---,:----1:----%----%----:,----E__

4
o A0 100 150 200 250 o0

T K

Figure 56. Temperature dependencies of AC and DC magnetizdio
ZnGeR:Mn (1.5 % mass).
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Figure 57. Temperature dependencies of AC and DC magnetizdto

ZnGeR:Mn (1.5 % mass).

In Figs. 56 and 57 is clearly seen the agreemedntdas the results obtained in

AC and DC magnetometers.
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9. Processing of experimental data

The results, which were obtained in AC magnetometex not so perfect in

comparison with DC magnetometer results becauslieectmall magnetization

value of the samples.

Using Origin 8, the program for professional dataalysis, the computer

processing of the AC magnetometer results was mdda(Figs. 58 - 62).

M agnetiz ation, arb. units

"""""""""""""""" ZnGeP,:Mn (3% mass) |

I
e T = 0 o 0 0 ) 3 0 ) 0 0 0 ) 0 0 ) 0 £ £ 0 ] o 0 i 0 oy i e o e e 1 o e -
'

Figure 58. Temperature dependence of AC magnetization of PaG (3 %

mass) in magnetic field with frequenty 2.67 kHz after polynomial fitting,

using Origin 8, with polynomial order = 2.

67



P b b dnGePyiMn (3% mass)

T-°"°° [ i e R e e e e e e e
'

M agnetization, arkb. units

Figure 59. Temperature dependence of AC magnetization of PaG (3 %
mass) in magnetic field with frequenty 1.317 kHz after polynomial fitting,

using Origin 8, with polynomial order = 2.

Magnetization, arb. units

S0 100 150 200 250 300

Figure 60. Temperature dependence of AC magnetization of PaGk (3.5
% mass) in magnetic field with frequenéy= 2.67 kHz after exponential
fitting, using Origin 8, with formula:

Y=Y Tt Ae ™",
(10)
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Magnetization, arb. units

Figure 61. Temperature dependence of AC magnetization of PaGk (1.5
% mass) in magnetic field with frequen€y= 17.13 kHz after polynomial

fitting, using Origin 8, with polynomial order = 2.

Magnetization, arb. units

Figure 62. Temperature dependence of AC magnetization of PaGk (1,5
% mass) in magnetic field with frequenfcy 17.13 kHz after cubic polynomial

fitting, using Origin 8, with formula:

y = A+ Bx+Cx* + Dx°. (11)
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10. Conclusions

In this work is presented a review of magnetic prtips of materials, different

kinds of magnetic material, and results of magnagasurements.

Magnetic properties of ZnGeRIn were investigated in DC magnetic field up
toB =5 T in the temperature range from 3 K up to K0BQUID) and in AC
magnetic field in the temperature range from 77Kta 350 K in frequency
range from 500 Hz up to 18 KHz (AC magnetometef)e M(H) and M(T)

dependencies were obtained and presented

At low temperatures ZnGefMn with Mn concentratiorc = 3 % mass is in
antiferromagnetic state. Transition &t~ 50 K can be identified as an
antiferromagnetic to ferromagnetic phase transitigetweenl ~ 50 K andTl ~

300 K, this sample shows FM behavior. A ferromagn&d paramagnetic

phase transition is seenTat~ 300 K.

Also difference between ZFC and FC curves was tedeevhich is clear spin

glass behavior.

Confirmation of AC measurements by DC measuremémtZnGeR:Mn
sample with Mn concentration ¢ = 1.5 % mass wergieth out. Also
smoothing of experimental points obtained in AC sugaments is presented in

this work.

It is necessary to continue work with this materssért to grow thin films and

explore their properties.
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