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In this thesis the pulsed magnetic field system located at the Physics Laboratory at Lappeen-

ranta University of Technology is introduced.

The pulsed magnetic field system (PMFS) is used to measure various galvanomagnetic
phenomena in samples, which are typically experimental semiconductor materials or

topological structures of the former.

The physical phenomena present in the measurements from the PMFS include the Hall
effect, the anomalous Hall effect, magnetoresistance and Shubnikov-de Haas effect. Data
from the measurement of the materials resistivity and Hall voltage as a function of temper-
ature and magnetic field can be used to determine many important material characteristics,
such as Hall constant, charge carrier density, polarity, mobility and effective mass and the

shape of the materials Fermi surface.



Knowledge of these material characteristics are important in the fields of semiconductor
research, spintronics (electronics based on the electron spin and its magnetic moment)

and quantum computing.
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Téssi kandidaatinty6ssi esitellddn Lappeenrannan teknillisen yliopiston fysiikan labora-

toriossa sijaitseva pulssimagneettijarjestelma.

Pulssimagneettijarjestelmilla (PMFES) mitataan lukuisia galvanomagneettisia ilmioitd néyt-
teissd, jotka tyyppillisesti ovat kokeellisia puolijohdemateriaaleja tai niiden topologisia

rakenteita.

Mittausdatassa nidkyvid fysikaalisia ilmi6itd ovat mm. Hall-ilmid, anomalinen Hall-ilmid,
magnetoresistanssi ja Shubnikov-de Haas -1lmi6. Mittausdataa materiaalien resistiivisyy-
destd ja Hall-jinnitteestd ldmpotilan ja magneettikentdn funktiona voidaan kiyttdd usei-

den tdrkeiden materiaalisuureiden méérittimiseen, kuten Hall-vakio, varauksenkuljetta-



jien tiheys, polariteetti, mobiliteetti ja efektiivinen massa ja materiaalin Fermi-pinnan
muoto.

Néiden materiaaliominaisuuksien tieto on tirkedd puolijohteiden tutkimuksessa, spintro-
niikassa (elektroniikka, joka pohjautuu elektronin spiniin ja sen magneettiseen moment-
tiin) ja kvanttitietojenkésittelyssa.
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DMS
LUT
MR

Lorentz force

Charge of a particle

Electric eld

Particle velocity

Magnetic eld

Hall coef cient

Electric eld induced by Hall effect in thg-direction
Current density in th&-direction
Magnetic eld in thez-direction
Current density of charge carriers
Charge carrier density

Charge carrier charge

Drift velocity

Hall effect electric eld

Hall conductivity in thexy-plane
Vaccuum permeability
Anomalous Hall coef cient
Magnetization in the-direction
Landau energy

An integer

Reduced Planck's constant= -
Cyclotron frequency

Charge carrier effective mass
Wave number of the charge carrier in thelirection
Bias current through sample
Distance between sense contacts
\oltage between contacts
Cross-sectional area of sample

Diluted magnetic semiconductor
Lappeenranta University of Technology
Magnetoresistance

PMFS Pulsed magnetic eld system

SdH
TTL

Shubnikov-de Haas
Transistor-transistor logic



1 INTRODUCTION

1.1 Background

Pulsed magnetic elds have a huge range of possible applications, ranging from materials
science and semiconductor development to biology and physiology. As do the applica-
tions, so do the parameters of the pulsed elds vary largely, depending on the application.
For example, lower energy elds can be used to study effects on biological systems or hu-
man physiology [1], while higher energy elds can be used to study effects in bulk steel
structures [2].

Situated at Lappeenranta University of Technology (LUT) Physics Laboratory, the pulsed
magnetic eld system (PMFS) was designed and built to investigate galvanomagnetic
properties of solids in pulsed magnetic elds up to 40 Tesla in temperatures ranging from
1.6 to 350 Kelvin. Knowledge of materials magnetic and conductive properties (such as
their Hall constant, resistivity as a function of temperature and magnetic eld and the

properties of their charge carriers) in certain environmental parameters are important in
the elds of spintronics, quantum computing and super- and semiconductor research.

The high energies present in such large magnetic elds make for special requirements
in the design and construction of the measurement system and the necessary electrical
circuits. Also operator safety has to be taken into account.

The PMFS was constructed in 2008 as a collaboration of loffe institute and LUT. The
objectives for the PMFS were to be used in the research of narrow and zero gap semicon-
ductors, semi-metals, different kinds of homo- and heterostructures and devices, fullerens
and superconductors. The ability to also rotate the sample in the magnetic eld with high
accuracy allows investigating the anisotropy of galvanomagnetic properties of materials
and structures.

The PMFS can also be equipped with a compact hydrostatic high pressure cell to measure
materials under high hydrostatic pressure and high magnetic eld. This is applicable for
investigation of energy band structure or other fundamental properties of new compounds.

All previous measurements can also be made with illuminated samples, by adding a light
emitting diode to the apparatus or feeding the light in through an optical ber.



1.2 Objectives and delimitations

The objective of this thesis is to introduce the reader to the working principle of the PMFS
and the science which can be done with the instrument. In this thesis the basic physical
phenomena present in the measurement, the construction of the apparatus, practicalities
of measurement, analysis of the measurement data and implications from the data are
explored.

1.3 Structure of the thesis

In the rst chapter the underlying physical phenomena are explained. Next the PMFS is
introduced and its working principles and components explained. In the the third chapter
the typical samples and the practicalities of taking measurements with the system is ex-
plored. In the nal chapter typical measurement results are exhibited and their meaning
in the context of broader research explained.
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2 THE PHYSICAL PHENOMENA AT WORK

2.1 Hall effect

The dominating effect observed in the measurements made with the PMFS is the Hall
effect.

When an electrical conductor with current owing through it has a magnetic eld applied
to it, a voltage is produced, perpendicular to the current and the magnetic eld. The effect
was discovered by Edwin Hall in 1879 [3].

The effect is created from the nature of electrical currentin a conductor. Electrical current
is the ow of charge carriers, charged particles (Electrons, holes, ions or all three) along
the conductor. A moving, electrically charged particle in a magnetic eld experiences a
force, the Lorentz force, which is de ned by the equation

F=qE+v B) Q)

whereF is the Lorentz forceq is the charge of the particl& the electric eld,v the
velocity of the particle an® the magnetic eld [4].

When no external magnetic eld is present, the charge carriers move in approximately
straight lines, therefore the density of the charges in the conducting material is uniform
and no voltage is created. When external magnetic eld is applied the path of the charges
is curved perpendicular to both the velocity of the particles and the magnetic eld due
to the Lorentz force, causing the charges to accumulate on one side of the conductor and
therefore creating a voltage difference. Demonstration of this can be seen in Figure 1.
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Figure 1. Demonstration of Hall effect in P-type semiconductor [5].

The main quantity describing the strength of the effect in a material is the Hall coef cient.
Itis de ned as

Ry = - Y (2)

whereE, is the electric eld induced in thg-direction,j is the current density of the
charge carriers in the-direction andB, is the magnetic led in the-direction, assuming

the current density and magnetic eld are perpendicular. Since current density is de ned
asj = nqv, wheren is the charge carrier density,is the charge carrier charge and

is the drift velocity and the electric eld caused by the Hall effégt = vB, the Hall

coef cient can be also writteRy = % Therefore it's possible to determine the charge
carrier density of a material by measuring its Hall coef cient [6].

The Hall effect has numerous applications, such as magnetometers (Used to measure
the strength of magnetic elds). In the eld of materials study, the main importance of
measuring the Hall voltage is to determine the density of charge carriers and their polarity
in the material, which is a crucial quantity in determining many other qualities of the
material, such as the electron mobility and drift velocity.
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2.2 Anomalous Hall effect

In 1881, Hall discovered that the effect was much larger in ferromagnetic conductors [7].
The equations behind conventional Hall effect do not take in to account the possibility of
magnetic order in the conductor.

The empirical relation of Hall conductivity is de ned as

Xy = RH Bz+ ORAMZ (3)

where ,, is the Hall conductivity in thexy-plane,Ry the conventional Hall coef cient,

o the vacuum permeabilit{g » the anomalous Hall coef cient ard , the magnetization
of the conductor in the-direction. The equation was found to be applicable to many
materials over a broad range of external magnetic elds. The anomalous Hall coef cient
depends on a number of material speci c parameters and the ambient temperature [8].

The mechanisms behind anomalous Hall effect have proven to be complicated and still
lack complete understanding today. Three main contributing mechanisms have been iden-
ti ed and they are present in different magnitudes depending on the material and temper-
ature of the measurement: Intrinsic de ection, side jump and skew scattering [9].

The intrinsic de ection is named so as theory predicts its existence in a perfect crystal.
When an electric eld is applied to the material, electrons gain additional group veloc-
ity which is perpendicular to the electric eld. This anomalous velocity acts in opposite
directions for electrons with different spins and so in ferromagnets, where there is a im-
balance of spins, this contributes to the Hall conductivity.

The side jump mechanism is based upon on the same effect that causes intrinsic de ection,
but is linked to impurities in the material. Near an impurity in the lattice an electron
experiences the electric eld from the impurity and causes a de ection to the anomalous
velocity described above, therefore contributing to the Hall conductivity.

The skew scattering mechanism is caused by asymmetric scattering of the electrons from
an impurity due to spin-orbit coupling and is predicted to dominate the anomalous Hall
coef cient in high conductivity ferromagnets.
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2.3 Magnetoresistance

Magnetoresistance (MR) is the change of resistivity in a material depending on the mag-
netic eld applied. MR can be caused by many different mechanisms, classical or quan-
tum mechanical, depending on the material or the geometry of the conductor or semicon-
ductor in question. See [10] for further detail. MR can be either positive or negative,
meaning that the resistivity of the material either increases or decreases when a magnetic
eld is applied.

The simplest method of MR is ordinary MR, which is caused by the Lorentz force and
Is the same in principle as Hall effect. Because the path of the charge carriers curve or
become circular (cyclotron orbits) in the magnetic eld, their ow through the conductor

is impeded. All non-ferromagnetic metals and semiconductors exhibit positive MR.

More complex contributions to positive MR arise from many different phenomena, semi-
classical, quantum mechanical or topological, for example.

MR can also have a dependence on the angle between the electrical current and the ap-
plied magnetic eld in certain materials or topologies, named therefore anisotropic MR.
One physical origin of the anisotropicity is attributed to a larger probability of electron
scattering in the direction of the magnetic eld. The electron cloud of each nucleus de-
forms slightly as the direction of the magnetization rotates and this deformation changes
the amount of scattering by the conduction electrons in the lattice.

Negative MR is a complex subject and is dependent on many different parameters of
the material or the topology in question. Especially large negative MR is unusual and
therefore an indication of peculiar physics. Negative MR can be explained with quantum
mechanics, by for example spin dependent scattering of charge carriers, depending on
the material or topology in question. Such effects occur in for example magnetically
inhomogeneous material when the material contains ferromagnetic regions, where the
magnetic moment is misaligned, causing scattering of the conduction electrons [11].

2.4 Shubnikov-de Haas effect

Shubnikov-de Haas (SdH) effect is the oscillation of the magnetoresistance caused by
changing charge carrier density of states at the Fermi energy level in high intensity mag-
netic elds and low temperatures. The effect is visible only in these conditions, as in
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higher temperatures the oscillations are masked by thermal excitations between the Lan-
dau levels.

At these low temperatures and intense magnetic elds, the electrons of a metal, semimetal
or semiconductor will behave like simple harmonic oscillators. When the magnetic eld
strength is changed, the frequency of the harmonic oscillators changes proportionally.
The resulting energy spectrum is made up of quantized Landau levels separated by the
cyclotron energy. These Landau levels are further split by the Zeeman energy. In each
Landau level the cyclotron and Zeeman energies and the number of electron states all
increase linearly with increasing magnetic eld. As the magnetic eld increases, the
energy of the Landau levels surpass the Fermi energy sequentially, allowing more electron
states in the conduction band and the periodic variation of the density of states at the
Fermi energy level causes the oscillation of the conductivity as a function of the applied
magnetic eld [12]. Demonstration of the oscillations can be seen in Figure 2, where the
resistance of a sample is plotted as a function of magnetic ux density.

The quantization of the Landau levels in a magnetic eld is described by the equation

h2k§
2m

E=( 4 hl e+ @

where is aninteger is the reduced Planck's constaht,= qB=m is the cyclotron fre-
quencym is the charge carrier effective mass dig the component of the momentum
parallel to the external magnetic eld.

Figure 2. Typical form of SdH oscillations [13].
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By exploiting the SdH effect the effective mass of the charge carriers in the material can
be obtained from the dependence of the amplitude of the SdH oscillations on temperature
in different magnetic elds with a slope proportional to the effective mass [14] therefore
allowing the identi cation of majority and minority charge carrier populations. The os-
cillations can also be used to determine the Fermi surface of the electrons in the sample
from the period of the oscillation in different applied magnetic eld directions. Therefore
the SdH effect allows the effective study of the energy band structure of the material.
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3 THE PULSED MAGNETIC FIELD SYSTEM (PMFS)

The main operating principle of the PMFS is charging up a capacitor bank to high volt-
ages and then discharging the capacitors through a liquid nitrogen immersed multi turn
solenoid coil. The sample under test is situated inside the solenoid in a temperature con-
trolled cryostat. Data on the Hall voltage across the sample and resistivity along the
sample is captured during the magnetic eld pulse, along with parameters of the pulse,
such as duration, magnetic eld magnitude and temperature of the sample. Main technical
parameters of the PMFS can be seen in Table 1.

Table 1. Operational parameters of the PMFS.

Amplitude of the magnetic eld Upto40T

Maximum pulse current 5 kA

Maximum pulse duration 11 ms

Temperature range of the sample 1.6-350K

Sample DC bias current 1 A-200mA

Range of measured sample resistances 0.01 -100k

Data acquisition 4 channels, 256 Kbyte memory each
Digital-to-analog converters 16 bit, 1 MS/s

The apparatus is situated in its own magnetically shielded room (Figure 3) and is equipped
with multiple safety interlocks. The high voltage circuits are fully galvanically isolated
from the control room for operator safety. Upon opening the room door interlocks short
out the capacitor bank to ground through a discharge resistor and isolate the high voltage
transformer from the mains electricity to minimize the risk of electrocution to the operator.
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Figure 3. The apparatus in the measurement room. Note the magnetic shielding on the walls.

3.1 Pulse solenoid

The pulse solenoid consists of a copper coil wound with at wire in a speci c geometry, to
provide as close to a homogeneous eld as possible inside the solenoid. The coil is elec-
trically isolated using a glass bre and Stycast 2850FT epoxy compound. The solenoid is
strengthened with a covering of Hyperten 2000HP epoxy compound and nally clamped
together with nonmagnetic bolts and glass bre laminated end plates. The solenoid can
be seen in Figure 4 and it's electrical speci cations in Table 2.

The conductor in the solenoid coil is copper, as superconductors cannot be used in such
intense magnetic eld. This causes some challenges in using the PMFS as the coil heats
up considerably due to its non-zero resistance, especially in the higher amplitude pulses.

The solenoid is made specially without using ferromagnetic or conductive materials in the
core. This improves the homogeneity of the magnetic eld inside the solenoid (Reduction
of stray magnetic elds caused by eddy currents in conductive materials) and decreases
the noise level (From hysteresis caused by ferromagnetic materials).

The solenoid has been experimentally characterized to con rm the linearity of the mag-
netic eld strength as a function of the current owing through the coil and to measure
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