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Introduction

The cyclotron resonance is a very traditional tool in semiconductor physics for deter-
mining carrier effective masses. Materials with high effective masses, low mobility or
high carrier concentration require high energies for the observation of cyclotron reso-
nance. Therefore, Mid Infra-Red radiation energies are used in combination with very
high magnetic fields.

The highest magnetic fields on a laboratory scale can only be generated at the ex-
pense of a very short pulse time of order pus. Whereas the field magnitude effects on
semiconductors are well investigated, the transient character of the field generation has
been assumed to be of minor influence.

Analytical methods developed for steady magnets with comparably low fields have
been used in pulsed fields accordingly. In pulsed, sinusoidal fields it is possible to measure
optical resonances in rising and falling field in one experiment. Intuitively one would
expect identical behavior in this case. With improved experimental resolution and the
resulting possibility of fully using available data on rising and falling field sides of a pulse
the respective spectra showed discrepancies between each other.

In the last few years, it became apparent that observable cyclotron resonance spectra
are not independent of the magnetic field generation process, that means, they depend
on the sweep rate or pulse duration.

A spin hysteresis of the conduction band electrons of narrow gap semiconductors has
been observed in transient magnetic fields [1-5]. The results could be readily explained
with a spin lattice relaxation time of the conduction band electrons of order 1us. In
this case the time dependence of the magnetic field enabled the detection of population
dynamics for the spin split cyclotron resonances of electrons.

Recently, other hysteretic phenomena on the cyclotron resonances of electrons have
been observed that could not be explained by a spin hysteresis, but showed a dependence
rather on the field derivative than its temporal structure [6,7]. Moreover, even well
known materials, such as InSb, exhibited completely unexpected hysteretic behavior in
transient magnetic fields. No previously known resonance was involved in the hysteresis,
but a completely new phenomenon. This leads to the conclusion that the interaction of
the transient magnetic field generation with a conducting sample is not negligible and
must be systematically examined.

Although this problem has been known for many years, the influence of eddy currents
and electric fields as induced by the transient character of the magnetic field pulse has
been treated only by crude approximations. It was also incomplete regarding the effects
connected with that such as a rise in temperature, a screened magnetic field and an
exertion of pressure onto the conductor.

The goal of this thesis is a fundamental expanding of the understanding of the effect of
transient magnetic fields and semi-conducting samples with the focus on the implications



2 Introduction

for cyclotron resonance measurements, that is for magneto-transmission experiments.
The magnitude and quality of eddy current related effects will be rigorously derived in
unprecedented complexity. The experimental focus will be upon hysteretic phenomena
in InSb that are analyzed with respect to the theoretical findings.

This thesis is divided into 6 chapters.

The first chapter summarizes hysteretic phenomena in cyclotron resonance experi-
ments in single turn coils as have been reported prior to and at an early stage of this
work. An analysis will be performed to draw conclusions upon the experimental require-
ments for the investigation of similar effects.

The second chapter will review the theory of cyclotron resonance and illuminate what
sample properties can be deduced from experimental spectra. A large part of this chapter
will deal with the interaction of a conducting sample with a transient magnetic field, that
is a field with pulse durations of order us. The effects of induced electric fields and eddy
currents will be derived.

Chapters three and four are dedicated to the experimental setup and focus upon the
required modifications imposed by the considerations in chapter one and two. Chapter
three will focus upon the magnetic field generation, chapter four upon the optical setup
for measurements of cyclotron resonance.

Chapter five is dealing with a hysteretic phenomenon that has not been previously
reported in InSh. It will be shown how the transient magnetic field character interacts
with the infrared relative transmission spectra of InSb. For this purpose various ex-
perimental techniques beyond the cyclotron resonance setup in a transient field will be
used and extended. The influence of eddy currents on the spectra will be quantitatively
determined and it will be demonstrated that a radial, HALL-like electrical field is built
up inside the sample due to the transient magnetic field and causes the above mentioned
hysteretic phenomena in InSb that have not been understood previously.

Chapter six will briefly report and investigate sweep rate dependent hysteretic phe-
nomena on mercury based compounds. Measurements depending on the macroscopic
sample dimensions will show that the size of the sample radius affects the observed spec-
tra and macroscopic phenomena such as eddy currents become effective.

Finally a summary will be presented.



Chapter 1

Motivation

As of present day magnetic fields in the 100T, or Megagauss, range and above can only
be generated in a laboratory with various methods on a very short timescale of order
microseconds. The time dependence of the magnetic field pulse enabled the observation
of various hysteretic phenomena. Methods of data evaluation and drawing conclusions
developed for DC magnetic fields can neither predict nor explain any of these results.

At first, this chapter reviews previous reports on hysteretic phenomena of non-
magnetic semi-conducting systems on a ps timescale in transient magnetic fields as found
in the literature.

1.1 General Features

A hysteretic phenomenon can generally be defined as a retardation of an effect behind
its cause. Thus, hysteresis is a property of physical systems that do not instantly follow
the forces applied to them, but react slowly, or do not return completely to their original
state: that is, systems whose states are not in thermodynamical equilibrium and depend
on their immediate history [8].

For magnetic materials this has been subject of many studies [9]. In the present inves-
tigation, semi-conducting materials shall be focused upon that do not contain magnetic
dopants or components besides of the spin.

In this work hysteresis will be understood as discrepancies in the transmission of
infrared electromagnetic radiation through a semiconductor during the rising and falling
magnetic field, respectively. Two fundamentally different hysteretic phenomena can be
observed, firstly, a discrepancy of the time relation of the magnetic field and the optical
response of the semi-conducting system, secondly, differences in the absorption strength
of optical transitions.

The first phenomenon is very difficult to be determined or observed conclusively, thus
previous reports deal predominantly with the latter effect.

1.2 InAs/AlSb Single-Quantum Well

Historically the first publications and reports on hysteresis effects observed in infrared
spectroscopy of semiconductors in transient magnetic fields investigated a single quantum
well of InAs/AlSb [1-3] by the Megagauss Laboratory of the ISSP, Tokyo, Japan.
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Figure 1.1: Comparison of relative transmission through samples at 16 K and 10.59 um
at various magnetic fields with significantly different sweep rates [1-3]. It can clearly
be seen that the sweep rate does have an effect on the relative population of the spin
split electron level. The FWHM values of time are given at the respective resonances.
The corresponding magnetic field traces are given on the left side. The horizontal line
indicates the spin down resonance position.

The investigations have been carried out on samples with 15nm InAs quantum wells
in 15nm and 20 nm barriers of AISb with InSb like interfaces, carrier concentration was
determined to be 3—5x 10 em ™2 at 4K and 9 — 12 x 10" em ™2 at 300 K and mobilities
of 26 m?/V's and 10m?/V s, respectively [3].

Using a cyclotron resonance setup with a single turn coil magnetic field generator
for a wavelength of 10.6 um and a temperature of 16 K a dependence of the spin split
cyclotron resonance on the maximum field was observed. The raw data is given in fig.
1.1 which can be transferred into the relative transmission spectrum vs. magnetic field
of fig. 1.2.

While in the falling field side only the spin down state is observed, the spin up state
becomes increasingly prominent in the rising field side with increasing maximum field.
It is however, important to note that the total absorption intensity for spin up + spin
down absorptions is conserved for all fields.

For detailed analysis of the optical traces it is important to estimate the effects of
the recording equipment. There is no report on the parameters of the detector system
used to obtain the data in [1-3]. For a cyclotron resonance measurement increasing the
maximum field means a higher field derivative and thus a shorter time a resonance can
be recorded by the detector system.

It can be clearly observed in fig. 1.1 that the resonance strength increases with
decreasing maximum field, that is, increases with increasing recording time. This is a
phenomenon that can occur when the resonance FWHM is short in time, shorter than
the time defined by the bandwidth of the detector system. To obtain the signal from the
sample the optical trace must be convolved with the response function of the detector
system. It is approximately constant from DC to the detector bandwidth, but decreasing
rapidly beyond that value. The FWHM time during which the resonance is recorded
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Figure 1.2: Hysteresis in the relative transmission spectra of a InAs/AISb single quantum
well at 10.59 um wavelength and 16 K Temperature. [1 3] The graph on the right shows
details of the hysteresis affected spin split CR. The dashed lines are the down sweeps.

increase from 29ns at the fastest rising field to 74ns at the slowest field rise. There is
a time comparable to that value recorded in falling field side except for the highest field
due to a much smaller value for the field derivative.

A band width of 20 MHz of the detection system could explain the trace for the
highest field and the increase of resonance strength with increasing FWHM time of the
resonance in all spectra. The quantitative data evaluation of these traces is questionable
without detailed information on the detector system. However, the falling field resonance
has approximately the same FWHM as the rising field resonance for the other fields. The
response function will be similar for both resonances so that differences in relative reso-
nance strength will be sample related. The discussion by [1-3] attributes all phenomena
to the sample response to the magnetic field.

The pulse duration for all fields was ~ 6 us, much longer than the experimentally
determined momentum scattering times of typically 0.1ns at 12.5T . Thus thermal equi-
librium distributions for carriers can be expected at fields at this value, both spin split
levels should be equally populated for a slowly varying field.

For a transient magnetic field the situation changes. With increasing field electrons
depopulate the spin up level and relax into the spin down level. Thus the lower level will
be populated by more electrons than expected from equilibrium statistics. Using a rate
equation similar to equation (1.2) a spin relaxation time of ~ 1 us was obtained.

The LANDAU level wave functions are a mixture between spin up and down states,
thus relaxation processes between different spin states by a electric type perturbation
are possible [10]. Because of the discrete density of states, the spin flip relaxation is
an energy loss process and can happen through an inelastic emission of phonons. It was
found that single phonon processes are unlikely due to the LO phonon energy of 29.5 meV
which is larger than the ZEEMAN energy and scattering by single acoustic phonons cannot
satisfy energy and momentum conservation at the same time. Yet, it was shown that
multi-phonon scattering can bypass these processes and account for the long relaxation
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Figure 1.3: Left: the relative transmission of infrared radiation of 117.2meV through
a HgSe sample at room temperature and 207 K in a magnetic field of up to 140T. The
population changes for the spin split electron cyclotron resonance can clearly be observed
[4,5]. Right: The non-equilibrium distribution for the upper and lower spin-state of the
spin split cyclotron transition.

times 2,3, 11].

Non-equilibrium populations of electron spins created by a transient magnetic field
can be probed by CR for characteristic times of 0.1-few us. The authors of |3] suggest
that InSb-related 2 DEGs should be the most promising candidates for the observation
of that effect as the g-factor is large, therefore a large ZEEMAN splitting results in long
spin flip relaxation time.

The observations could only be made for the higher carrier concentration sample and
have been obscured by other effects for the lower concentration sample [3].

1.3 Quasi Bulk HgSe

A pronounced hysteresis of the population of the magnetic field dependent electronic
energy levels in a quasi bulk sample of 2 um MBE grown HgSe has been reported on
several occasions [4,5|. The phenomenon affecting the spin split electron cyclotron reso-
nance was observed at elevated temperatures 7' > 207 K in a single turn coil generated
magnetic field of 6 us pulse length and 140 T magnitude.

The data of [4,5] are shown in figure 1.3. The relative transmission spectra of the
up and down sweep have identical resonance positions but the respective intensity of
absorption is higher in the down sweep for the spin down resonance at cost of the inten-
sity of the spin up resonance line. The total absorption intensity L,z = I(T) + I(]) is
conserved in up and down sweep. Earlier reports of a similar observation (section 1.2)
have tentatively been explained by a delayed population adjustment of the energy levels
involved due to the finite spin-lattice relaxation time in pulsed transient magnetic fields.

Applying a two level system for spin states equally populated at zero magnetic field
the relative population was simulated. The non-equilibrium distribution functions fi(t)
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Figure 1.4: The relative transmission of infrared radiation of 117.2meV through Hg'Te at
room temperature in magnetic fields up to 140T. The population changes for the spin
split electron cyclotron resonance can clearly be observed [6, 7].

and fo(t) for the two magnetic field dependent energy levels Ey(B(t)) and E2(B(t)) can
be characterized starting with the equilibrium distributions fol/2(t) of the Boltzmann

type
o E:(BO)/KT
Joilt) = B BOIT & o B BT

(1.1)
with i=1,2. The non-equilibrium distribution functions f;(¢) then obey the equation

dfi(t) _ fit) — foi(?)
a T (1.2)

assuming that the relaxation time 7 is equal for both levels.

Considering the time dependence of the magnetic field pulse and combining it with a
k- p calculation of the energy levels involved the non-equilibrium distribution functions
have been simulated. The result is given in figure 1.3. A spin lattice relaxation time
7 = 1.2us is in complete agreement with the experimental findings.

The actual physical mechanism responsible for this spin lattice relaxation has not been
deduced [4,5]. For higher carrier concentration samples the effect was not observed. [12]

1.4 Quasi Bulk HgTe

Being similar to HgSe in most important electronic properties a study of HgTe was
performed and compared with the results of HgSe [6,7]. The most important experimental
finding is reproduced in figure 1.4. The sample was 2 ym MBE grown quasi bulk HgTe.
A change in the absorption strength in up and down sweep could be detected, yet the
increase in the absorption strength of the spin up resonance was not on cost of the
magnitude of the spin down resonance, the total absorption intensity is not conserved
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Figure 1.5: The relative transmission and magnetic field trace for Hg'Te at 10.59 ym and
room temperature. It is clearly seen that the resonance strength continues to increase
after the first zero crossing. Moreover, the FWHM of the resonances are larger than
100 ns for all resonances.

during up and down sweep. Tentatively, this suggests two competing physical processes
or a completely different one.

Moreover, a further increase in absorption strength was observed even after the zero
crossing when the resonance field was met in opposite field direction as depicted in fig.
1.5. This could be observed for various temperatures in the range from 6 K to 300 K and
was found to be sweep rate dependent |6, 7].

Temperature dependent studies have been carried out to deduce a set of high field
parameters for the Ef)' - model but the respective spectra have not contributed to further
insights on relaxation phenomena |6, 7].

However, the data were insufficient for detailed analysis and conclusions regarding
exact derivation of relaxation times and physical mechanisms.

1.5 Bulk InSb

At the beginning of this study, a new and very remarkable observation was made in the
infrared transmission of bulk InSb samples. The experimental data have been reported
at several occasions, e.g. [13]. An example optical trace is given in fig. 1.6.

There is a transmission drop at very low fields that can be observed only after zero
crossings of the magnetic field while there is no feature at the respective position before
the zero crossing. The magnitude of the drop is proportional to the absolute value of
the field derivative. The authenticity of the spectra is given by the observation of the
cyclotron resonance of electrons that is in excellent agreement with theory and literature.

The cyclotron resonance of InSb has been previously investigated in STC generated
fields [14-16] as well as extensively in non-destructive pulsed magnets on a 100 ms time
scale e.g. [17]. The phenomenon described here could not be observed in those publi-
cations because of the trigger noise [14], the generally poorer signal to noise ratio and
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Figure 1.6: Relative transmission of InSb, sample OK 123, at room temperature with
A = 10.59um. The optical trace shows the electron cyclotron resonance marked CR and
an additional feature after each zero crossing of the magnetic field marked by arrows.
Further discussion in the text.

slower sweep rate [15-17].

At this point it must be pointed out that for all three, InSb, HgTe and HgSe the
FWHMs of all resonances are larger than 100 ns and the detector bandwidth of 60 MHz
there were no contributions from the response function to the resonance strength.

1.6 Conclusions

Three types of hysteretic phenomena reported so far can be distinguished.

e Type I: (observed in InAs/AISb SQWs and quasi bulk HgSe) A relaxation of
charge carriers from one energetic level into another. That manifests itself in a
characteristic spectrum. In a material showing two resonant features in the rising
field trace we find the absorption intensity of one resonant feature increasing vs.
the rising field trace at the expense of the other decreasing in the falling field trace
while the overall integrated intensity is preserved. This process is reasonably well
understood if the two resonances involved are the spin split cyclotron resonances.

e Type II: (observed in quasi bulk HgTe) An increase of absorption intensity in
the falling field trace for resonant features without decreasing the intensity of any
other resonant feature or the overall transmission. Type I and II hysteretic phe-
nomena are modifications to well described resonant features and are explainable
with variations of energy level population.

e Type III: (observed in bulk InSb) Additional transmission drops, possibly resonant
structures, can be observed depending on the sweep rate of the magnetic field
generation. These features do only occur in fields generated on a pus-timescale.
These phenomena have no slow field or DC field analogon.
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Whereas type I phenomena can be readily explained using the time dependence of the
magnetic field only , the other two types cannot. A careful analysis of both, experimental
equipment and theory, must be carried out with emphasis on the transient character of
the magnetic field generation.

All types of hysteretic phenomena may occur as single effects or combined with each
other. Types I and II are competing processes that cannot be observed on the same
resonance line at the same time. That means type I phenomena may be obscured by
type II.

Apart from the obvious time difference the most likely candidate for discrepancies
between DC field data and transient field data are phenomena connected with the electric
field or eddy currents that accompany the transient magnetic field generation. Eddy
currents are known to cause a screening field, a temperature rise and mechanical forces.
Those phenomena are usually estimated as a small perturbation to the DC field situation.
The latter hypothesis cannot be held up, a quantitative analysis is required.

The present study is dedicated to hysteretic phenomena in transient magnetic fields.
The goals are an unambiguous observation of and understanding the origin of the respec-
tive hysteresis. Therefore the following requirements must be met:

e Equipment related requirements

— High enough signal to noise ratio as the effect of population changes can be
rather small compared to the absorption in general as seen in fig. 1.2.

— Signal fluctuations on a timescale comparable to the field pulse as well as to
resonances must be avoided. This requires short term stability of the radiation
source as well as a flat signal background.

— Precise magnetic field determination.

— Reproducible experimental conditions.
e Sample related requirements

— For investigation of spin flip hysteresis the respective resonances must meet
the general requirement for cyclotron resonance w.7» 1 as well as a separate
detectability. The field positions of resonances must be more than half of the
half width at full maximum apart.

— Thus materials with high g-value are the most promising samples to observe
spin related relaxation phenomena. This is a common feature of narrow gap
semiconductors and zero gap semiconductors.

e Methodical requirements

— All measurements of hysteresis effects require measurements with different
sweep rates in addition to varying temperature and wavelength as routinely
performed. If possible the time between the resonances should be varied by
at least a factor of two if equipment supports it.

— The resonance separation can be enhanced by increasing the energy or fre-
quency of the radiation, thus decreasing the wavelength.

— The effects of eddy currents must be deduced theoretically and measured if
possible. Their influence on the transmission spectra must be estimated.



Chapter 2

Conductors in Transient Magnetic
Fields

The interaction of electromagnetic waves as well as external magnetic fields with matter
are described by MAXWELL’s equations (2.1). They relate the magnetic field strength
ﬁ, the magnetic flux density or magnetic induction ]§, the electric displacement D and
the electric field strength E with the free current density fand the volume density of free
electric charges pe:

fXE = —%

VD = pe

. o~ -

VfXH = aD-ﬁ-‘]

Vi-B = 0. (2.1)

_fand p can be considered sources determining the electromagnetic fields ﬁ, ]_3), E
and D. They are related by the charge or current conservation equation

L .9
Vi j+ =pe=

These equations represent a system of linear differential equations of first order in
space and time. For such a system a FOURIER basis of the form

0. (2.2)

A(w,K T, t) = A(w, K)el KT (2.3)
for all w and K form a complete set of basis functions. All future considerations can be

limited to these components.
MAXWELL’ equations (2.1) can be described in terms of monochromatic plane waves:

kK x E(wk) = —wB(w,Kk)

k-D(wk) = pe(wk)

KxHwXk) = wD(w,K)+jwKk)

kK-B(w,k) = 0. (2.4)

11
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The constitutive equations (2.5 - 2.7) are required to a general solution. That is
OuM’s Law (2.5) and two material relations (2.6-2.7):

jw,K) = &(w,KE(w,K) (2.5)
B(w,k) = /(w,kK)H(w,Kk)
D(w,k) = £(w,KE(w,K),

where the tensor functions & (w,K), #(w, k) and € (w,K) are general functions of w and
K. We must emphasize that OHM’s law (2.5) is only valid for constant temperature and
the absolute value of the conductivity tensor, a proportionality factor ¢ = |3| between
current density I and electric field E may itself be strongly dependent on the electric
field magnitude, ¢ = o(|E|). In the following considerations we will deal with a linear
approximation of OHM’s Law as given in (2.5), that is a small absolute value of electric
field unless stated otherwise.

In hnear response approximation linearized material equations for the electromagnetic
fields E D H and B follow:

_'(wv E) = 50E(w7 _’) + ﬁ(w? k) = EOET(wa E)E(wa _‘)
B(w,K) = po [H(w,K) + M(w,K)| = poliy(w, K)H(w,K)
jwk) = o(w kEw k) (2.8)

P and M are the material dependent polarization and magnetization fields, respec-
tively. For non-magnetic materials we find fp(w,K) = 1.

In the following sections we will discuss two components of an experiment, one, the
interaction of infrared light with matter to deduce the resonance properties of a semi-
conductor, two, the interaction of the transient magnetic field with the conductor. The
two cases are substantially different in the magnitude of the relevant field strengths and,
most importantly, their time scales of the interaction process.

2.1 Cyclotron Resonance

The interaction of light with the semi-conducting material can be deduced if we consider
any material as a neutral composition of charge in vacuum ER(w, k) = 1. We obtain

K¢ (K x B(w, K) + copow’eiaBlw. K) + ijowj(w. K) = 0. (2.9)

as an effective wave equation. Any dielectric response is characterized by the suitable
contribution to the current j(w,k) of the oscillating charges in the vacuum. Often it
proves to be advantageous to split the response of the charge carriers into an explicit part
under consideration and a remaining part defining an effective displacement current:

j(w7 k) = jglobal(wv k) + jexplicit (wv k) (2'10)
so that . .
g 1 . s0 lobal(wak) ¢ Oexplici (ka)

E(w,k) = i +1i psotu (2.11)

= elu(w,k) +1Mc(wk)

gow
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Figure 2.1: Schematic arrangement of coordinate frames (left) and sample (right) in
reference to the external magnetic field B. This will be applied to all sections to follow,
especially section 2.2.

Thus, an effective dielectric displacement ﬁtotal(w, E) can be defined:

— —

— —

Diota1 (W, K) = Degective(w, k) + prli(wk) = c0&,(w, k) E(w, k). (2.12)
Conceptional that means, that part of the dielectric response of the charge carriers in the
material has been combined with the response of the vacuum thus defining an effective
background medium.

With (2.11) and (2.9) we yield a set of linear homogeneous equations for the com-
ponents E,, E, and E, of the electric field vector f](w,lz) for a Cartesian coordinate

system:
—ki - kg + k%am kyky + kgsxy kyk, + k(%sm Ey
kypky + kdeys —k2 — k2 + kdeyy kyks + kiey: E, | =0, (2.13)
kyk, + kgezz kyky + kgezy —kg — kZ + kgezz E,

with kg = % as the vacuum wave vector and all components ¢;; and E; being functions
of (w,E) fori,j =xz,y, 2.

For a medium with rotational symmetry with respect to the magnetic field B = By€,
in FARADAY-geometry, K I B || €., the dielectric tensor acquires the extended gyrotropic
form for a gyrotropic medium (e, = €4y # €22):

Ega (W, 12)4 Exy(w, lg) 0
Egyro = —€zy<w,k) Eyy(w,k) 0 B . (214)
0 0 €22 (w, k)

A schematic drawing of the coordinate frames and geometry of the cyclotron reso-
nance measurements with respect to the external magnetic field is given in fig. 2.1.

Solving (2.13) requires the evaluation of the secular equation to deduce EiGENvalues
and E1GENvectors. For a cubic crystal in FARADAY configuration we obtain in a local
approximation € (w, E) = ¢(w, k= 0) a biquadratic polynom with solutions:
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Ei = EO\/sxx + i€xy

- . E :
Ei(w,k) = %(“xiiéy)el(kiz""t). (2.15)

The EiGENvectors are left and right circularly polarized normal modes, whose un-
perturbed propagation is preferred under the given conditions. They are referred to as
cyclotron resonance active and cyclotron resonance inactive modes.

From the scalar complex propagation constants (2.16) the complex index of refraction
and the optical constants can be written:

kit = koN+ = k‘o(ni + ili:t) = a4 + 104, (2.16)

Here « determines the effective wavelength in the medium via o = 27” and the phase
velocity Uphase = w/cy; B the attenuation of intensity of the radiation by the medium and
is therefore called the attenuation length or skin depth § = % [18].

In real experiments the requirement of a free infinite medium can not be met, however,
the aforementioned considerations do apply to uniform media individually. The effects of
finite size and boundaries must be taken into account. For adjacent regions of different
media, the integral formulation of MAXWELL’s equations yields continuous transitions
for the normal components of D and B and accordingly for tangential components of
E and H at the boundary. With €, as the normal vector on the boundary surface we
obtain:

ﬁlén = ]32671
Elén = ]§26n
E1 X én = EQ X én
ﬁl X é’n = ﬁQ X 671 (217)

From these conditions reflection and transmission coefficients can be deduced.

Since the LORENT?Z force scales with ¢ compared to the electrical force we can neglect
the magnetic field component of radiation. Therefore the magnetic field will be considered
as an external magnetic field ]_3)0 solely. An electron in a harmonic electromagnetic field
E(t) and a homogeneous magnetic field B, follows the classical equation of motion:

d * L
m* 53+ LG = —e(¥ x B, + Boellhr—w), (2.18)
T

m* is the effective mass, v the carrier velocity, e the elementary charge and 7 the

relaxation time. The resulting dielectric displacement is defined by local effects, spatial
variations of E are neglected. The Ansatz v = Ve ! solves (2.18):

1 L
( - iw) Yo = (Yo x Bo + Eo), (2.19)
T m

The current density is described by j = —nev = oE. With By || €. the magneto-
conductivity tensor is given as:
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PIP,

Figure 2.2: Left: Imaginary part of complex refractive index equivalent to absorption
line shapes for wr = 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0. Right: The corresponding real part
of complex refractive index.

iw.r We
Ozz  Ogzy 0 wi-w?  wi-w? 0
_ _ _ 2 —w, 1w
o= Oyz Oyy O = ccowy | 225 2o 0 1, (2.20)
wr
: 2 _ ne? _ eBg
with the plasma frequency w;, = e the cyclotron frequency w, = ¢ and

wr =w+ % In the DC case w = 0 non-diagonal terms describe the classical HALL effect,
in the dynamic case the FARADAY rotation. Further analysis of absorption processes can
be performed with the use of the normal modes o+:

1
= +1i = R — 2.21
O+ Ogx T 10gy 5lat50u}p7 — 1(w = Wc) ( )
The power absorbed per unit volume for linear polarization is given by [19]
1 1 ne’r 1—iwr
P = —R(J,E,)=Py+P_=- 2
9 (JoEo) +F 2 m* * {(1—iw7)2+w272]
1 1 1
_ Lo 9.22
17 oot 1 T (w+wc)272+1] (2.22)

with og = ne?7/m*, the DC conductivity of a semiconductor with carrier concentration
n. The line shapes for various parameters w.7 are given in figure 2.2. The resonance is
clearly observed for w.7»1. The line width of the cyclotron resonance is related to the
scattering lifetime and the integrated absorption intensity of a CR line is related to the
density of carriers participating in CR. [20]. If the observed line shape is well fitted by a
LORENTZian, the absorption and reflection are small we can compare it to
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T(w,B 1 Dne? 1
HwbB) _ ) pwpy=1-1 T — (2.23)
T(w,0) 2 cegey ) im (W—we)?r? +1

when D is the sample thickness and ¢ the speed of light. This represents a resonance Full
Width at Half Maximum (FWHM) of 2/7.

2.1.1 Quantum Mechanics

Quantum-mechanically the macroscopic observable, the current density I and the corre-
sponding perturbation, the electric field E, are given by

(i) =1r{ip (H.E)} (2.24)

where p is the density operator of the system perturbed by the electric field E and
‘H is the unperturbed HAMILTONian of the system. Tr denotes the many particle trace.

The density operator formalism and OHM’s law (2.5) are linked via KUBO’s formula
in linear response theory [21] by:

L kT
o) = 7 / dte it / A Gy (=AY G (8)), - (2.25)
0 0

here V denotes the normalized volume of the crystal, kT the thermal energy at
temperature T, j,(¢) the vth component of the current density operator at a time t in
the HEISENBERG picture and (j,(—ihA)j.(t)), the thermodynamical expectation value
of the unperturbed system.

And we find

[0.9]
i F, ('
ouw(w) = Fy + - / dw’w’jEW) (2.26)
—0oQ

o0
Fo(w) = lvh / ap!P) ;Z(E TP o (BB — H — U)ju5(E — H— U + hw)j)
—00 w
(2.27)
The KRAMERS KRONIG relation (2.26) derives the real and imaginary parts of the
complex conductivity from a single function, the response function Fj, and refers to
general mathematical properties and does not contain physical information, but causality.
tr is the single particle trace and f the FErRMI - DIRAC distribution function, U is the
scattering potential. The response function F),, as given in (2.27) relates the conductivity
to transitions between single particles of a microscopic system.
Equation (2.27) contains physical information on

e The spectral densities of initial and final states separated by the applied excitation

energy hw which represents energy conservation with the density of states defined
as D(E) =Tr{0(E —H)}.

e The relative occupation of initial and final states characterized by the appropriate
FERMI functions f(E) and f(FE + hw)

e The transition amplitudes j, and j, specifying the quantum mechanical coupling
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However, two quantities are left to be determined, the unperturbed HAMILTONian H,
implicitly defining j, = —e%xu = —¥[H,2,], and the scattering potential .

The matrix elements of the d-distribution can be decomposed into a part that is
diagonal with respect to the EiGENfunctions of H and a non-diagonal part. According
to damping theory [22-24] the diagonal part can be replaced by an appropriate spectral
function S(F) in lowest order approximation described by a LORENTZian function:

r/x

{(6(H+U—E)},, = S(E) = A BT (2.28)

The non diagonal terms depend explicitly on scattering matrix elements with mostly
negligible influence on cyclotron resonance. Thus A and IT" are determined as a function
of the impurity potential &. The level broadening I' of the LORENTZian is roughly
proportional to the density of states I'(E') ~ D(FE) whereas the displacement A represents
the repulsion by quantum parts from other parts of the density of states:

A(E) ~ /dE’g(_Eg/ (2.29)

However, a more general consideration [21,22] derives I' and A from effects related to
multi-scattering processes described by the complex self energy 3, (E) = A, (E)+il',(E).
In the present study, the LORENTZian line shape is sufficient for approximation.

Magneto-optical transitions between oscillator E1GENstates |¥) caused by an exter-
nal perturbation Hpe,s = Hwei“’t are given by the matrix elements of the one electron
current operator j;, = —eV, = —=7,, producing selection rules. Introducing creation
and annihilation operators for the momentum operator @ in LANDAU gauge we obtain:

Ty = —1y @ (a — aT> : Ty = —i\/% (a + aT) : 7w, = hk, (2.30)

Combinations of initial and final states need to be evaluated to derive possible tran-
sitions. With the harmonic oscillator E1GENfunctions ¢ the following relations hold
true:

apn = VNon_1; a'én = VN + 1on.1; alagpn = Non (2.31)

Still the HAMILTONian and thus the energy levels remain to be calculated with meth-
ods of energy band structure calculation [25,26].
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2.2 Eddy Currents

According to MAXWELL’s equations (2.1) a transient magnetic field with high derivative
vs. time causes a much higher electric field and consequently a much high current density
than a DC or slowly varying field. Currents induced in a conductor by an external
magnetic field are referred to as eddy currents.

Eddy current effects are magnetic diffusion processes that can easily be determined for
two cases, a purely axial field penetration into the sample and a purely radial penetration.
The purely axial penetration is given for a thin disc with thickness D much smaller than
the sample radius R much smaller than the penetration depth § of the magnetic field.
In this case the magnetic field can be assumed to be constant over the sample volume
and be calculated straightforwardly. This case will be discussed in the first part of this
section with examples to estimate the order of magnitude of the effects.

A purely radial field penetration is given for a cylindrical rod with infinite length
along the axis parallel to the magnetic field axis. This assumption ignores edge effects
and variations of the external magnetic field magnitude along the axis. We will deal with
this problem in the sections that follow the first.

However, neither case will be realized in actual experimental setup due to the idealized
character therefore all calculations must be considered qualitative.

2.2.1 Eddy Currents in a Circular Thin Disc

For a magnetic field B applied normal to a sample area f with contour § we find the
induced electric field E using

B O = =
Eds=— | —Bdf . 2.32
f s /8t (2.32)

If the external magnetic field is applied perpendicular to the surface of the sample
Bext = (0,0, (Bext),) we find in cylindrical coordinates (r, ¢, 2):

0

f (B, rdg) = 2mrEBy(r) = —mr o (Box), (2.33)

if the magnetic field is uniform over the area f under discussion. Therefore
E=FE,(r)é, , Eo(r)=—s+ (Bext), - (2.34)

The magnetic field derivative induces primarily an azimuthal electric field. Its magnitude
can be estimated for an example field with a maximum sweep rate of 0.1T /ns and a sample
radius of 1 mm we obtain an azimuthal electric field of 50kV /m, that is 500 V/cm. This
value depends only on geometry of the sample and the sweep rate, but is independent
of material under investigation, it has the same magnitude and orientation for metallic,
insulating or semi-conducting samples. An illustration is of the time dependence is given
in fig. 2.3 for a transient magnetic field normal to the sample surface with initial field
slope of =~ 70T"/us. For a sinusoidal magnetic field the azimuthal electric field acquires
a cosine behavior, that is it is extremal at the zero crossings of the magnetic field and
zero at the magnetic field extrema. The geometrical dependence is shown in fig. 2.12.
At the given electric field magnitude the linear relationshipf: oE is no longer valid.
The conductivity tensor is dependent on the absolute electric field value and the current
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Figure 2.3: The azimuthal electric field (dashed, right scale) for a damped sinusoidal
magnetic field (solid, left scale) at r = 1 mm with an oscillation period of t = 12 us.

density dependence on magnetic field must be determined using an expansion in terms
of |f]| We will continue the derivation of processes involving eddy currents with a linear
approximation, treating the conductivity tensor additionally as a function of electric field
o =0o(E).

In linear approximation we find the conductivity dependent on frequency w and wave
vector k and the current density is given as:

j(w,K) = 0(w,K)E(w, k) (2.35)

To obtain space and time dependent quantities we use the FOURIER theorem and
obtain e.g.

E(f,t) = / / E(w, K)el KT+t 03K, (2.36)

We are discussing a magnetic field with angular frequency w < w. for and wave
vectors ’f{" LK\ = h2/eB. That is with a wavelength that is large in comparison to
the magnetic length A. Thus we have w ~ 0, |E\ ~ 0 and find the current density f

using OHM’s law with the conductivity tensor for cylindrical coordinates (€,,€,,€.) in
the extended gyrotropic form for free carriers

1 WeT 0 E,
(weT) 0 0 14 (wcT)2 E. (2.37)

1"1‘(2%)2 [wCTEcp ér + E@élp]
Here 7 is the momentum relaxation time, w. = eB/m* is the cyclotron frequency for
any given magnetic field magnitude B and effective mass of carriers m* with elementary

charge e, o9 = ne?7/m* where n is the free carrier concentration.

lin the literature we find the 3D current density jtreated as a surface current density iwithi= D_f
reducing the problem to two dimensions [27]
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The conductivity may be dependent on the external magnetic field magnitude B as
oo = 0o(B) = n(B)eu(B) = n(B)e*r(B)/m*. Experiments show that the conduc-
tivity o¢ depends on B, the carrier concentration n does not, therefore the mobility
w=p(B)=-er(B)/m* is a function of magnetic field magnitude. We obtain a magnetic
field dependent relaxation time 7(B). Additionally we must keep in mind oy = oo(E).

The boundary condition of zero current in radial direction, j; = 0, is given by the finite
extension of the sample in radial direction to r=R. Therefore a HALL-Voltage is induced
that compensates the current in radial direction described by equation (2.37). This effect
is completely analogous to the CORBINO-disc geometry of HALL measurements [28].

We find the electric field E given by the induction equation to yield:
00

j=0E = 5 (Br — weTEp) & + (weTEy + E,) &) . (2.38)

1+ (wer)

From j;, = j, = 0 it follows for the steady state solution

j:jrér +j<pép +jzéz:j¢€¢ ) (2.39)
therefore
. g0 2 i o
E.=wrtE, — jo€,=—"= [(wCT) + 1} E,€,=00E,€, . (2.40)
1+ (wer)

That means that the current density is purely azimuthal and does not experience the
magneto-conductivity. The radial electric field, however, that is given by

Er(r) = (wCT)E‘p(T) =K (BeXt)z ElP(T) =M (Bext)z g%

is a quantity that scales to the primarily azimuthal electric field E, with the sample
mobility p and the external magnetic field (Bext)z. Thus the radial electric field depends
on both the magnetic field and its derivative whereas the azimuthal electric field as
well as the current density depend only on the field derivative. An illustration is given
in fig.2.4 for very low mobilities to demonstrate the qualitative time dependence. For
higher mobilities the corresponding curves are amplified by the mobility factor. The
geometrical orientation is given in fig. 2.12.
For a sinusoidal field B, = By sinwt we obtain:

(Bext), (2.41)

E, = %ng sinwt coswt = % BZsin(2wt) . (2.42)
That means, the radial electric field oscillates with the double frequency of the external
magnetic field and has extrema at ¢t = (n + 1/2)7/2w with n=0, 1, 2, ...

For an angular frequency of w = 27 /12.5us =~ 0.5/ us the first maximum of the radial
electric field occurs at t = 1ps. With r=1mm it has the magnitude

0.5/us - 1073m - B3
4

E.~pu =125-B2-pn  [V/m] (2.43)
if the mobility p is given in m?/V's and By in T. As we are dealing with damped sinusoidal
magnetic fields, the real values will be slightly smaller, but of same order of magnitude.

However, we find that for mobilities of order 1 m?/V's and magnetic fields with maximum
of 100 T the radial electric field is of order 10kV /cm.
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Figure 2.4: The azimuthal electric field (dashes) of the experimental situation of fig. 2.3
and the corresponding radial electric fields for mobilities y = 1000 ecm?/V's (dots) and
p = 500cm?/V's (dash-dot). All have been calculated at r = 1mm and the original
magnetic field (solid line, right scale).

Mobilities in excess of 1 m?/Vs are easily encountered in present day semi-conductor
materials. Therefore high electric field phenomena such as impact ionization and avalanche
breakthroughs that lead to the generation of non-equilibrium charge carriers must be con-
sidered as will be done later.

The current density I(w =0, k= 0) was found to be

., _, B)r o
J(w = O,k = 0) = O'O(B) E@(w = O,k = 0)64,0 = UO<2 )Tat (Bext)z 64,0 (244)
At r—1mm we obtain a current density of
_ 0 9
jJlw=0,k=0)=5-00(B) - En (Bext), [A/cm?] (2.45)

for a field slope given in T/us and o¢(B) in Q@ tem™!. For e.g. an initial field slope of
1007 /us and a conductivity of og(B = 0) = 20002 *em~! we find a current density of
10% A/em?.

The eddy current density will itself induce a magnetic field into the conductive system.
The sample location in the field axis favors s = (r = 0,79 = 0,z = 0) as the reference
point for a calculation using the law of BIOT-SAVART. Assuming any current distribution
in z-direction to be negligible, the correction term can be calculated by

. . v
B, = poH, = %/JTS av
Vv

2

R D (B) d

o0 .
/rdr/d«p/dz [— 5 T%Bout €p X
0 0 0

§13

r
3
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DR d

= _UO(B)NOT@Bext €. DRI (246)
Here D denotes the thickness of the conductive layer and R the sample radius. The
effective magnetic field Beg is thus given by

DR d ~
= " Bex. D 2.4
T 7 Bext <R<§ (2.47)

ﬁeff = Eext - O'O(B)NO

The conductivity og is not required to be constant in time but only spatially uniform.
Independently of the majority carrier type the magnetic field correction will always be
opposite to the external magnetic field.

It is useful to calculate approximate values for the correction factor c¢ in order to
estimate its order of magnitude. A sample with conductivity oo(B) = 2x10°Q~1m~! and
typical dimensions of R = 1 mm and D = 0.5 mm yields a correction factor ¢ = 0.03 us,
that is at a sweep rate of 0.17 /ns a magnetic field of correction of 3T for each field
direction which, in turn means, that resonance fields of up and down sweeps are different
by twice that value.

For epitaxial samples with typical thicknesses of the conducting layers of order um
to nm the field correction factor c is smaller than 0.1ns and can be neglected. In bulk
samples of thickness of order few 100 um however, the field correction has a non negligible
value yet it remains to be determined whether or not the thin disc approximation is still
valid.

2.2.2 The Diffusion Approximation

This section will deal with the diffusion problem for a cylindrical sample with radius R

and infinite length of a material with conductivity o¢ and relative permeability of 1L R = 1

for an axial magnetic field applied perpendicular to the (r, ¢)-plane, H = (0,0, H,).
The conductivity tensor and the inverse conductivity tensor are then given by?:

- 1 WeT 0 . 1 1 —w. 0
F(B)= — " | —wer 1 0 — 0 B)=— | wr 1 0
1+ (wer) 0 0 1+ (wer)? o\ 0 0 1
(2.48)
where w.T = eBT(B)/m* is an explicit function of magnetic field.
The MAXWELT, equations
VxE=—pu- H 2.49
Ho 5 (2.49)
VxH—j+ 2D (2.50)
BRREY '

will be used to derive the diffusion equation with the displacement currents set to
zero. This can be assumed as displacement currents are not relevant at frequencies much
lower than the infrared. As the field oscillates with ~ 10 kHz this condition is met,
negligible displacements of charges will occur. The current density is given by OHM’s
law:

2The conductivity tensor has the same form for cylindrical coordinates and Cartesian coordinates.
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=5 [V xH] (2.51)
thus it is possible to yield the diffusion equation for H caused by eddy currents

0

Ho ot

The problem is solved in H because of the convenient form of the boundary condition

for the main tangential component of H. It can be similarly be solved for the magnetic
1nductlon B the vector potential A or the current density J E.g., the eddy current

density j _] can be derived by equation VxH-= J

In Cartesian coordinates the operator V is given by

- o . 0 0

V=¢€— — +€&,—
e“”ax +ey8y +ezaz

Vx (7 [VxH]) = i (2.52)

(2.53)

with H = (H,, H,, H.) it is

- = (0 0 L [0 0 L (0 0

and consequently
1 —w.r 0 1 € {%Hz o %Hy B [32 3@ }}
+8, {wer [ZH. - @H o+ ZH, — ZH.}
+€, {BxH - %Hm}

i WeT 1 0 [ﬁxﬁ}:—

%9\ 0 o0 1 o0

The left part of the diffusion equation (2.51) is then given by

X
- e[ (- g} o[ ]+ g g
+ Vo0&, | {SH. — £Hy —wer |ZH, - ZH.|} - £ {ZH, ~ 2 H.}|
+ 1008 [& {wer [ZH = ZH,| + ZH, — £H.}]
+ 1/00é, [8% {B%H D H, — wer [%Hz ngz} H
(2.56)
With H = (H,, H,, H.) = (0,0, H,) and
T (57 [0 x H]) = o i (2.57)
we yield
1/00 8 { —wer 55 He + 5255 He } = —pofy Ha = 0
1/00 8y {wer 525 He + 525 Ho } = —po i Hy = 0 (2.58)

o 2 2
1/00 €z {_%HZ - %Hz} = _/J/O%Hz
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Therefore

0? 0? 0? 0?
To—7H,=—FH, y T We s H.=+—F"H, . 2.
“ T@z@y 020x v o, (2.59)

From the x and y component we find

0 0 0 o3 0 o 0 03
%{amﬂz}—wcrmwﬂz , {HZ}——mHz (2.60)

which can be transformed into

o [ 02 0? 0 0
9l g+ Y gl
0z {8:62 + Oy? } 0 2 TOH0

H,=0 (2.61)
The axial field and its derivative must be constant with respect to the axis direction.
This is given for a slab with infinite extension parallel to the field axis.

We obtain
0 ~ 0? 02| = ~
oopo=—H =< — +— rH=AH 2.62
0Ky {aﬂ - ay2} (262)
Here A is the two dimensional, in-plane LAPLACE-operator. Equation (2.62) corre-
sponds to the diffusion equation that would have been directly obtained for a conductivity
tensor without non-diagonal terms.

2.2.3 Skin Depth and Diffusion Time

Equation (2.62) can be written in dimensionless form by introducing a characteristic time
to (e.g. duration of the field pulse), the conductor dimension Iy, and field amplitude H
such that H* = H/Hy, t* =t/to, I* =1/ly, A* = A/JI3:

2
A~ 0ok O

T (2.63)

We can define a few characteristic quantities that will be useful in the further calculation
process [27], the characteristic penetration depth sy down to which the magnetic field is
still appreciable

to

goHo

so Xl = (2.64)

the diffusion time scale on which the field decays away or penetrates the sample

74 = lgoopo (2.65)

with the formal diffusion velocity

vg = lo/7a = oopo/lo - (2.66)

In this calculation we will use the skin depth which we shall define as the depth
at which the surface magnetic field has decreased to a value 1/e . For any given time
dependence of the magnetic field the skin depth is fixed. For a harmonic sinusoidal
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Figure 2.5: Nomograph giving the harmonic skin depth ¢ as a function of frequency
v = 1/T of a sinusoidal field and conductivity times relative permeability oq - ug for
relevant metal [27,29] materials and semiconductors.

oscillating field with angular frequency w = 27 = 2w /T we can choose the characteristic
time to be tg = T'/m we find the harmonic skin depth ¢ to be:

2 1 T
5= = =/ . (2.67)
WHooo VTV OO0 THOO0

The skin depth can be more accurately derived by analyzing the penetration into a
conducting half space with MAXWELL’s equations [27] that would yield an equation of
the form:

3
2H 2mt 2 :
H,(z,t) = Hye*/?sin <wt - Z) — 220 [ in (; - 25225/2> e ¢ ae’ (2.68)
0
for the retarded variable £ = z/+/4oguo t.
The skin depth for any given conductivity can be derived using fig. 2.5. For any

experiment in single-turn coils in this thesis we have an angular frequency of w = 27 /T ~
27 /12 ps and find

T 30
0= \/W,UOO'O = \/7‘(‘20'0 =4/3.04/09 [m] (2.69)

if o¢ is given in O~ 'm~!. Consequently we determine

§=100cm — oo~  300Q 'em™! o0 =10°Q tem™! — = 17.4mm
§=0.50cm — op~ 1200Q tem ™! o0 =103Q"tem™! —  Sx5.5mm
§=025cm —op~ 48000 tem™! oo =10'Q tem™! —  Sx=1.7mm
§=010cm — o9~ 30000Q tem™! o0 =10°Q tem™! —  §x0.6mm
(2.70)

A spatially uniform field distribution inside the sample requires all sample dimensions
to be well below the skin depth of the sample. Whereas for the sample thickness this
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may be easily fulfilled for the thin disc, the sample radius is a critical parameter in that
case too.

The condition R < ¢ is fulfilled for e.g. 10R = ¢ at the present sample geome-
try of R = Ilmm or R = 0.5mm for samples with a conductivity of 3002 tem~! or
12009 tem ™!, respectively. At higher conductivities of samples the thin disc approx-
imation is no longer be valid, a radial or / and an axial dependence of the diffused

magnetic field and consequences thereof must be considered.

2.2.4 Solution of the Diffusion Equation

Equation (2.62) is most conveniently solved in cylindrical coordinates (r, ¢, z) that rep-
resent the symmetry of the experimental situation. It then transforms into (2.71).
10 0? 0?

H —H —_—
+ or2 " ? + 0p?

0
- 2 H, — —H.,=0 . 2.71
r Or 90H0 (2.71)

ot

with the rotational symmetry of our field configuration we find: 88—22HZ = 0.

To solve this problem initial and boundary conditions for an external field are re-
quired:

H.(rt) = 0 0<r, t<0
|H,(0,t)] < 00 —oc0<t<oo (2.72)
H.(R,t) = (Hex), (R,1) t>0

At this point the actual character of the external magnetic field is required. For the
experimental situation of this thesis we deal with damped sinusoidal fields of the form

(Hext), (r,t) = Hyel@iHo)=at — pg gl(lotialtie) r>R,t>0 (2.73)
with a phase ¢ = —m/2. We rewrite the time dependent part as i(jw + ia|t =
ilw(1 + io/w)] and solve
d . .
%HZ = iw(l +ia/w)oouo H, (2.74)

to obtain a BESSEL-KELVIN differential equation of order zero:

2

TQ%HZ—FT%HZ —iw(1 +ia/w)oouor* H, =0 . (2.75)

The conductivity oy contains a dependence on the external magnetic field oy =
oo(H,). In the further process of calculation the influence of this dependence must
be assumed small to be able to solve (2.75). The magnetic field dependence of the
conductivity will be ignored for deducing the relevant properties. In the final result
however, we will treat og as a function of external magnetic field.

The steady state solution at t>0 to the above equation is found to be?

H.(r) = o Jy (==t +ia/w)aomor) + CaYo (—/—w(l +ia/w)oour) (270

3transient effects have been neglected and the oscillatory behavior of the field can be described well
by a damped harmonic Ansatz
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Figure 2.6: Cylindrical functions relevant to the diffusion problem. Top: BESSEL Func-
tions of first and second kind for real arguments. Bottom: BESSEL-KELVIN functions ber
and bei of order zero.

where Jy and Yy are the BESSEL functions of the first and second kind of order zero, re-
spectively. The functions are illustrated in fig. 2.6 for real arguments. The constants C /5
are given by boundary conditions. Yj is divergent at 7 = 0 but H,(r = 0) must be finite
therefore Cy = 0. The term /—iw(1 + ia/w)ooug corresponds to v/ —i /(1 + ia/w)v/2/4,
when delta is the harmonic skin depth (2.67).

With the boundary condition

H.(R,t) = Cy Jo(—\/—2i (1 + ia/w)R/0) = (Hext). (R, t) = Hoel@1Ha/e)t4e) (9 77)
we find using Jo(—2) = Jo(z)

H, el(@(1+ia/w)t+g)

" (Vo 1 ia/0)RV2/5)

and thus the solution for the magnetic field in our sample

Ch (2.78)
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Figure 2.7: Distribution of the magnetic field inside the sample for skin depth to radius
ratios £/R = §/v/2R — 1 (solid line), 2 (dashed line), 4 (dotted line) and 8 (dash-dotted
line). Top: absolute value of H(r)/Hey, bottom: phase of H(r)/Hey. At r=R the
external magnetic field value is acquired and the imaginary part vanishes.

JO( \% _i V (1 + iOé/(U) T\/i/é) HO ei(w(l—i—ia/w)t—i—qﬁ) O <r< R ) (279)
Jo(vV=i/(1 F ia/w) R\V/2/6) -

The solution of equation (2.75) can equivalently be expressed in terms of the BESSEL-
KELVIN functions ber and bei, or modified BESSEL functions 1, |30, 31]

H,(r,t) =

Jy(z - ei3“/4) = ber,(z) +ibei,(z) = ei’”r/2ly(zei”/4) . (2.80)

that are shown in the bottom part of fig. 2.6. The BESSEL KELVIN functions have the
advantage of having exclusively real arguments and values for a = 0.

The argument of the Jy represents a dimensionless phase factor times r/6 and R/4,
respectively. The magnetic field inside the sample is a complex quantity with a real part
smaller than the externally applied field. It does have a phase shift versus the external
field caused by a non-vanishing imaginary part.

The radial field distribution is given in fig. 2.7 for the ratios of skin depth to sample
radius §/v2R = 1,2,4,8 and o = 0 we use the abbreviation £ = §/v/2. It can be
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seen that the absolute value of magnetic field at the center of the sample is only few
percent smaller than at the edge even for /2R = ¢ and approaching the value for r=R
very rapidly when the skin depth exceeds the sample dimension. The absolute values
at 6/v2R = 4 and §/v2R = 8 cannot be distinguished from each other and are both
coincident with f(r)=1 on this scale.

It is important to note that inside the sample the magnetic field is in general phase
shifted versus the external magnetic field. This phase shift grows for V2R — §. The
phase shift is introduced by the compensating field caused by eddy currents. It works
against the driving external field and resembles a screening effect. The consequence
of this behavior is a time delay of the actual magnetic field inside the sample versus
the external magnetic field. As pg is a constant and w nearly a constant in the given
experimental situation, the conductivity is the parameter that determines the skin depth.
Therefore a linear decrease of the skin depth /2R — § represents a quadratic increase
in conductivity.

For R < ¢ we can use the expansion of .J, [30]

1 \? =2 (—%22>k Jo(z) = 1—72 + 22 +.
Ju(z) = (z) Z T L (2.81)
2 kZOkF(V+k+1) JI(Z) ~ EZ—EZ +
toyield for 0 <r < R<dand a=0
H.(r,t) = (\/TT\[/(S) Hye i(wt+¢)
(1) Jo(V -1 Rv2/5)
o 1+ir2/25? i(wt+¢)
~ 1+1R2/252H o€
~ elwt+e) _ r i(wt+g)
= Hye i(wi+¢) _ 77" ng i(wt+e)+Hin/2
— HO ei(a)t+¢) . 1 (Wt+¢)
= Hye i(wt+e) _ Uouo 2 ( Hext),
and therefore
R% — 2 0
B.(r,t) = poH.(r,t) = (Bext)z (t) — TUONO ot ( ext)z (t) . (2.83)

The same result is obtained for an expansion of (2.79) with @ # 0 and the modified

condition R < ‘\/(1 + ia/w)é‘. In this case the term /(1 + ia/w) introduces an extra
phase shift that is canceled when the magnetic induction is expressed depending on
its derivative whereas the absolute value is preserved within < 1074, If the modified
condition does not hold true, the effect of the factor /(1 + ia/w) on the absolute value
of the magnetic induction is not negligible.

The magnetic induction inside the sample is smaller than the external magnetic in-
duction for all r and minimal at r=0, where the phase shift is maximal. Contrary to the
thin disc case (2.47) the magnetic induction is dependent on r and can only be approxi-
mated over the sample area. The screening of the magnetic induction by a field depending
on the external field derivative can be observed with magnetization equipment as will be
shown later.
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Figure 2.8: Relative magnetic field calculated for R=§ at the edge (r=R, solid line) and
center of sample (r=0, dashed line). It is clearly seen that the field inside the sample is
smaller than the external field and shifted to later times in its structure.

An illustration is shown in fig. 2.8 for the case of R0 determined with (2.79) with
parameters w = 27/12us and o = 0.1/ps. In this limit the magnetic field at r=0 is
delayed by 1.5 microseconds versus the external field and the magnitude has dropped to
83% for the maximum of field, but is exceeding the absolute value at the minimum of
field. For samples with R < §, therefore much lower conductivity oy the lag and the
decay of the magnetic field are much smaller but still apreciable as will be shown in the
experimental part of this thesis.

2.2.5 The Eddy Current Density

The current density jis given by equation VxH = I As the magnetic field has a ¢-
independent z-component and no r- or p-components the equation to be solved reduces
to:

TV xH- _GQHZ(T)% _ 9 | (V-iV At iajw)rv2/6) H, elt+9)
.

o [ (VI Fia/e) Bv2/9)

€,
(2.84)

that can be obtained with a recurrence relation for BESSEL function derivatives [30]

@) = =i (2) + S (2) (2.85)

and therefore
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Jg VAV tHa/) rv3/0) 1 oiwtto)
W@XI}WL
_ U3 5J1 (tla/w) rvV2/0) pr elwite) g 2.86
V=211 + ia/w)/ NN RTNT] e €, (2.86)

= —07YF(r)- H(t) &,

el
I

where F is a scalar function with complex values. The current density is purely azimuthal.
This result can be rewritten into a form depending on the time derivative of B

b0 NV Fi0/)rV2)0) iapa| D p gy
Y e TN e m TN M KT

The radial behavior of F is given in fig. 2.9 for different ratios of skin depth vs.
sample radius at & = 0. The current density is shifted vs. the magnetic field by ~ 7/2.
That means the current density can likely be expressed in terms of the field derivative.
The absolute value of F(r) shows a linear dependence on r for all depicted ratios of skin
depth to radius. That is qualitatively similar to previously found result for a magnetic
field that is spatially constant with respect to the sample volume.

The bottom layer of fig. 2.9 shows the difference between the phases of magnetlc field
and current density. It can be seen that for 4y/2R < § the phase shift A® = &(j) — ®(B)
is nearly constant over the sample dimension and A® = 7 /2. This holds true for a # 0
as well.

Using (2.81) we find for 0 <r < R < §

jSO(T’ t) =

Jo = (—20)2(1 + i /w) 5o Hy el (-Ha/w)t+0)

oo , L (2.88)
_ 1 go 0 (1 + 1a/w)Hg ellw(l+la/w)t+e) TgBext-

This result is identical to the previously found one for a thin disc (2.44). The corre-
sponding electric field E is given by

E,
= ——12 T T
E = | E, |=0 ] ; J=i(H:(r,1))
E.
AV rv3/8) gy i 7
— —9i 1 0'0 1 Hajw)r l(wt—i-(j)) 1 Bex
V=2iy/(1 +ia/w) % 5 (VI (Ltia/m) BVE/3) Hpe . ot Pext

—WeT
_ Sog J1 f\/ (1+ia/w) rv/2/6) —17r/4 1C QB ¢
2\/ (1+la/w) Jo( \/7\/ (1+la/w) Rf/(?) 0 ot

(2.89)
which corresponds to

E=| 1 |ZBu (2.90)
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for 0 <r < R <« §. Again we find a radial electric field that scales with w.7 to
the azimuthal field. For 0 < r» < R < § the thin disc approximation and the slab with
infinite extension in the field axis direction produce similar eddy current density and
respective electric fields. The major difference reflecting the penetration of the magnetic
field in an axial way (thin disc) or radial way (slab) is found in the correction to the
magnetic field.

2.2.6 Induced Temperature

A current carrying conductor with non vanishing resistivity experiences dissipation of
energy in form of heat. The adiabatic heating of the crystal lattice can be determined
by the relation of JOULE and electric energy:

At Ty
/j- Edt = / pm cp(T) dT, T; < Ty (2.91)
0 T;

where py, is the mass density of the sample material, ¢, its specific heat and T;,; the
initial and final temperatures, respectively. Using the complex quantities and denotation
the left part is transformed into

" (B () a

At
_ Of % HZ (R[F(r)]sin(wt) + S [F(r)] cos(wt))® e~224dt

_ ?t%Hg ( R [F(r)) sin?(wt) + S [F(r)]? cos?(wt) > =20ty

At . A
[ RG) - R(E)dt = i
0 0

r)

0 +2sin(wt) cos(wt)R[F(r)] - S[F(r)]
(2.92)
R(f) denotes the real part of a quantity f, S(f) the imaginary part. With R [F(r)] <
S [F(r)] for 4/2R < § we find the cos?(wt) term to be the dominant one for the deter-
mination of the heating. For larger values of R the full expression must be evaluated.

Typical values for the temperature increase in single-turn coils themselves are of
order 1000 K. [32-34] In the generation process an extremely high current density is
driving a magnetic field in a metallic conductor such as copper. Due to the much smaller
conductivity and hence eddy current density of semi-conducting samples investigated
in this thesis effects of heating can be expected to be significantly smaller than that
value. As electronic properties of semi-conductors are highly temperature dependent
small changes of temperature may have substantial effects, too. To deduce this behavior
in a general way, one must solve a system of differential equations yet, for a reasonable
approximation it may be considered as follows.

Assuming a small temperature change to occur in the investigated semi-conducting
system, the heat capacity and mass density can be considered as constant during the
experiment. [33] For a thin disc or a slab with R < § we can find the lattice temperature
increase AT with equation (2.44):

1 72 o d 2
AT(r) = — By | dt. 2.93
") Pm Cp 16 0/00 (dt t) ( )

This expression can only be evaluated if the time dependence of the conductivity og
is known. The time dependence of the conductivity will be given by its dependence on
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Figure 2.9: Radial dependence of the current density for the ratios of skin depth to sample
radius £/R = §/v/2R = 1 (solid line), 2 (dashed line), 4 (dotted line) and 8 (dash-dotted
line). Top: Absolute value of F(r), middle: phase of F(r), bottom: Phase difference of

current density and magnetic field A® = ®(j) — ®(B) It is clearly seen that for R < ¢
we find a phase shift of A® = 7 /2.

magnetic field and the time dependence thereof. The lattice temperature increase can in
this case easily be calculated numerically.

The magnitude of lattice temperature as given by the aforementioned formulae is
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depending quadratically on r. There is a temperature gradient within the sample, thermal
diffusion processes must be considered. Moreover, temperature dependent quantities such
as the carrier concentration and conductivity must be treated as temperature dependent.
The temperature rise is an integral and therefore cumulative process which is still ambient
when its cause is gone. Furthermore the heat deposition continues to rise during a pulse
that is, the temperature in the falling side of the field is in general higher than it was
on the rising field side. An illustration of [ dt(dB/dt)? is given in fig. 2.10 for typical
magnetic fields.

It is not possible to directly determine the temperature during a pulse. We can
measure the temperature of the heat sink to which the sample is attached before and after
the pulse. For cyclotron resonance measurements in STCs an increase in temperature
during the pulse can indirectly manifest itself in several ways.

(1) The line-width will increase with a factor dependent on kg7 due to the level broad-
ening.

(2) The population f of energy levels F will change with increased temperatures fol-
lowing Boltzmann statistics
f(E) x e B/ksT (2.94)

That is with higher temperature there are more carriers excited into the relevant
energy levels. The number of carriers involved in a resonance is proportional to
the integrated area of the absorption peak in the small absorption approximation.
With higher temperature resonances can be found to be broader and/or stronger.

(3) The band structure is subject to modifications. The parameters required to cal-
culate the band structure such as lattice constant and band gap are temperature
dependent. This may shift the cyclotron resonance position. However, for a de-
tectable shift of CR position of about 1T temperature increases of order 50 K
are required. For narrow gap semi-conductors such as InSb that have a strongly
temperature dependent energy gap comparable to the radiation energies used, a
temperature increase may affect the overall absorption.

The above considerations refer to the lattice temperature. The charge carriers ex-
perience an acceleration by the ambient electric field, making them hot carriers. The
electron temperature can be significantly higher than the lattice temperature with im-
pacts on point (2).

Point (2) may provide an explanation for type II hysteresis effects observed in e.g.
HgTe. Whether or not a temperature increase is the cause for the absorption increase in
the down sweeps can be checked with a sample diameter dependent measurement.

2.2.7 Mechanical Forces on and within the Sample

A conducting system experiences a local force whenever a current is applied perpendicular
to the magnetic field. The force F for a given sample volume V is given by:

— —
. .

dF = fav = [fx B dV = [R(5) x R(B)]| av (2.95)

The free carriers experience a LORENTZ force by the magnetic field. They are there-
fore shifted out of the equilibrium positions with the lattice. This causes an electrostatic
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Figure 2.10: Top: Magnetic field traces for several fields that can be generated by single
turn coils, dots - very high semi-destructive field, dashes - standard semi-destructive
field, solid line - maximum nondestructive field. Bottom, left: Qualitative temperature
increase caused by eddy currents for an assumed constant conductivity vs. time for the
magnetic fields given in top frame, numbers indicate the coil diameter in mm times the
charging voltage in kV| right: the similar dependence vs. magnetic field.
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Figure 2.11: Pressure distribution for the previously used field and a sample with radius
R—=1mm and constant conductivity oq = 2000 Q2 tem ™.

displacement and charge separation. The resulting electric field is caused by the dis-
placement and acts upon the lattice only.
For 0 <r < R <« § we find this force as

é,
N d ———
dF = —Ugr (dtB> Ble, x&.]dv . (2.96)

A more familiar quantity is the pressure p that is caused by the force density £

5 fr— [ixBlar = 70" (4 .
dp_fdr_[JxB}dr = -3 (dtB>Bdre,,
2
_ oor® [ d .
- “B)Bé, 9.
B(r) " (5B)Be (2.97

Please note that the pressure generated in a sample changes direction with up and
down sweeps as well as with field polarity. That means that regardless of majority carrier
type there is compressive pressure in the radial direction whenever %B and B have the
same sign. That is at the beginning of the pulse and after each zero crossing of B. This
effect was used in magneto-forming experiments [12,35]. However, in the down sweeps,
the pressure is of expansive, that is tensile, nature. Figure 2.12 shows this.

For a sample with radius R=1 mm and conductivity oq = 2000 Q2" 'em ™! the pressure
during a pulse exceeds 10 kbars at a sweep rate of 1407 /us and a field of 140 T. For a
sinusoidal field B = Bysinwt the pressure is proportional to sin 2wt and the maximum
value occurs at t = 7/8w. An illustration is given in fig. 2.11.

The discussion of this section is given for semi-conductor thin discs. The formulae
show complete analogy to the situation of metallic cylindrical implosion that is widely
used in high energy physics [27]. The principle is also used for the magnetic compression



2.2. Eddy Currents 37

of metal cylinders. The deformation of metallic tubes is characterized by a minimum
pressure which is necessary to overcome the structural strength of the conductor.

It is difficult to find values of the ultimate strength for semi-conducting materials in
the literature. Yet, it seems that the pressure caused by eddy currents is smaller than
this value, yet of the same order of magnitude. Thus deformations can be considered
to be elastic. There has been no evidence for permanent deformations in most samples.
For high conductivity epitaxial and thin film samples of HgSe:Fe [36] or GaAs there
have been, however, observations of cracks and ruptures that may have been caused
by the mechanical forces in the samples at interfaces of the conducting layer and the
nonconducting substrate, no other source of destruction was found [12, 35, 36].

The pressure is an instant local effect as opposed to the temperature accumulation.
However, in mechanics a deformation can also occur when a sample is repeatedly exposed
to pressure below its ultimate strength. From the experimental point of view this means
that one has to analyze, how reproducible experimental conditions for a sample are.

It is important to consider how a radial pressure distribution can affect the cyclotron
resonance spectra or the experimental situation in general. Dependences of the energy
band structure and cyclotron resonance on uniform hydrostatic pressure along an axis can
be found in the literature. The modification of energy band structure can be calculated
using the deformation potentials of the material. This is, however, for a static case with
same magnitude of pressure over the sample volume.

There are other effects caused by mechanical pressure on semi-conducting samples
too. A well known example is the piezoelectric effect |26].

2.2.8 Summary of Eddy Current Effects

We have found that eddy currents are a relevant process in transient magneto-spectroscopy.
The physical quantities of interest are for 0 <r < R < ¢

e the induced electric fields

_ rd .
E(rt) = §%B( ) €, +wCT2dt (t)€, (2.98)
e the induced current density
- oor d
t)=——B(t 2.99
jinn =2 L B8, (2.99)
e the magnetic field correction for a thin disc D < R
., DR d .
Bc (t) = —O0oM0O—F— 4 d Bext (t) €z (2100)
t
e the temperature rise
l 2
AT (r,t) = T—/ ( ) dt’ (2.101)
pm cp 16 J

and the pressure distribution

2
B, = -7 <dB(t)>B(t)é'r | (2.102)
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Figure 2.12: Schematic drawing of the spatial dependence over the thin disc area of the
vectorial eddy current related phenomena for an arbitrary damped sinusoidal magnetic
field with a time dependence as given in the top trace. The field must be applied per-
pendicular to the sample extension, that is in z-direction. Top to bottom: azimuthal
electric field, radial electric field and pressure. Arrows indicate orientation, dashed lines
originating in sample center the linear or quadratic dependence on r. The upper circles of
each part are guides to the eye only. Their vertical displacement vs. the sample indicates
the relative magnitude of the effects.

All quantities depend on the macroscopic parameter r, the radius position within the
sample. This constitutes the criterion with which eddy current effects can be reliably
distinguished from intrinsic effects of the investigated materials. Ep is the most easily
determined quantity as it depends on the sweep rate and r only. The temperature
distribution depends on r but is a scalar, while the other properties are vectors. f]r
is radial and azimuthal, jis purely azimuthal, B, is axial in the thin disc case and
additionally dependent of r in the infinite rod approximation (2.83) and p is radial.

The phenomena described here are not specific to magnetic fields generated by single
turn coils but will occur in other pulsed magnetic fields accordingly. In case of non-
sinusoidal fields the diffusion equation requires a different set of characteristic parameters
depending on the the actual field shape. E.g. for an exponential field rise B(t) = Bye™
we obtain a skin depth of 6 = /1/aogup and a solution for the magnetic field of

Jo (ir/9)

TGRS Boe®t (2.103)

B(r,t) =

for 0 <r <R.



Chapter 3

Magnetic Field Generation

This chapter is describing the magnetic field generator. After a short excursion to magnet
and pulsed magnet application in general, the major focus will be on the MEGAGAUSS
GENERATOR OF THE MEGAGAUSS LABORATORY OF THE HUMBOLDT-UNIVERSITAT
7ZU BERLIN.

3.1 General Remarks on Magnetic Field Generation

Strong magnetic fields can be generated in several ways. The most straightforward mag-
net design uses superconducting coils. These magnets are usually immersed in liquid
helium. The field maximum is basically determined by the breakdown field of super-
conductivity of the respective material used. At present the maximum field achieved by
using high T, superconductors is 23.4T [37|. The long time availability of these mag-
netic fields is primarily determined by the continuous supply of liquid Helium and the
properties of the superconductor.

Beyond 20T a reliable steady magnetic field can be produced by a BITTER- or Helix-
type magnet, a high-power water-cooled resistive magnet. The major difficulty at these
types of magnets is given by the resistive heating of a current carrying conductor. The
heating of a conducting wire can be estimated from the action or current integral |27].

At Qy Ty
J= /det’ = /adQ = [ opmey, (T)dT, T; < Ty (3.1)
0 Qi T;

where j is the current density, At the duration of current application, o the conduc-
tivity, Q the deposited heat given by @ = ¢, p,,, T' with the specific heat c,, the mass
density p,, and the temperature T. i and f denote initial and final states. This integral
is formed with the driving current as the parameter. It is different from the temperature
integral of eddy currents (2.91) by the factor o that transforms the electric field into a
current density.

Currently, the maximum field of a BITTER type magnet is 33 T [37]. However, it can
be combined with a superconducting magnet to obtain higher fields of up to 45T [37].
Steady resistive magnets require large installations, power supplies and are, after all,
limited to comparatively low fields.

An elegant way of circumnavigating these requirements that cannot be met by many
laboratories is the application of pulsed magnets. A resistive conductor is exposed to a

39
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Table 3.1: Maximum fields and characteristic timescales of magnets currently used in
solid state physics

Type Of Magnet Field Pulse Duration
Steady 45T ~ days
superconducting Magnet [37] 234T
BITTER Magnet |37] 33T
Hybrid Magnet [37] 45T
Pulsed, nondestructive 2ms .. 2.6s
capacitor discharge |39| 76T few ms
capacitor discharge [40] 80.8T 7ms
flywheel discharge [41] 60T 100 ms
30T 265
Pulsed, semidestructive
Single Turn Coils [32] 300T 5 s
Pulsed, destructive 20..100 pus
electromagnetic flux compression [42] 620T
explosive driven flux compression [43] 2,800T

experimentally usable explosive flux compression [43] ~1,200T

current and high electrical power for a much shorter period of time than steady magnets,
typically ms or ps. This avoids continuous cooling as the coil heats up adiabatically
during the pulse [38] and will be given enough time to cool down in between experiments.

The principal limitation to nondestructive pulsed magnetic field generation is the
magnetic stress p = B%/2uq exerted onto the conductor. The limit of nondestructive
magnets is given by the strength of the materials used, this will be less than 100T in
principle as the magnetic pressure at 100 T is 40¢/ecm?. An estimate of the theoretical
maximum field Bg can be derived from the ultimate tensile strength oy ax for free standing
windings by [44]:

Bs = \/2410y/Tmax Vin o (3.2)

where « is the ratio of outer to inner diameters. Using equation (3.1) a scaling law for
pulse duration for a given peak field B, can be obtained:

a? 1
At = gJ(:/;,Tf)GjB? . Wy =Ll = Gua’B)
_ ) 23 7172/3 p—10/3
— At = LT, Ty) GGy " WP B, (3.3)

where J is a weighted average of the action integral for the materials used in the
winding, a is the radius of the bore, W), is the magnetic energy at peak field, Gy and Gy
are factors depending on the geometry and £ is a factor depending on the pulse shape
which is 1 for a plateau, 2 for a sine wave and 3 for a linear ramp [44].

Thus for a given energy higher fields can only be achieved by a smaller bore and /
or shorter pulse duration. Currently pulsed fields of almost 80T are available for user
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operation [39], with 80.8 T being the highest nondestructive recorded field [40]. The
60T user magnet at NHMFL can be operated with various pulse shapes up to 100 ms
at 60T [45], 2.6s at 30 T [41], but has suffered a major failure and breakdown in 2000.
With the short duration of pulses a quick delivery of the available energy of typically
MJ becomes essential. The most widely used method is a capacitor bank discharge. To
enhance lifetime of the capacitors storing large energies, crowbar installations prevent
the charge reversal in these banks after discharge. Therefore a pulsed field will usually
have only one field direction in one half sinusoidal type pulse. Alternatively to capacitor
discharges, the use of a flywheel generator allows the shaping of the pulse to a flat top [41].

At present day, significant efforts aim at the completion of non-destructive 100T
user magnets [46,47|. There is, however, the alternative approach to take advantage of
inertial confinement and perform the experiments during the short time scale before the
coil disintegrates [38]. There are two methods used at present to generate field in excess
of 100 T, one, the semi-destructive SINGLE-TURN-COIL (STC) technique [32] preserving
sample and equipment while the coil will be destroyed and two, the destructive flux
compression technique, where all parts connected with the magnetic field are destroyed.

The flux compression technique is currently used for investigations in solid state
science. Compressing a magnetic flux captured in a liner kinetic energy can be converted
into magnetic energy. This method works on a timescale of tens of us although the
essential field increase of several hundred Tesla occurs at the end of the pulse in a time
period of about 2 us only. The implosion speed of up to several km /s determines the field
magnitude [38].

Two different compression techniques can be used for experiments, the electromag-
netic flux compression (EMFC) [38], yielding fields up to 622 T at ISSP [48] and the
explosive driven flux compression technique (EDFC) [43] that provides fields of up to
1,200 T for experimental use and a record field of 2,800 T at VNIIEF [43].

The flux compression technique is accompanied by a massive generation of shock
waves that will practically inevitably destroy sample, magnetic field generators and sur-
rounding equipment in the explosive drive case. The turnaround phenomenon, the mag-
netic pressure of a compressed liner flux becoming larger than the compressive forces thus
creating an expanding motion away from the center has been theoretically deduced and
experimentally observed in very short timescales [43,49,50]. However, the STC technique
is currently the only reliable technique in the low Megagauss (1 MG =100 T) range that
preserves sample and equipment and provides up and down sweeps as required for the
detection of any dynamics.

The pulse duration and maximum fields for various types of magnets are given in
table 3.1.

3.2 The Single Turn Coil Technique

The STC technique is a straightforward method to generate Megagauss magnetic fields
by discharging a capacitor bank directly into a coil that explodes radially outwards in the
process, however not harming the enclosed experimentally usable volume. Therefore the
term semi-destructive technique was coined. The rise time of the discharge must be fast
enough to allow the peak field to be reached before the coil is substantially expanded. The
low inductance met by using STCs, must be accompanied by extremely low inductance
of capacitor bank and high voltage to supply the required power in very short time [38].
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Table 3.2: Comparison of time relevant parameters for various coils and magnets. First
part refers to STCs at Berlin, coil denotes a measure of diameter, the coil length is equal
to it’s diameter, wall thickness 3 mm. The maximum sweep rate and time delays between
magnetic fields 50 T and 100 T between up and down sweeps are given.

Coil Leoir Bz @55kV  tp  dB/dtgme, AtQ50T  At@100T
mm nH T S T/us LS S
) 3.3 300 1.3 400 3.11 2.40
7 4.7 261 1.55 300 3.49 2.72
8 5.3 253 1.65 280 3.62 2.82
10 6.7 214 2.0 180 3.90 2.99
12 8.0 188 2.3 150 4.00 2.95
15 10.0 154 2.5 100 3.98 2.52
20 13.3 114 2.7 80 3.81 1.63
Reinforced
15 10.0 65 @ 25kV 2.5 78 2.45 -
15 10.0 43 @ 17kV 2.5 25 - -
Other pulsed magnets
ARMS 78 104 10* -
EMFC 1000 40 ~ 1500 - -
EDFC 2800 17 ~ 500 - -

Much of the research on the properties of STCs has been carried out on solid massive
metal blocks with a bore and a feed gap [51 55| whereas solid state applications use
almost exclusively a light-weight type [32,38]. In the latter type, a small light-weight coil
is formed out of thin sheets of metallic conductors, typically copper of few mm thickness.
The confinement in light-weight STCs is purely inertial [56-58]. Although achieved field
magnitudes do not show much difference between the massive and lightweight coils, the
former type is more easily manufactured whilst the latter type seems to be less destructive
to any sample or part of equipment exposed to the magnetic field itself. This being a
characteristic of lightweight STCs, experiments can be carried out repeatedly with the
same samples and similar or varied experimental conditions.

Currently, STC installations are operated for solid state physics application at ISSP,
Tokyo / Kashiwa [48,50,59,60| and Berlin [32], that produced a great variety of results
[61,62]. Investigations on the characteristics of the STC are carried out at Loughborough
[49] and St. Petersburg [63]. Recently, an installation at Los Alamos NHMFL has become
operational for user application [64]. As of present day, the maximum usable field in STCs
of 311 T at 5mm coil diameter has been achieved using the equipment at Berlin [65]. A
similar result was obtained at ISSP, at a smaller diameter of 3 mm with no experimental
application option [50,62]'. Experiments beyond 250T involve a significantly higher risk
of sample destruction (close to 100%) after the pulse due to collateral effects not directly

'A comparable experiment at Berlin with 3mm diameter coil yielded a maximum field of 331 T as
depicted in fig. 3.2. This has been carried out after the submission of this thesis, yet prior to the
Disputation and Publication and is given for a more complete picture. Magnetic fields in excess of these
values have been reported but not reproduced [55,62].
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2,5m

Figure 3.1: True to scale drawing of the arrangement of the capacitor bank in the Berlin
STC Megagauss magnetic field generator. A detail of the rail gap switch is given. De-
veloped from [22].

related to the magnetic field [32,62].

Principles of the construction of the installation in Berlin have been subject of various
studies [9,22,32,65,66]. Therefore, the consideration in this report will not be as extensive
as in the aforementioned references. Emphasis will be put on characteristic features
and new ways of applying the generator with subtle modifications and improvements in
construction and usage. A general extensive discussion of the STC technique can be
found in the literature [29,32,38,56,62].

3.3 Setup & Performance of the STC-Megagauss Generator

The Berlin Megagauss generator was designed to produce a 240 T field in a vertical bore of
10mm. Thus bath cryostats can be used in addition to flow type cryostats (see 4.4). The
yield strength of copper allows nondestructive fields of up to 20 T. At higher fields, the
coil expansion is only delayed by mechanical inertia and the containment of magnetic
flux must be supported by short rise times. Limiting the radial expansion to 10% at
200 T yields a rise time requirement of 2.4 us, the most important technical boundary
condition [32].

All electrical parameters as a current of 2.6 MA at 200 T are fixed by the rise time.
A minimized inductance of 20 nH with reasonable margins for resistive losses in a system
with capacitive energy storage, upper limits of 200kJ and 115 uF for energy and capac-
itance follow. Thus the Berlin generator is composed of 20 capacitors rated at 60kV,
40nH and 6 uF each, and 10 rail gap switches, nominally 20nH and 750kA, 1 C charge
transfer limitation [32,67].

The condition of 20 nH was met in other installations by large arrangements of parallel
coaxial cables. The Berlin generator uses a parallel transmission line of aluminum, the
strip line, with 2.4nH/m at a plate separation/width ratio of 1/500. The easy assembly
is supported by insulating sheets of polyethylenterephtalate [68] and polyimid [32,69].

Precise control of the ignition at high voltage as well as perfect synchronization of the
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Figure 3.2: Left: Fields of coils with different diameters vs. time at a charging voltage of
55kV [32] and new data for 3mm. Right: Magnetic fields that can be obtained using the
STC Megagauss generator at Berlin depending on the charging voltage and coil diameter
as used in this thesis.

data recording equipment is realized by a 6 channel, 0.1 us-10 ms delay trigger unit that
controls the recording systems as well as a 50/60kV master/slave pulse generator with
10 ns rise time, a jitter of 1 ns and separate output channels for each rail gap switch that
are organized with two capacitors each in a total of ten modules to prevent disastrous
accidental discharges. The modules are insulated versus high voltage, interconnected
only by 100 k{2 resistances which are part of the charge and shutdown circuits.

Electromagnetic forces acting on the coil will to a smaller extend affect the strip
line as well. A rigid heavy weight support was, however, found unnecessary in favor of
a suspension frame with flexible shock absorbers for the aluminum plates. The coil is
clamped by hydraulics to withstand the enormous mechanical stress [32].

The physical setup of the Megagauss generator with the capacitor bank is shown in
fig. 3.1. The left hand side shows a side view, the right hand side a front view. The
two conductor plates of the stripline center in the ten modules each consisting of two
capacitors and one switch. The coil (therefore the field) is situated at the end of the
triangular ends of the strip line. A detail of the rail gap switches is given in fig. 3.1.
Schemes of the electrical setup are given in fig. 4.5.

The high voltage trigger-discharge operation produces tremendous electromagnetic
perturbations and bears the risk of fatal accidents. Therefore an interlock secured high-
frequency-proof FARADAY cage houses all high-voltage equipment [32]. As the Depart-
ment of Physics of the HUMBOLDT-UNIVERSITAT was moved to the ADLERSHOF campus
in early 2003 the FARADAY cage was improved and the signal-to-noise ratio of optical
experiments significantly enhanced (see chapter 4). The old cage of copper mesh was
replaced by a cage made of solid plates of steel |70].

The achievable magnetic fields, sweep rates and times between up and down sweep
positions are given in table 3.2 for the STC generator of Berlin and a selection of other
pulsed magnets. It is clear that eddy currents at a appreciable magnitude will only occur
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in STCs and flux compression methods. A example of the magnetic field pulse shapes
and magnitudes that can be obtained semi-destructively is given in fig. 3.2.

3.4 Nondestructive Operation of the STC up to 65T

Previous studies in STCs predominantly took advantage of the high magnetic fields
generated. In this study, the transient character of the pulse is of priority interest.
Reinforcing the STC promises a transient magnetic field with several field reversals and
small damping constant. Similarly, developing recoverable, reusable coils going along
with the generation of comparatively low magnetic fields has been suggested in early
investigations on STCs [52,56,57].

Reports on nondestructive operation of massive STCs [52] categorize nondestructive
experiments into three categories: unstable (2-3 discharges), metastable (5-10) and stable
(>20). The reported fields for copper are 65T, 45-55T and 40-50 T, respectively, in a
1 cm bore, with ranges depending on coil geometry.

Nowadays, the idea of a nondestructive use of a STC generator by a simple steel
reinforcement has already been established in Japan to find the optimum setup before
the actual experiment. A simple steel reinforcement was used in fields of a few Tesla
up to ten times [62,71]. A further stimulus was introduced by the proposed study of
magnetization experiments that required a high dB/dt rather than a high magnetic field
itself [72].

Thick walled coils manufactured by pressing heavy metal rings, e.g. from stainless
steel, on to the outside of lightweight coils have been investigated [57]. The so called
"jacketed" coils were used for tests of equipment before the actual experiments. Fields
of 50T have been produced up to 10 times with small readjustments after each shot.

However, the loss in the field to current ratio was larger than the modest gain in
additional confinement [57]. The use of denser materials like tantalum supports the
inertial mechanical confinement. Various studies have obtained promising results with
denser metals [38], this was not part of the present investigation as an installation without
significant changes to the coils themselves was required.

All supplied coils in the scope of this study were light weight coils made out of 3 mm
copper at a inner diameter d to length w ratio of 1:1 and a feed flange angle o of 45°
as is shown in fig. 3.3 [32]. For the experiments with reinforcement coils of 15 mm inner
diameter and length were used, as these reasonably set the ratio of experimentally usable
volume to fields generated, typically 140 T at 50kV discharges without reinforcement.

Regarding the experience with nondestructive pulsed magnets [38,39] and nonde-
structive STCs |52, 57| a realistic goal was to obtain 60T in a nondestructive way on
a STC generator using a steel reinforcement on a 15mm coil. The engineering of this
project was carried out in collaboration with R. Chodziesner-Bonne [73] for design A as
given in figure 3.3 and design B was developed by A. Kirste based on the results of design
A.

Design A follows a straightforward approach of rigidly reinforcing the STC. Prelim-
inary designs had shown that the feed flange must be as rigidly reinforced as the coils
itself. The steel reinforcement is manufactured to match exactly onto the STC, it is even
held by the single turn coil. There is also a direct contact of the copper of the coil to
the steel reinforcement. This is equivalent to what has been investigated before [52,57].
Design B has no direct contact from the coil to the reinforcement. Insulating layers of
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Figure 3.3: The principle arrangement of the reinforcement on the STC. Left to right:
bottom view design A, side view cut along axis design A, side view cut along axis design
B, top view cut along axis for design B, explanation in the text.

KAPTON [69] are placed between coil and reinforcement. The coil is fixed by tightening
the screws using the threading of the reinforcement as depicted in figure 3.3 at the feed
flange. A design corresponding to type B was also developed at Los Alamos [74].

The magnetic pressure of p = B?/2puq yields the value of pgor ~ 14 t/cm? at the
aimed maximum field of 60 T. A steel with the suitable mechanical properties of as high
elastic limit and high notch impact value was chosen with the steel guide [75]. The
reinforcement was accordingly manufactured out of 1.7225 or 42CrMo4 steel [73].

The reinforcement as depicted in fig. 3.3 was tested with a series of experiments aiming
at both, the highest obtainable field without coil destruction and the investigation of the
re-usability of the coil for succeeding experiments, respectively.

Regarding the maximum achievable field with reinforcement both designs showed the
same value of ~ 65T with one experiment possible before the coil must be substituted.
55T fields are easily obtained and can be reproduced up to three times without un-
mounting the coil. Successive fields generated are slightly smaller than the first field
generated on the same coil. This is due to the coil movement that cannot be fully pre-
vented and the coil dimensions do acquire the reinforcement inner diameters. When used
with 40 T series up to ten experiments can be performed without changing the coil. All
but the first experiment of a series generated approximately same field traces with similar
peak fields and oscillation periods. The values do correspond to the previously reported
categories [52].

However, there are differences between the two designs regarding dissipation of cur-
rents and ease of use. Design A is slightly easier to mount, yet coil exchanges / replace-
ments are more cumbersome than with design B. The maximum field is limited by the
tensile strength of the reinforcement, at the maximum field of 65T cracks in the rein-
forcement as well as deformations have been found. The re-usability however, is limited
by the coil. Parasitic effects caused by the heating and magnetic pressure.E.g., the mag-
netic saw effect [52] produces coil deformations which ultimately lead to the disruption
of the coil. These effects are cumulative and limit the number of available experiments
on the same coil even at comparatively low fields.

It must be noticed that with design A the charging voltage to produce 65T is 35kV
as given in figure 3.4 compared to 25kV for design B. The lower discharging voltage for
design B to achieve similar fields holds true for all fields. Correspondingly, for the same
discharging voltage fields produced by design B reinforcement are substantially higher,
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Figure 3.4: Magnetic fields vs. charging voltages for free and reinforced coils (designs A
and B). Lines are guides to the eye.

~ 10 % smaller than field value without reinforcement as compared to ~ 33 % for design A
and previous publications |52,57|. Higher fields may be obtained at an enormous expense
of capacitor bank energy [55,57]. Raising the energy or discharging voltage, respectively,
will reduce capacitor lifetime significantly and has therefore not been tried. A smaller
discharge voltage is favoured.

The differences in achieved field between design A and B are attributed to dissipation
of current into the reinforcement of design A. Moreover, a reinforcement with electrical
contact to the STC generator itself forms an inductance that is larger than the one of the
coil resulting in a lower field produced. The latter has been found in Los Alamos accord-
ingly [74]. It should be pointed out that design B gives much higher field homogeneity
and is therefore applicable to magnetization measurements and other experiments that
require uniform fields over a larger volume [76].

An important feature of the magnetic field obtained in this non-destructive operation
of the STC generator is the small damping of the oscillating magnetic field. The magnetic
field has a period of ~12 us for a full sine. As shown in fig. 3.5 up to 4 full periods have
been observed with fields larger than 10T compared to a maximum of two full periods in
semi-destructive operation. Optical traces of features in low field suggest a field oscillation
for a much longer period as seen in figure 4.10. If the magnetic field is assumed to be
of the following form: B(t) = Bpsin(wt)e *" we can deduce the damping factor «
which is a ~ 3 ... 5% 10*s~! and thus substantially smaller than in non reinforced fields
(a>7...50%10% ! with increasing field magnitude) [52].

The repetition rate of experiments was drastically increased as 15 experiments can
easily be carried out in one hour as compared to the rate of one/two room temperature
experiment(s) in two hours or two low temperature experiments in one day at semi-
destructive operation. This constitutes one major advantage over using low charging
voltage without reinforcement to perform the experiment [32], other advantages being
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Figure 3.5: Magnetic field obtained by discharge with and without reinforcement given
for design B. Please note the behavior at long times. The reinforced field is given by the
dashed line.

the higher experimental volume usable and the significantly smaller coil deformations.

Hysteretic phenomena in this magnetic field range and timescale can be investigated
thoroughly. The typical dependence on sweep rates can excellently be studied in that way
as the sweep rate changes in small steps about one order of magnitude in one experiment
for nondestructive fields, big steps for semi-destructive fields.

The field reversal every 6 us for a time longer than 40 us with a very small damping
constant provides a novelty to solid state science. Although comparable magnetic field
magnitudes are available with both steady and nondestructive pulsed magnets as well,
usually the field sweep rate is more than three orders of magnitude slower, thus inap-
plicable to the study of relevant electronic processes in semiconductors with the method
described here. A field reversal is seldom used in either of these methods [77] and, if
used, several orders of magnitude slower.

3.5 Measurement of the Magnetic Field Intensity

The magnetic field is monitored by an inductive pick-up coil. The pick up coils are wound
of 80 um KAPTON-insulated copper wire. A single loop is glued onto a tubular ceramic
holder of 2... 2.5 mm diameter. The voltage is proportional to the time derivative of the
enclosed flux. The area of the pick up coils is determined by comparing its response to a
AC signal of ~100kHz with that one of a standardized coil with precisely known area.
Thus the pick up area can be determined to an accuracy of better than 1 %.

Voltages of up to 1.5kV can be induced for field slopes of 0.1... 0.2T /ns. The volt-
ages are integrated before being digitized and stored. Thus the rail-gap-trigger noise is
attenuated and gives an accurate field trace representation. The integrator is compen-
sated for the serial resistance of the integrating capacitor |78]. However, its finite RC
time constant 7 ~ 1073s as well as its input resistance Rp and capacitance Cp cause
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Figure 3.6: Left: FARADAY rotation angle of CdS [22,79]. Right: the field traces as
obtained from FARADAY rotation (symbols) and integrated pick up signal (line).

corrigible systematic errors:

/ U(t') dt’ = R(C + Cp)Usna(t) + (1 + R/Rp) / s (¢) ¥’ (3.4)

where U is the input voltage that is detected, Uy,q the voltage induced in the pick up
coil and Ujy, the RC integrated voltage at the recording instrument input. |9]

A fiber optic transmission system is used to provide galvanic isolation. A digital
system combines integrator, digitizer, intermediate storage, electro-optical converter in a
well-shielded box inside the FARADAY cage. The 8 bit digitizer has a sampling rate of 200
MS/s, the data are stored in a 8 kByte FIFO memory. For a 200 T signal, the resolution
is better than 1T. |78] Nevertheless field values can be interpolated statistically to yield
higher precisions of the field.

The field determination accuracy has been verified by using another method of field
measurement [22,79]. The FARADAY polarization rotation angle of CdS is known to be
linear up to fields of 500 T for a wavelength of 632.8nm, the VERDET constant in that
range is 7.2° / T mm [80]. Consequently it can be used to determine the magnetic field
up to that value.

Using a He-Ne laser, light fibers and polished CdS samples with thickness 1.020 mm =+
2um oriented perpendicular to the crystallographic ¢ axis with polarizers directly at-
tached to the sample the polarization angle could be recorded with a Si detector. Careful
coverage of the setup against flash lights caused by the explosion of the coil is required
to prevent overdriving of the detector.

Figure 3.6 gives the trace and the magnetic field calculated from original data of [22,
79]. Within experimental uncertainty the two traces are coincident, both independently
yielding maximum field values of 247.5 T. However, experimental errors are 2 % for both
methods.
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A more careful analysis reveals that the magnetic field traces deviate from each other
in the first 250 ns, that can be easily attributed to the ambient trigger noise, and at the
zero crossing. The latter one shows no clear polarization on the FARADAY measurements
probably caused by stray light from the coil disintegration. Peak fields are correctly
reproduced, deviations between both methods occur at small field values.

The determination of the point in time at which the magnetic field is crossing zero
is very difficult. Using the pick up coil method and a digitizer it depends significantly
on the resolution of the digitized voltage. Generally the accuracy is no better than one
digitizing unit, that is approximately 2...47T for measurements at high fields. This
introduces an uncertainty of zero field position of about 20...40ns for the temporal
position of zero-field when we assume a very large dB/dt of 100T"/us. For lower sweep
rates the uncertainty in the timing of zero field is much larger. It is also increasing with
number of zero crossing due to the damping character of the pulse.

To improve the resolution at low fields the pick-up area must be increased. That
means, only low fields can be measured due to high voltages induced at high fields.
When the pick-up area is reasonably increased, e.g. quadrupled, the uncertainty of zero
field can be reduced to about 0.57T. However, the time point of zero field can be fixed
within 25ns accuracy only at dB/dt of 207"/ us.

Other methods of determining the zero field position are HALL-probes, that cannot be
used in transient magnetic fields due to the electric current they carry, or very sensitive
FARADAY rotation probe, a crystal with very large VERDET-constant and large extension
along the axis of magnetic field. In this case it becomes questionable if the magnetic field
distribution is homogeneous over the crystal volume. Both methods have the advantage
of a linear dependence on magnetic field of HALL voltage or FARADAY rotation angle,
respectively, but the disadvantage of inapplicability in STC-generated fields.
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Cyclotron Resonance Setup

Cyclotron resonance experiments are among the most powerful tools in solid state science.
Beside the obvious possibility of accurately determining band masses they can be used to
investigate scattering mechanisms, impurity and exciton energy structures, interactions
between carriers and phonons or carriers and carriers, respectively [11].

The free electron cyclotron energy corresponding to the separation of LANDAU levels
h% as well as the ZEEMAN term of spin splitting gup B have nearly the same value. At
100 T this energy corresponds to 11.58 meV or 134K in terms of kg7T". Thus the extension
to higher fields allows investigations at elevated temperatures compared to smaller fields.

Moreover, the necessary condition to observe the resonance w.7 = puB» 1 can at
high B even be fulfilled for low mobility samples , whose properties can not be directly
determined by lower field methods. However, to observe the cyclotron resonance at
very high magnetic fields high laser energies hiw are required according to the resonance
condition w = w,.

4.1 Parameters for Experiments in STCs

The experimental setup of the MEGAGAUSS GENERATOR results in several conditions for
the equipment that can be used in an experiment. Major efforts aim at the protection of
the devices from the strong electromagnetic pulse due to the magnetic field generation
and the explosion related mechanical implications.

Therefore all magnetic field related equipment will be placed inside a FARADAY cage
whereas all optical equipment such as radiation sources and detectors are placed outside
of it. A straightforward requirement of this condition is the application of high power
radiation source in combination with the sensitive detector system.

As the magnetic field will be transient during the experiment, any laser will be op-
erated in continuous wave mode. With its high optical power, a heating of the samples
by the laser must be avoided. The solution is the installation of a mechanical gate in the
optical path before the sample. Furthermore high conductivity materials will experience
high induced voltages. This is used for the inductive pick up probes for magnetic field
monitoring, yet is not desirable for investigated materials as eddy currents will cause
stress and heating up.

Another important condition to all experiments carried out in STCs is the limited
amount of available space. Typically, in a 15 mm coil the available experimental volume

will be about 2.5c¢m3. Thus the integration of magnetic field recording system, low

ol



52 Cyclotron Resonance Setup

Table 4.1: Parameters of the radiation sources and detector used. The specifications
vital to the experimental setup are summarized in figure 4.2

Laser: Apollo 550 A Edinburgh Instruments PL 3
Lasing gas: COq CO
Operating temperature: 10°C -10°C
Output wavelength: 9-11pm 5.2-5.9 yum
Number of usable wavelengths: > 50 >20 (60 [82])
Peak Output: 30 W@ 10.59 um 2.25W @ pm [82]
Mode: TEMOO TEMOO
Beam diameter: 6 mm 8§ mm
Detector: MCT10PV-0025 Electro Optical Systems Inc.
Peak sensitivity wavelength 10.6 pm
3 dB cut off wavelength 11.7 pm
3 dB cut off frequency 100 MHz
Preamplifier 3 dB cut off frequency 80 MHz
Active area 0.25 x 0.25 mm?

temperature system and cyclotron resonance optical path must be arranged in very little
space.

4.2 Radiation Sources

In the scope of this study a CO2 Laser [81] has been used for wavelengths 9-11 pm (131 -
114 meV). The relevant parameters are given in table 4.1. Moreover, a CO Laser |82| for
wavelength 5.2-6pm (238 -203meV) has been installed. Both lasers are operated in the
continuous wave mode. The COg has more than 50 output wavelengths and a maximum
peak power of >25W.

The CO Laser has > 50 lasing wavelengths and a maximum single mode power of
2.25W [82]. Though all wavelengths radiation could be detected at the laser output
coupler with the detector used for CR, atmospheric absorption as well as mode beating
reduces the number of usable wavelengths to about 20, yet covering the full range. It has
not been tried to isolate the optical beam from ambient air to provide less absorption.
The relative output powers and atmospheric spectral profile in the relevant energy range
are given in figure 4.2

Both lasers have shown no detectable power output fluctuations during ~ 0.5 ms thus
providing sufficient short-time stability to perform experiments with the STC setup.

The installation of a vertical bore system requires the use of mirrors to guide the
beam. As the direction has to be changed at least twice from the horizontal laser to
vertical through the setup to horizontal to the detector, the optical path becomes much
longer compared to the STC systems with horizontal setups in Tokyo or Los Alamos.
The total length of about 9 m requires several focusing optics.

The optical path is given in figure 4.1. Focal mirrors with f=340cm and f=200cm
and plane mirrors are used to focus radiation onto the sample and detector. The spatial
beam profile is GAUsSian and the optics have been chosen accordingly [78]. The resulting
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E D |
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Chopper

Figure 4.1: Schematic optical path for infrared radiation in the STC setup. Positions of
relevance for alignment are given with capital letters. Apart form the obvious points A,
B, S & E, points C and D mark the bottom and top of sample holding equipment.

Table 4.2: Beam Diameters in the optical path as marked in figure 4.1

Position: Laser Chopper Bottom  Sample Top Detector
A B C S D E

Beam waist CO9: 6mm < 0.3mm 2.7mm <09mm 2.7mm <Ilmm

Beam waist CO:  8mm <0.3mm 25mm <09mm 2.5mm < lmm

beam waists are given in table 4.2.

The chopper runs at a frequency of 18 Hz and opens gate for 250 us, thus giving a
dark to light ratio of over 200:1 or, at a Laser output power of 1 to 25 W, an average
power on the sample of <5mW (CO) to < 100mW (CO;). Measurements of laser power
in the optical path showed a strong decrease in power for CO2 so that the real power
on the sample is at least one order of magnitude smaller. The reasons for this drop are
probably atmospheric absorption or beam divergence losses. The AR coated ZnSe lenses
L1 / L2 with a focal length of 50 mm create a focus spot much smaller than the chopper
gate to provide rectangular temporal shape pulse with flat top and focus the beam after
the chopper onto the sample focusing mirrors.

4.3 Detector System

The applied radiation sources require an appropriate detection system. Thus a HgCdTe
(MCT) detector is used with an energy gap matched to detect radiation of wavelengths
smaller than 12 ym. Additional parameters are given in table 4.1. The spectral response
is given in fig. 4.2 in vacuum (smooth curve) and in ambient air with two different water
vapor concentrations. The bandwidth of 60 MHz enables the data to be taken with a
maximum resolution of 17ns, corresponding to ~0.5... 2T resolution in magnetic fields
generated by STCs depending on sweep rate.

The detector and its preamplifier are housed in a metallic box outside the magnetic
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Figure 4.2: Top: Spectral response of the MC'T detector according to manufacturer
and measured in ambient air by FOURIER transform infrared spectroscopy. Qutput
powers normalized to the maximum intensity of each laser for available lines are given
for comparison as dots. 9 — 11 um : COy Laser; 5 — 6 yum : CO Laser. Bottom: Frequency
response of the detector (squares, from [83]) and preamplifier (triangles, measured).

field generator’s FARADAY cage. The use of a triply coaxial BNC cable to transfer
the data to two transient recorders HP [84] with 8bit@1GS /s and RTD [85] with
10 bit @200 MS /s screens the trigger noise on the up sweep data. Combined with the
improved FARADAY cage of the new building the trigger noise is attenuated to the order of
magnitude of the bit-noise of the digitizers. The principal arrangement is depicted in fig.
4.5. The arrows mark information flows during an experiment. The transmission data
recording equipment including cables from the detector to the transient recorders is fully
electrically screened. The sampling rates of the transient recorders are higher than the
bandwidth of the detector (RTD 1.5 times, HP 8 times higher) thus giving a satisfactory
data resolution. Though positions of resonances are limited by the resolution of the
digital voltage converter of the magnetic field recorder, the optical traces are monitored
with higher accuracy in line width.

4.4 Low Temperatures

The ability to vary temperature over a wide range from room temperature to cryogenic
temperatures is one of the most efficient methods of gaining insight on sample proper-
ties. Thus a cryostat system was used to vary temperature during measurements from
~6Kto300K. In a transient magnetic field all parts of an experimental setup must
be produced out of non-conductive materials to avoid compression caused by eddy cur-
rents [22|. The materials of choice for the flow type cryostat used are epoxy, glass or

paper.
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Figure 4.3: Screening by the FARADAY cage. Data from the ADLERSHOF installation
(left) showing the screening power. The signal curve with completely screened equipment
has been amplified by a factor of 50. Right side shows the improvement in attenuation
by the solid cage of ADLERSHOF, installed in 2003 without amplification of any of the
curves.

The cryostat used consists of three different concentric non-conductive tubes. The
innermost tube is made of glass and houses the sample holding device with the thermo-
couple and pick-up coil. The tube with 5mm inner and 7mm outer diameters is filled
with Helium as an exchange gas. This ensures the temperature transfer from the liquid
Helium or Nitrogen surrounding the glass tube. Components of air such as Nitrogen
and water vapor freeze out at temperatures above the targeted one and therefore the
ambient air is evacuated and replaced by gaseous Helium. Evacuating the space around
the sample provides optically better experiments, yet was frequently found to destroy
sample and cryostat due to electric discharges.

The outer perimeter for the cryogenic liquid(s) is realized by an epoxy tube that is
made low-temperature tight and connected to steel tubes at 7 cm distance from magnetic
field by epoxy glue, Stycast 1266 [87]. The outer vacuum is kept by a glass fiber tube
that is sealed with silicon-rubber tube and compressive fittings, respectively. This proves
sufficient for the required thermally insulating vacuum of order 10~*mbar. The full
cryogenic setup is depicted in figure 4.6.

The temperature was monitored using a CHROMEL / CuFe (0.15%) thermocouple [88]
placed inside the cryostat at the sample position. A thermocouple made of this material
is less precise as e.g. CHROMEL- Au, yet mechanically significantly more stable. The
thermo - voltage is referenced to 77K, filtered and amplified, transformed to an optical
signal and transmitted to the thermo-interface where it is digitized and converted into
a temperature value [78].

At present day there is no method of accurately determining the temperature of
the sample during the magnetic field pulse. The method used gives the temperature
of the heat bath connected to the sample at the start of the experiment. Controlling
the surrounding pressure at the Helium transfer is the temperature adjusting method.
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Figure 4.4: Left: detectable resolution of any spectral feature in the CR setup of Adler-
shof. Right: the smallest detected resonance using the present equipment is of 0.2 %
absorption of 10.59 ym radiation in a MQW sample of InGaAs/GaAs/InGaAs [86].

However, due to the measurement principle there is an uncertainty in the actual sample
temperature of order 2 K.

Summarizing the low temperature equipment used in this thesis we find the following:

e Room temperature measurements with CR are possible up to a 5mm coil, thus a
maximum of 311 T is accessible.

e The cryostat for 15mm coil enables transmission experiments in a temperature
range from 6-300K. The [ He consumption is approximately 11 per experiment,
that can be performed up to a maximum field of 150 T.

e Special designs deviating from the standard cryostat, e.g. cooling from the outside
directly on the glass tube without vacuum or protective gadgets, can be used to
produce lower temperatures at higher fields or smaller coil diameters, respectively.

|66]

4.5 Data Management

The use of several different recording mechanisms, field generation devices and safety
switches requires elaborate coordination. The timing and steering of the experiment are
realized by a 6-channel delay unit [22,66,78|. The warm up of the ADC precedes the
chopper gate, the magnetic field generation, the magnetic field recording and the two op-
tical recorders that are handled as given in figure 4.7. The most important characteristic
of the timing is the precisely timed generation of the magnetic field and recording of all
signals in the maximum of the laser pulse generated by the chopper. The present setup
deviates from previous publications [22,66] in the flat shape of the laser pulse that was
realized by using the two lenses as shown in figure 4.1.

An experiment provides a magnetic field trace, two two-channel RTD traces of the
optical signal with the high speed sampling rate of 100 MSa/s, and three channel record-
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Figure 4.5: Schematic setup of a cyclotron resonance experiment using the STC Mega-
gauss generator. Developed from previous publications. [66, 78]

ing of the optical trace by the HP with 500 MSa/s. All channels of both types of transient
recorders are used with different sensitivities and / or offsets to provide the maximum
information as well as best resolution in each shot. The RTD provides additional infor-
mation with a 2MSa/s over the full optical pulse. Thus information can be obtained at
times before or after the magnetic field too.

The physical information is best obtained from the relation of the optical data with
the magnetic field. Hence both traces must be related to each other by a processing
routine. Though this is a straightforward routine, there are a few points that require
attention.

The magnetic field trace will be smoothed in all cases as the resolution of 8-bit will
cause steps in the field trace as well as jumps due to bit noise of the ADC. This is fully
justified by the smooth pulse shape without artifacts that could cause similar features.

The different sampling rates of the field recording and the optical traces must be
adjusted to obtain an appropriate spectrum. This means for the RTD that only one in
two data points of the magnetic field trace will be used, whereas for the HP the sufficiently
smooth magnetic field trace will be linearly interpolated to provide the appropriate values.
It was confirmed that the sampling intervals of all the different recording systems were
the same within the accuracy of the measuring period and sample intervals.

However, the most crucial aspect of relating the trace to each other is the time delay
of the events in different curves. All of the recording devices (RTD, HP, ADC) have a set
time they record before the magnetic field is generated. This purely equipment related
delay time must be determined and should be highly reproducible. E.g. the optical trace
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Figure 4.6: True to scale drawing of the flow type cryostat set-up for a 15mm coil. For a
smaller cryostat, e.g. 12mm only the diameters of the outermost glass fiber tube and the
coil are changed. Left: overall set-up, side view, center: arrangement of setup at place
of sample, side view cut along axis, right: minimum aperture and pick up coil given for
size comparison with sample sized at cross cuts as indicated by dashed lines.

signals have a delay to the magnetic field trace given by the impedance of the cable
necessary to transfer the signal from the detector to the recorders.

To obtain a correct value for the delay including unknown sources of delay, extensive
testing during this study with a strong signal at the point of the field generation, the
noise with open cage, confirmed the set time for each recorder channel. The timing
for each channel was reproducible within few ns. The time difference between different
channels however was constant.

From the starting point of the trigger noise we find reproducibly within one sampling
interval

e The high resolution RTD sampling starts for each RTD channel after g = 256.16 us.
The noise signal can be found at slightly different times ¢;; for each channel with
At;; in reference to .

— RTD #1, channel #1: t11 = 258.55 us — Aty = 2.39 us
— RTD #1, channel #2: too = 258.56 us — At1o = 2.40 us
— RTD #2, channel #1: top = 258.57 us — Atoy = 2.41 us
— RTD #2, channel #2: too = 258.59 us — Atog = 2.43 us

e The HP shows the noise signal at

— channel #1: t1 = 562ns
— channel #2: to = 570ns
— channel #3: ts = 578ns
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Figure 4.7: Raw data obtained of a typical experiment. The large layer shows the total
record of the optical pulse. The warm up, trigger and breakpoints times are marked.
The insets show the data to be evaluated, the high speed RTD data, the HP data and
the ADC recording. Please note that all data are given in raw form.

e The ADC shows the trigger noise in this case starting at tapc = 445 ns.

e The time difference between the magnetic field trace and the optical recorders
results in a shift of traces vs each other that is dependent on the recorder and
channel. It was found to be constant within one sampling base unit of 10ns for
RTD to ADC relation, 5ns for HP to ADC relation.

Each experiment will be evaluated with respect to this timing. Moreover, as was
shown in chapter 1, there is another, non equipment related component in each experi-
ment, the magnetic field correction, that is proportional to the field derivative and must
be subtracted from the magnetic field to obtain appropriate traces. However, the field
derivative is determined numerically.

Please note that the actual time shift in terms of data points is depending on the
smoothing algorithm used to obtain the magnetic field as well as optical traces. This
must be included in the considerations and tested for each algorithm individually. It
was found to be a shift of several data points in addition to the determined timing. The
numerical smoothing causes a time-shift that becomes smaller with better resolution of
the magnetic field trace. A maximum smoothing related shift of Atgyoothing = 80 s was
found.

With this considerations the traces have no uncertainty regarding the timing with
respect to each other larger than one sampling point. This constitutes a major difference
to previous measurements in Berlin as well as elsewhere [12,35].

The full process of data processing is given schematically in figure 4.8.

The data processing routine as described till this point provides the magnetic field



60 Cyclotron Resonance Setup

Magnetic Field Trace
200MHz, 8192 pts, 8 bit Field Derivative

Smoothed Field Trace i )
200MHz, 8192 pts _»Correlate field and optical traces

) ) use equipment correlation delay
Adjust sampling rates determine experiment related delay
(RTD) choose magnetic field values
(HP) interpolate magnetic field trace

(Smoothed optical trace)
if necessary

Optical Trace Spectrum vs. Field
RTD) 100 Mhz,7856pts, 10 bi
(HP) 500 Mhz, 8192 pts, 8 bit

Optics Processing Field

Figure 4.8: Scheme of the data evaluation process, initial and final information are
framed. Explanation in the text.

and optical traces on a shared timescale with equivalent starting points. Now it is easy
to obtain an optical trace vs. the magnetic field, yet for practical reasons, especially in
the scope of this study, it is useful to split the trace into different sections. The first,
further called the up sweep and denoted "A" in figure 4.9 is the trace from the start of
magnetic field till its maximum, the second part, down sweep or "B", the trace from the
maximum to the first zero magnetic field. "C" maybe referred to as second up sweep
as it represents the trace from first zero to the next extremum (minimum) of field, "D"
traces to the second zero crossing of the magnetic field.

In this study, the raw traces of up sweeps will be symbolized by A, down sweeps
by v7. Smoothed optical traces will be plotted over the symbols if the trace requires
smoothing. All experimental traces given in this thesis have been reproducible.

The bit resolution of the ADC causes an uncertainty of the magnetic field zero position
of one digit. Within this uncertainty of Ag ~ 0.5 — 2.57T that is depending on the field
resolution, hence the pick-up area, all resonance positions are shifted. Trace "A" is shifted
to higher fields, trace "B" to lower fields by that value. This effect is a systematic error
that has been corrected in fig. 4.9 assuming that cyclotron resonances occur coincident
in up and down sweeps. This assumption is justified if the cyclotron resonance position
is not subject to a hysteresis effect. However, hysteresis effects in an arbitrary resonance
position in up and down sweeps can only be reliably observed, if they exceed the value
of 2A0.

The optical trace depicted in fig. 4.9 shows a type III hysteretic phenomenon as
described in chapter 1. Moreover, down sweep trace is shifted to higher transmission than
the up sweep trace but has resonant structures at similar magnetic field positions. The
sample, OK 123, was bulk InSb. This demonstrates the usefulness of the excellent signal-
to-noise ratio and the improved setup. Even in well known materials, new phenomena
can be observed.

This phenomenon encourages further investigations in non-destructive fields. It will
turn out that the feature is reproducible and similar observations can be found in other
materials as well. A trace of MCT with a band gap comparable to InSb is given in fig.
4.10. As the resonances seem to be very much dependent on the sweep rate, the great
advantage of using nondestructive fields is obvious.
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Figure 4.9: Final data processed with magnetic field / optical trace for the experimentally
determined timing. Sections A, B, C and D mark the up-, down-, 2nd down and up
sweeps respectively. The experimental traces are for an experiment of InSb in a coil of
15 x 15 x 3mm at room temperature and A\ = 9.67 um. Please note the transmission
drop at low field marked by the arrows.
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Figure 4.10: Field and optical traces of an MCT sample at 10.6 um and 166 K. The
response to the field can be tracked to times even after the field recording stops and
must be interpolated (dashed line). Here asymmetries are clearly detected and can be
analyzed thus demonstrating the big advantage of nondestructive field generation.

Summarizing the setup we can state the following improvements from previous works
on the Berlin STC CR setup:

The improved FARADAY cage and screening results in a better data resolution. The
up sweep can now fully be included in analysis. The minimum detectable resonance
is now at 0.2% (before 0.5% [79]).

The data processing is based on precise knowledge of the timing of the setup. The
uncertainties introduced by an inaccurate timing have been reduced to 1 sampling
base unit.

The uncertainty of zero field and the resulting shift in magnetic field position of up
and down sweep of order one digit of the ADC can be determined and corrected.

Nondestructive fields have become available as a tool for routine operation with
advantages in the low field range as seen in figure 4.10.

A radiation source in a matching wavelength range has been installed for routine
operation (CO-Laser).

The pulse shape is now flat within 3 digits of the optical recorders. That has
been achieved by using ZnSe lenses to focus the beam. This allows a more reliable
interpretation of differences in transmission intensity between up and down sweeps.



Chapter 5

Indium Antimonide

In this chapter we will investigate the origin and behavior of the type III hysteresis
phenomenon that was found in InSb at very low fields as described in chapter 1 and the
last chapter.

At first, the discussion will be focused upon the sample OK 123 because of the
availability of a large wafer of this ingot. It was possible to make samples suited for
various types of experiments out of different parts of this wafer. It is now assumed
that the physical processes under investigation are uniform over the wafer and results
obtained with one sample and one method apply equivalently to other sample pieces
investigated with other methods. As the type III hysteresis effects was observed at
elevated temperatures such as room temperature in the intrinsic conductivity range a non-
uniform distribution of impurities within the wafer is negligible. For cyclotron resonance
measurements there was no detectable difference in the spectra for three different pieces
with similar proportions indicating sufficient uniformity of the wafer.

OK 123 is a wafer of CzOCHRALSKI-grown bulk InSh. It has been intentionally doped
with Germanium to compensate the intrinsic electron concentration. It was designed to
be used as an detector for mid-infrared radiation and is p-type at low temperatures. The
hole concentration at 77K is p ~ 5 x 1012 em ™3, the mobility u ~ 4.5 x 103 V's/em? and
the conductivity o9 = 4 x 1073 Q" tem ™! [89]. The orientation is (211).

It should be emphasized that the material is p-type at low temperatures only. A tem-
perature dependent HATLL-measurement showed a change in sign of the HALL-voltage at
a temperature of 150 K, below which the voltage was positive, above that value nega-
tive. This and measurements of the conductivity indicate that above 150 K the sample is
intrinsically conducting with the fundamental contribution to conduction deriving from
thermally excited electrons due to their higher mobility in comparison to holes.

5.1 An Infrared Transmission Experiment

We will start with a careful analysis of the infrared transmission trace reported in chapter
1. We used a sample of length by width by height 2 x 2 x 0.5mm3 that can be well
approximated by a cylindrical sample with radius 1.15mm and 0.5mm height. The
experiment was carried out at room temperature at a wavelength of A = 10.59 um which
corresponds to a radiation energy of 117 meV. That is well below the energy gap of InSb
at room temperature of about 170-180 meV [25,90,91].

The acquired data is shown in dependence of time in fig. 5.1. The vertical lines
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Figure 5.1: Initial field and optical traces vs. time of an infrared transmission experiment
on OK 123. Explanation in the text.

represent the zero field position. It is clearly seen that the type III hysteresis indicated
by arrows occurs shortly after the seven zero crossings of the magnetic field at ¢t ~ 0, 6,
12, 18, 24, 30 and 36 ps but can not be observed before. The initial field rise is taken as
zero crossing 1. The relative transmission drop of the phenomenon changes from = 51%
at the first up sweep to &~ 8% at the seventh. The time difference between each occurance
of the transmission drop is nearly constant 6us. It does not change by factor of 5. This
suggests that the time difference between different sweeps is not a critical parameter, the
origin of the transmission drop is not a relaxation phenomenon as in type I hysteresis.

A quantity that changes by a factor of 5 during this experiment is the absolute value
of the magnetic field derivative. The magnetic field trace has been numerically smoothed.
The dashed line gives a field derivative trace that has been calculated from a fitted field
dependence on time. A numerical processing of the original field data yielded a trace with
poor resolution as can be seen in the step like trace that is the original field derivative
as processed numerically . This is caused by the digitizing process of the magnetic field
acquisition. We will use the calculated curve for analysis to minimize uncertainty and
avoid steps in the field derivative of 8 T'/us within which we cannot distinguish its values.

Using the calculated curve we find the field derivative to decrease from =~ 257 /us
at the start of experiment and thus the first observation of the transmission drop to
~ 5T /us at 36 us and the seventh observation of the transmission drop.
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Figure 5.2: Infrared transmission vs. external magnetic field of OK 123. Explanation in
the text.

Now we will process a transmission trace in dependence of the magnetic field to
analyze the development of the transmission drop regarding its position in magnetic
field. The resulting trace is given in fig. 5.2 for the first two up and down sweeps. The
transmission drop is indicated by arrows, the electron cyclotron resonance is marked by
HCRH.

It must be pointed out that the resolution of the magnetic field in this case is about 1T
per bit so that there is an uncertainty of zero field of about 1T. The cyclotron resonance
position is (25.6 £0.5) T in the first half sine, (26.8£0.5) T" in the second. However, if we
assume that the electron cyclotron resonance position is independent of field orientation
and occurs at the same magnetic field value in the first and second half sine we can
determine a zero field offset Ag = —0.67" with the resulting magnetic field B = B — Ag
in the evaluation process. The value Ay is indicated by the solid vertical line in fig.
5.2. The resulting electron cyclotron resonance position at (26.2 + 0.5) T is in excellent
agreement with previously reported values [14 16].

If we refer all data to the value of Ay = —0.67T we find that the maximum of the type
IIT transmission drop occurs at |B| = (2.7£0.5) T" in both up sweeps. This holds true at
the other zero crossings too with an increasing uncertainty due to the digitized signal of
the magnetic field trace. The position of the type III transmission drop in magnetic field
does not change with time nor field orientation nor field derivative within experimental
error.

Moreover, the shape of the transmission drop vs. the magnetic field does not change
for each observation, only its magnitude. There is a maximum at |B| ~ (2.7+£0.5) T" and
a sharp rise from zero field to that value and a less sharp decay after it. The magnitude
of the transmission drop seems to be dependent on the field derivative. The magnitude
of the transmission drop maximum 7, is given in fig. 5.3 in reference to the absolute
value of the field derivative By for each observation of it. A linear fit of T}, to By yields
a nearly proportional relation of T}, = (0.003 £0.018) + (234 1) x 1073 By [T/ us] within
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Figure 5.3: Dependence of the transmission drop on the absolute value of field derivative.
The data points are given as circles with numbers corresponding to i, the number of
occurrence in the optical trace. The time for i=1 is ~ 0.15us, for i=7 ~ 36.5us. Error
bars are smaller than the symbol size.

a probability of 99% at one standard deviation.

The value of the fit relation is valid for this one experiment only, at higher sweep
rates of destructive experiments the transmission drop was found to be proportional to
By but with a smaller proportionality factor.

To find further evidence for a dependence on sweep rate we have carried out an
experiment in a slowly varying DC field with a sweep rate that is by a factor of 10°
smaller. We have performed infrared transmission measurements in steady magnets using
the same radiation source and detector as in the STC setup. After a gate the radiation
was transmitted onto the sample and onto the detector by means of fiber optics [92]. The
fibers are made of polycrystalline KBr. The fiber at the bottom of the magnet has been
shaped as a U-turn with a radius of about 3mm. The sample sizes were considerably
larger than in STC setups, rectangular shapes with about 5 x 5mm?2. The thickness of
samples, however, was the same as in the STCs as was the area where light was shone
onto the sample. The signal was amplified and detected using the lock-in technique.

The magnet used was a superconducting magnet from OXFORD INSTRUMENTS. This
magnet is capable of generating a maximum field 12.1'T when used at 4.2 K. The coil
consists of filaments of NbT'i and Nb3.Sn with a bore of 52mm. It is possible to achieve
14.5T with further cooling but that was not carried out as we are interested in the low
field range. The sweep rate chosen was 12.1 T/8min. The polarity of the field was not
changed, yet traces for up and down sweep do not deviate from each other, just by a
field independent offset that is caused by long time fluctuations of laser intensity.

The resulting trace of a down sweep is given in fig. 5.4. It has the best available signal
to noise ratio of all recorded traces. For OK 123 there is no transmission drop in low
field at all, a small change in transmission at higher fields is due to long time fluctuations
of laser intensity that occur on a timescale of minutes. The signal to noise ratio is in



5.2. Steady Field Transport 67

_. 04 AN s
>
';' I Ok 123 @ 10.61 pm @ Room Temperature @ Gain 10
o 03r .
8 I ]
S o02f .
§ L J
o 01 :
n - DC Magnet Oxford Instruments @ 12.1T/8min

0'0 ' | ' | ' | ' | ' | '

0 2 4 6 8 10 12

Magnetic Field [T]

Figure 5.4: Infrared transmission through InSb sample OK 123 in a steady magnet that
was swept at a rate of 12.1 T /8 min and X\ = 10.61pum at room temperature.

general much poorer than in the STC equipment. This is caused by the several orders
of magnitude smaller transmission through the fiber optical setup compared to the STC
free space setup. The reason of the poorer transmission through the fiber system are the
input and output coupling.

However, there is no indication at all that there is a resonance or transmission drop
at fields up to 5T at all in the DC trace. This trace is a clear indication that an effect of
the magnetic field magnitude is not the origin of the transmission drop, but the transient
character of the field generation in STCs. This trace and the findings reported above are
a very clear indication that processes depending linearly on the field derivative are the
cause for the type III hysteresis in OK 123.

As we have shown, processes that depend linearly on the field derivative are the elec-
tric field and the eddy current density. However, the transmission drop occurs only after
zero crossings of the magnetic field which points to an eddy current related phenomenon
with an asymmetry to zero field. This would involve the temperature rise, the pressure
distribution and the radial electric field. We must determine the magnitude of these
values.

5.2 Steady Field Transport

The starting point for any eddy current discussion is the measurement of the conductivity
oo(B) with appropriate methods. Using a HALL-bar sample the conductivity was deter-
mined in a steady magnet with a lock-in technique. The results of the measurements are
the transversal and HALL-resistances R;, and R;,. Transversal refers to the direction
parallel to the applied current perpendicular to the external magnetic field, HALL to the
direction perpendicular to current and field. A schematic drawing is given in fig. 5.5.
The magnetic field dependent resistances are depicted in fig. 5.6 for room temperature.
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Figure 5.5: Schematic drawing of the HALLbar geometry with indicated resistances and
measures with respect to the external field.

Assuming one dominant type of charge carriers at room temperature, the HALL re-

sistance 7., is given as
Ryy(B) =+ 5 (5.1)
Y ne D '

when n is the carrier concentration, e the elementary charge, B the magnetic field
magnitude and D the sample thickness [19]. The HALL resistance is positive for holes
and negative for electrons. From the linear dependence of R;, on B as seen in fig. 5.6
we can conclude that there is a constant electron concentration over this magnetic field
range. With the sample thickness of D = (1.18 & 0.02) mum and the elementary charge
of e = 1.602 x 10 C we obtain an electron concentration of n = (2.0+£0.1) x 1016 ecm=3.

The conductivity can be deduced from the transversal and HALL resistivities py, =
Ryy x1/(D*w) and pgy = Ryy/D where [ is the length of the sample conductor between
the two contacts used to measure the voltage, hence the resistance, w is the width of the
sample as depicted in fig. 5.5. In the given investigation we had w = (1.96 4 0.02) mm
and [ = (1.80 £ 0.05) mm with the total length of the sample L = (6.00 & 0.05) mm.

The conductivity can be determined using

Prx Py

Ozx = y  Ozy = 775 B}
Pz T Py

= m y 00 = Pm} ] (5.2)

The conductivity og is relevant to all formulae for eddy currents. It is equivalent
to the transversal conductivity for a vanishing magnetic field but has a substantially
different dependence on magnetic field as depicted in fig. 5.7.

We find the conductivity o to decrease from (173 & 10) Q tem ™! at zero field to
(7546) Q2 tem =t at 1.5 T and ~ 4.5 Q tem ™! at 10 T. The conductivity is proportional to
mobility, elementary charge and electron concentration oy = neu. The mobility of holes
is two orders of magnitude smaller and therefore holes do not substantially contribute to
0. From the Harr-effect we know that the electron concentration does not change in
this magnetic field range, therefore it must be a mobility effect that causes the decrease
of conductivity with increasing field. Consequently we determine the electron mobility
decrease from ~ 5.5 x 10*em?/Vs at zero field to ~ 2.5 x 10*em?/Vs at 1.5T and
~ 1.5 x 103em?/Vs at 10T.
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Figure 5.6: Steady field transport parameters at room temperature of sample OK 123.
The HALL resistance has been inverted Ry, — — Ry, in this graph.

The transversal conductivity on the other hand drops from (173 4+ 10) Q lem ™! at
zero field to ~ 6Q 'em™! at 1.5T. This shows the importance of distinguishing the
conductivity og from o,,, especially at high magnetic fields.

The values for conductivity at zero field as well as the mobility are in excellent
agreement with available data in the literature for InSb in the intrinsic conductivity
range at room temperature of o ~ 200 tem ™! and p &~ 7.7 x 10* em?/V's [90,91].

The temperature dependence of resistance and conductivity oy is depicted in fig. 5.8.
It can be clearly seen that the intrinsic conductivity range is found at temperatures higher
than 150 K. This is in excellent agreement with the change of sign in the HALL-voltage
from positive to negative at this temperature value as has been observed in this series of
measurements but not shown here.

When considering InSb in transient magnetic fields we must analyze the influence of
the high induced voltage on the conductivity. In InSb the breakdown field is of the same
order of magnitude as the electric field on the sample generated by the transient magnetic
field. Phenomena such as impact ionization, avalanche ionizations and, if the two are non-
negligible, related phenomena such as free carrier absorption must be considered. This
also means that OHM’s law breaks down, the current density is no longer proportional
to the electric field. Nevertheless for this thesis we will use the term conductivity for the
factor op having in mind that it is not necessarily equal to the DC conductivity and not
independent of the electric field magnitude.

In the literature we can find empirical formulae to describe the generation of carriers
when undoped InSb is subject to a high electric field of order 30-300 V/cm at room
temperature [93]. Although the measurement methods used in this reference applied
an electric field of comparable magnitude to the present situation, it was applied for a
smaller period of time, typically 250 ns.

The authors of [93] have combined available data [94,95] with data obtained by the
HArLL-resistance and light modulation techniques with a C'Os-Laser to yield a relation
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Figure 5.7: Conductivity og and electron mobility p of InSb OK 123 at room temperature
obtained with steady magnet. The transversal conductivity o, is given for comparison.

between electric field and carrier concentration. It is pointed out that the absorption
coefficient of the infrared radiation is the most sensitive probe to changes induced by an
electric field as low as 30V /cm. According to [93] the transparency of a sample is reduced
due to free carrier absorption on excess electrons and holes.

However, they found a formula for the generation rate g(F) representing a steady
state in which carrier generation and AUGER-recombination are in equilibrium

g(E) = 126 E2eP/160471 (5.3)

when the absolute value of the electric field E is given in V /em. Here the exponential
factor describes the avalanche ionization at fields exceeding 160V /cm whereas the first
term describes the impact ionization. The steady state is acquired at timescales smaller
than 10~7s [93]. The authors of [93] use a lifetime of hot carriers 7; = 5.7 x 10785 to
derive the generation rate. The change AK of absorption coefficient K with the electric
field is proportional to the change of carrier concentration [93] and both quantities are
depicted in fig. 5.9. The dependence is described by

AK/K =126 x E?eP/190 x 57 %1078 . (5.4)

It is seen that the absorption coefficient of K = (10.0 £0.3) em ™! at A = 10.59 um is
changing by ~ 1% at 30 V/cm and ~ 100% at 200 V/cm. That means that a transmission
drop at 200 V/cm will be about 50%.

The carrier concentration n is given by

n(E,t) = nged®) = ng x el26E°€7/1%0s7 1t (5.5)

Assuming an electric field present for about t = 1 us we find that the carrier con-
centration is doubled for a field of approximately 60 V/cm. For the azimuthal electric
field this may be well realized for high field experiments at the sample position r=R but
cannot explain the observation of the type III hysteresis in nondestructive fields with
azimuthal electric fields at zero magnetic field as low as 20 V/cm. At sweep rates of
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Figure 5.8: Arrhenius plot of the DC conductivity at zero magnetic field of sample OK
123 as a function of inverse temperature. The transition from p-type conduction to
n-type intrinsic conduction occurs at a temperature of about 150K or 6.7K ' in this
plot depending on 1000/T. This is in complete agreement with HALL-voltage findings as
described in the text.

~ 4T /ps, thus at R=1.15mm E, = 22V /cm the hysteresis effect was still observed as
was shown in the previous section.

Based on the above estimate we do not expect a substantial increase of carrier con-
centration in non-destructive fields due to the azimuthal electric field. The radial electric
field is larger than the azimuthal electric field by a factor w.r. That is a material de-
pendent magnitude that can easily exceed the threshold values for avalanche breakdowns
even in comparatively small samples.

Moreover, the generation of carriers at r=R is only relevant to the infrared trans-
mission in the previously described situation in STCs if there is a mechanism that can
transfer generated carriers from r=R to the center of the sample that is subject to the
incident radiation. This may be provided by the radial electric field.

The conductivity, hence the mobility and w.7, must be determined with methods
in the exact same experimental situation of STC generated magnetic fields as applied
for the infrared transmission experiments. The significant contribution of eddy currents
have even led to a technique called eddy current spectroscopy in STC generated fields [96].
This contact-less method can be used to determine the behavior of conductivity in STC
generated fields and will be discussed in the following section. It can however only be
applied to bulk samples. For other samples such as layers and epitaxial samples, the
influence of eddy currents can be evaluated with diameter dependent measurements.

5.3 Eddy Current Spectroscopy

In section 2.2.4 we have found that the magnetic field inside conductors is substantially
different from the external magnetic field. We can use the magnetization techniques such
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Figure 5.9: The dependence of the relative change in absorption coefficient K for A =
10.59 pm and carrier concentration n on the electric field as determined by [93]. The
dashed line gives the functional relationship that has been fit to the data in the range of
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as the compensated pick-up coil technique [9] to determine its behavior directly in STCs.

We are using compensated coils of the radial alternative type |9] with inner diameters
of about 1.4mm with W = 16 windings of insulated copper wire of 70 pm diameter on
each coil and length L of about the same value as the inner diameters. An illustration
of the compensation coils is given schematically in fig. 5.10. The area of one of the coils
is about 30 mm? with a residual, uncompensated area of order 0.1 mm?
to a ratio of compensation of 3 x 1073, This type of compensation coils has a very good
compensation and high voltage insulation strength [9].

In each of the compensated coils (1/2) we find a voltage U induced

, corresponding

d d
U1/2 — a‘bl/g — % / Bl/QdA (56)

Ay)o

where A is the area perpendicular to the field and ® the magnetic flux in each coil. For

perfectly compensated coils A1 = —As = A we obtain the resulting voltage Usesult
d
Uresult =U;-Uy= % / (Bl - BQ) dA . (57)
A

In InSb, sample OK 123, we found a maximal conductivity at DC fields and room
temperature of o9 ~ 175Q 'em~!. That means that the skin depth is 6 ~ 1.2¢cm.
At fields in excess of 1T the skin depth is larger but of the same order of magnitude.
The equipment supports slab like samples of diameter 2R ~ 1.2 mm so that we can use
equation (2.83) for R < 4.

With one coil containing the sample and the other one non-conducting, non-magnetic
materials such as Helium or air, we obtain for perfectly compensated coils:
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Figure 5.10: Schematic drawing of compensation coils of the radial alternative type
after [9]. The drawing is not to scale. Due to the lack of gaps between the windings
we find that the length of the coil L is approximately equal to the diameter of the coils
L ~2R=14mm.

d

Usesuts = Uy — Us = d/Rz_r2 2 (Bext). (t)dA (5.8)
result — U1 — U2 = dt 4 OoH0 dt ext ), .
A

therefore with the number of windings W and dA = Wrdrdy

2_ .2
Uresult = B 1 = JOMO% (Bext)z (t) W’I"d?“d(p

&=
o 5y

oy

= @ [Waouo;i (Bext). f f HE drdw] (5.9)
TRWo

= % [W% (Bext)z (t)

— const - & [Uojt (Bext), (1)

For real compensation coils there will be a residual area which adds a signal propor-
tional to the induced voltage times the residual area to the signal. This is a systematic
error that can easily be corrected.

For a constant conduct1v1ty we find < 2700 equal to zero and the response signal being
proportional to WB As the time dependence of conductivity is given by the time

dependence of the magnetic field, dtUO dtB = (dBUO dtB) %B will similarly produce a
response that is symmetric with respect to the magnetic field maxima even for time
dependent conductivity.

This gives a clear indication of eddy current related magnetic moments as intrinsic
magnetic moments in the sample will cause a signal proportional to %B. In other
words, if the response signal points in the same direction for up and down sweeps it the
response is clearly caused by eddy currents, if it points to different directions it is due to
non equipment related magnetization of sample.

The magnetization equipment requires a different sample shape than cyclotron reso-
nance measurements. A typical samples used are either a powder of grains of a size of
about 100 wm immersed in an insulating non-magnetic matrix material as in [96] or rods
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Figure 5.11: Eddy Current Spectroscopy on Sample OK 123 at room temperature. Ex-
planations are given in the text.

of approximately 1.2 mm diameter and few mm length. In the former case the infinite
rod approximation is not valid, neither is the thin disc. Therefore a geometry dependent
factor must be introduced in the calculation representing edge phenomena of the field
distribution. However, for a rod like sample we can well use (2.83).
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The magnetic response at room temperature of a 4 mm long rod with 1.2 mm diameter
of the same bulk InSb wafer as OK 123 used in optical measurements is given in fig. 5.11
b). It was obtained in a non-destructive field with a field maximum of 41 T. Trace ¢)
shows the data corrected by subtracting a signal proportional to the field derivative as
given in trace a). The proportionality factor is given by the imperfect compensation of
the coil that was used. It is clearly seen that the magnetic response is strongest near the
zero crossings of the magnetic field that correspond to the extrema of the field derivative.
The response for up and down sweep have the same direction, therefore the magnetic
response must be originating from eddy currents.

The subtracted signal is of same order of magnitude as is the eddy current related
signal. Taking account of the compensation of the coils of order 1073 [9] we can estimate
that the eddy current contribution to the magnetic field is much smaller than that value
as would be expected from the radius to skin depth ratio. That means also, that the
time shift for cyclotron resonance measurements in up and down sweep is smaller than
can be detected with the recording equipment. Nevertheless, the eddy current related
signal is detectable at timescales of ~ 0.5 us much higher than the response time of the
magnetization measurement system of order 25ns [9].

For comparison it is useful to determine the conductivity from the magnetic response.
For the calculation process we can use (5.8) and yield

Uresult = CM% {JOZB] (510)
with Cyy = muoR*W/8 being a constant. It is practical to deduce the conductivity
with

¢ t
/2U dt' = C /Qd[ dB}dt’—c [ dB]tQ (5.11)
result =Um dt UOdt =UMpm UOdt " -
11 t1
that can be solved for O’Q%B.
d s
!/
UO@B = W/Uresultdt (512)
0

The product of conductivity and field derivative can be obtained by integration and
is given in fig. 5.11, trace d). This corresponds to the current density dependence of
time. Similarly the qualitative behavior of the azimuthal electric field is given in trace
a) via the field derivative. The conductivity as obtained by this analysis is depicted in
trace e) of fig. 5.11. The traces of fig. 5.11 show qualitative behavior of response and
conductivity in reference to the magnetic field and its derivative. The vertical lines of
fig. 5.11 are given for the zero crossings of the magnetic field which, in turn correspond
to the field derivative extrema.

With this contact-less measurement method it is possible to determine the conduc-
tivity og. Using equation (5.11) and the parameters for Cy; of R = (0.60 + 0.03) mm
the experimental value for dB/dt ~ 18T /s at the first zero crossing we obtain an
order of magnitude for the maximal conductivity from the data given in fig. 5.11 of
oo(B = 0) ~ 160Q tem~!. With the uncertainty of the determination of R of about
5% we are introducing a relative error of 20% to the conductivity that was numerically
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determined by eddy current spectroscopy. The uncertainties of the other quantities used
are of much smaller influence to the result. The resulting value is in good agreement
with the DC conductivity determined by transport methods.

The trace in the first up sweep is affected by the trigger noise of the magnetic field
generation due to the position of the measurement system inside the FARADAY-cage.
However, there are three remarks at this point:

e 1) The conductivity is high only near the zero crossings of the external field, yet
seems to show a delay versus the latter. This is most likely due to screening
effects as discussed in section 2.2.1 and the uncertainty in the determination of
zero field. Comparing equations (2.83) and (5.11) we find that the field correction
is given qualitatively by trace d) of fig. 5.11, that is by integrated voltage signal
corresponding to a constant times conductivity and field derivative.

e 2) The conductivity is of similar magnitude for each zero crossing corresponding to
the DC conductivity within few percent. The conductivity at zero field does not
depend on the field derivative within experimental resolution.

e 3) It must be noted that we can only monitor the change of conductivity with time,
that is magnetic field with the magnetization technique. A constant contribution
of conductivity to the signal is obscured by the imperfect compensation of the coils
and the bit noise of the ADC data.

It is useful to zoom in on the first zero crossing of B to analyze the conductivity
at that point. The dependence of the conductivity on the external magnetic field for
the first zero crossing is depicted in figure 5.12. The dependence of conductivity on
the external magnetic field as obtained from DC transport measurements is given for
comparison. The conductivity obtained from eddy current spectroscopy shows the same
behavior as the DC conductivity and is of the same magnitude lest a few percent that
are well explained within the resolution of the method.

There is no evidence for an increase of conductivity in single turn coils at all of order
50% as would be required by the observation of the transmission drop as discussed in
section 5.1. We can conclude that the eddy current effects accompanying the magnetic
field generation process do not substantially change the azimuthal conductivity. There
is no detectable generation of charge carriers, the behavior corresponds to the DC case.
Moreover, effects such as the temperature increase do not contribute to the conductivity
in this case as will be shown in the next section.

More precisely, there is no contribution of hot electrons or charge carriers to the
azimuthal current density which is responsible for the magnetization signal, that is, there
are no large quantities of additional free carriers generated that can move azimuthally.
There are no extra carriers compared to the DC case, or they are trapped in a bound
state and have a very low mobility. According to [93,97] the electric field has no influence
on the electron mobility of InSb at room temperature up to fields of 500V /cm.

From (5.4) we can expect the conductivity at dB/dt = 18T /us, hence \E¢| =
55V /em at r—R—0.6 mm to change by approximately 5%. This cannot be resolved within
eddy current spectroscopy for two reasons, 1) the expected change is much smaller than
the resolution of the method and 2) it is valid only for r=R and linearly decreasing with
r at r<R. The azimuthal electric field can not cause the observed transmission drop.
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Figure 5.12: a) Voltage response of InSb sample OK 123 at the first zero crossing of B at
room temperature. b) Relative conductivity as obtained from eddy current spectroscopy
(solid line) and DC' transport measurements (dashed line) on the same sample at room
temperature. The arrow indicates the direction of time.

From fig. 5.12 it is clear that the magnetic field correction due to screening effects is
only relevant for comparatively low fields. Using the estimate values for the conductivity
we obtain correction fields of order 0.01 T that can well be neglected.

The peak conductivity seems to be shifted to later times from the zero value of the
external field. The screening effect was not corrected for this consideration because it is
smaller than the temporal resolution. The uncertainty of zero field, however, is estimated
to be of order 20ns for the first zero crossing of B, corresponding to a 0.4 T shift of the
conductivity vs. magnetic field trace. Please note that with decreasing sweep rate the
determination of the zero field position becomes more inaccurate, with increasing number
of zero crossing the uncertainty of its position increases similarly.

It should be emphasized, however, that the result obtained by magnetization mea-
surements at room temperature have been reproducibly obtained. The depicted data are
from the trace with the best signal-to-noise ratio. In low temperature measurements at
80 K no response from the sample could be observed within the resolution of the mag-
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netization equipment [9], at 200 K a qualitatively similar behavior to the one at room
temperature was observed, but the response was smaller by one order of magnitude.
This observation corresponds to the on order of magnitude lower conductivity 200K and
several orders of magnitude lower conductivity at low temperatures of 7" < 100K as can
be expected from DC transport.

5.3.1 The Lattice Temperature

With the obtained product of conductivity and field derivative (5.12) and (2.91) it is
now possible to determine the actual heat deposition AQ(r) in the sample lattice for a
realistic conductivity dependence on the external field.

r2 f d - 2
= — —By | dt = osuledt’ B.,.dt". 5.13
) 160/ o0 (dt t) 2W7ru0R4/ / Uresundt” | 7 Beat (5.13)

Using equation (5.13) and (2.93) for an assumed small change of temperature the
lattice temperature increase AT is then given by:

t

t
72 d 5
AT(r) = —— rosultdt’ | —Begedt”. 14

(r) 2W7T,u0R4pmch/ /Ues e dt— (5.14)

The problem of lattice temperature increase in a the given experimental situation is
given in fig. 5.13: a) The magnetic field and its derivative b) the integral of (dB/dt)*
for constant conductivity oo = 2000 Q2 'em ™! and trace of (dB/dt)?, c) the temperature
as obtained from eddy current spectroscopy with measured (oo dB/dt) at r=R=0.6 mm
with literature parameters for InSb p,, = 5.77g/em?® and ¢, = 0.2.J/gK [90,91] d)
An infrared transmission trace of InSb sample OK 123 is given for comparison and was
obtained with a similar non-destructive field.

It is clearly seen that the action integral and the lattice temperature increase show
a step like behavior in STC generated magnetic fields. The effect becomes even more
pronounced at higher sweep rates. An illustration of the sweep rate dependence is given
in fig. 2.10. This finding is in complete analogy to considerations obtained for the
generating current in STC [32, 34| and eddy currents in metallic samples 33|, yet is
several orders of magnitude smaller. There are plateaus at the field extrema and more or
less step function like increases at the field derivative extrema, that is at zero crossings
of B. In InSb this behavior becomes more pronounced by the field dependence of the
conductivity as found by eddy current spectroscopy.

From the cyclotron resonance trace that is depicted in fig. 5.13, trace d) it can be seen
that the transmission drop of interest occurs coincident with extrema of conductivity and
its magnitude seems to be proportional to the absolute value of the field derivative. This
suggests a connection of eddy-current-related phenomena and the observed transmission
drop .

However, the magnitude of the temperature accumulation at the sample edge is very
small, of order (.1 K, therefore the lattice temperature cannot contribute to the observed
type III hysteresis in this case. As we have found in section 2.2.6 the heat deposition is
increasing quadratically with the radius and field derivative. In an experiment with initial
sweep rate 1007"/us and radius lmm the temperature accumulation can be easily higher
by a factor of 25 on sample OK 123. This does not account for a possibly increased
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Figure 5.13: Temperature increase due to eddy currents, explanation given in the text.

conductivity caused by the even higher electric fields ambient at that field parameter
that would yield an even higher temperature rise. However, even those temperature rises
would have an effect that is virtually undetectable with the given equipment resolution
on sample OK 123.

For cyclotron resonance measurements it is important to note that the heat generation
is a cumulative process. It does not depend on the sample thickness D as long as the
thin disc approximation D«d holds. However, the distribution of the deposited heat can
depend on D.

Moreover, the temperature increase is a radially increasing phenomenon. It is highest
at the sample edges and zero at its center. Thus the temperature distribution in a sample
must be determined. In a crude approximation the value at half the radius can be used for
the whole sample. The problem of heat flow inside the sample must also be considered.

The problems of heating by as well as a delay of the magnetic field inside the sample
has been addressed by previous publications with qualitatively similar findings but much
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higher magnitude due to the more than one order of magnitude larger conductivity of the
respective samples that is less strongly dependent on the magnetic field: for bulk samples
of HgSe:Fe temperature increases of 10K have been observed after a single turn coil
experiment by directly measuring the sample temperature before and after the pulse [12].
It is important to emphasize that the measured temperature is the temperature of the
lattice that is not necessarily equal to the electron temperature during the experiment.
For the same type of samples magnetic field corrections of 15T have been found in a
STC magnetic field [96]. In the same series of experiments a significant line broadening
of SHUBNIKOV-DE-HAAS oscillations increasing with sweep rate was found [12] indicating
a substantial temperature rise in the sample.

5.3.2 Mechanical Pressure

With the measured value for the conduction it is now possible to estimate the pressure
in the sample caused by the magnetic field acting upon the sample. Using (5.12) and
(2.98) we find:

t
r? d 272

= —— —B)|)Bé = ——B [ Upequdt’ 5.15
) =—7 (Uodt ) T W R 0/ I (5.15)

The behavior of pressure, magnetic field and its derivative are shown in fig. 5.14. A
trace of the pressure was determined for InSh, sample OK 123.

As an example for illustration purposes the trace for a sample with constant con-
ductivity o9 = 2000 Q2 'em ™! shows the pressure at this field to be of order 300 bars at
r=R=1mm as depicted in fig. 5.14, trace b). For InSb sample OK 123 pressures of an
order less of magnitude, maximal 30 bars at r=R—=1mm can be expected as seen in trace
¢). With these values it is possible to estimate the influence of pressure upon the band
gap Egand other parameters. Using

E,=E,(P=0)+137x 1072P — 3.6 x 10" °P?(eV) (5.16)

when P is given in kbar [90] we find the energy gap to change by ~ 0.4meV. That is
at room temperature a change of 0.2%. The influence of pressure upon the energy gaps
at the L- and X- points parameters is smaller by a factor of 3. There is no influence
of pressure on the electronic band structure of detectable magnitude in this case. The
piezoelectric as well as deformation effects can be neglected.

At higher sweep rates, e.g. 1007/ us the absolute value of the pressure can very easily
be larger by a factor of 25. The pressure should be point symmetric with respect to zero
crossings of B as given by its dependence on the field times its derivative. This is not
correctly reproduced in fig. 5.14 due to slightly deviating timing of both curves versus
each other. Nevertheless its magnitude is estimated rather to large than too small due
to this fact. However, the findings in low field derivative and field experiments suggest
that the pressure is not a cause for the transmission drop.

Summarizing the eddy-current spectroscopy we can determine the conductivity and
all related quantities quantitatively for bulk samples. In InSb, sample OK 123, we
found that all properties involving the azimuthal conductivity, that is the current density,
magnetic field correction, the temperature and pressure are of negligible magnitude.
There is no additional contribution of the transient generation of the magnetic field to
the conductivity at this scale of field and its derivative compared to DC measurements.
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Figure 5.14: a) Magnetic field and its derivative. b) Pressure trace for a constant conduc-
tivity og = 200092~ tem™!. ¢) Pressure calculated for the experimental situation of InSh
Ok 123 at room temperature with the experimentally determined conductivity d) Trace
of a cyclotron resonance experiment with InSb OK 123 at 10.59 um over time given for
comparison.

The cause for any changes in optical transmission in the low field range can only be
caused by quantities accompanying the magnetic field generation that do not depend on
azimuthal conductivity. There are two possible candidates, the azimuthal electric field
and the radial electric field.

An azimuthal electric field influence would be symmetric at zero crossings of B and
should also be influencing the current density of azimuthal conductivity respectively. No
evidence was found for such a behavior. The radial electric field is asymmetric vs. zero
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crossings of B and its influence must be analyzed.

5.3.3 The Radial Electric Field

The radial electric field has been introduced by the boundary condition j; = 0, the
absence of radial currents due to the finite size of the sample. It is proportional to the
mobility, the magnetic field, its derivative and the coordinate r (2.41). It scales versus
the azimuthal electric field with uB = w.7. An illustration of the factor uB is given in
fig. 5.15 for OK 123 as obtained from DC transport at room temperature which gives a
good approximation for the situation in STCs as well. The DC data is presented because
of the possibility of accurately determining the zero field position within few mT. We
observe a peak at B ~ 1.57T with value w.7 = uB =~ 3.5. That means, the radial electric
field will be 3.5 times larger than the azimuthal electric field at 1.5 T.

High electric fields are known to change the transmission properties of semiconduc-
tors. They manifest themselves in effects such as the POCKELS-, KERR- and FRANZ-
KELDYSH-effects [19,26]. All of them are based on the breaking of translational symmetry
by an applied electric field. As a result, the wave functions of electrons and holes in the
conduction and valence bands are penetrating into the fundamental band gap. Thus it
is possible to absorb radiation with an energy smaller than the band gap.

However, the effects become effective at electric fields exceeding 107 V/m and are of
one percent or less magnitude even in this case [19]. With the radial electric field of about
300 V/cm we can find the potential over one lattice constant to change by ~ 20 uV'. There
is no appreciable modification to the fundamental band gap of InSb that could result in
a transmission drop due to inter-band absorption in the given case with E,; ~ 170 meV
and Flager =~ 120meV.

All of the electric field effects on the optical properties of a sample assume a spatially
constant electric field. In the present situation the electric fields depend linearly on r.
The above considerations can thus only be carried out at each specific r individually,
being maximal at the sample edge r=R. It remains a question, what dimensions of the
sample are active and can contribute to the type III hysteresis in the CR measurement,
the overall sample size or the size of the focal spot of the incident radiation.

The radial electric field is balancing the LORENTZ-force acting upon the current. It
creates a charge separation. Electrons or holes will be accumulating in a layer at r=R.

To determine the influence of this accumulation we must determine the charge density
inside the sample. The charge density p. can be deduced from MAXWELL’S equations
(2.1)

. - _ 10
ViD=p. — VgeoerE = 5053;5 (rE;) = pe (5.17)
and we obtain
10 ( pr 0 0 _3
e =cocr-— (rBEB) = B—B 1
pe = E0ER 5 (r 5 Ba > cosri B, [Cm™7] (5.18)

that is a spatially constant charge density over the sample volume. For the given experi-
mental situation we find the field derivative at B = 1.57 to be 227"/ us at the beginning
of the field pulse, with egep = 8.854 x 1072 F/m - 16 and kT = 25meV the value of
Ne = pe/e =T X 10'9 ¢m ™3 over the sample volume at the maximal radial electric field
of E, ~ 230V /cm at r=R—=0.6 mm whereas the azimuthal field is £, ~ 66 V/cm in this
case.
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Figure 5.15: uB = w,T as obtained with DC transport at room temperature.

At B=1.5T after the first zero crossing of the magnetic field we find the sweep rate
to be 187 /us and accordingly at r=R=0.6mm E, ~ 190V/cm, E, ~ 54V /cm and
Ne = pe/e = 6 x 1010 em=3.

The extension of the accumulation layer into the sample can be determined with the
DEBYE screening potential potential ®(r) and the respective screening length

—RT

2
e dme” n
® = const - , 2=
r

€0€R/€7T

(5.19)

when n is the intrinsic carrier concentration. The value 6p = 7! is the DEBYE screening
length. At n = 2 x 1016em™3 we yield §p ~ 10mm. The number of carriers in the
accumulation (or depletion) layer must be equal to the number of opposite charge carriers
over the sample volume. We can estimate the respective carrier concentration njayer by
the ratio of volumina of the sample and the layer.

R

ne‘/sample = nlayerviayer — Mayer = Tle 25 (520)
D

In the given case we obtain njaper = 2.2 X 10" em™3 at the beginning of field and
Niayer = 1.8X 10" em™3 after the first zero crossing, respectively. These values represent a
+10% change of carrier concentration in the accumulation / depletion layer. The carrier
concentration in the layer depends on the radial extension R of the sample, the density
pe does not nor does 6p. For larger R or sweep rates njayer becomes comparable or even
larger than n.

However, we find R/dp ~ 10°. The influence of such a small change of carrier con-
centration on such a small length scale is not detectable with eddy current spectroscopy.
The densities of charges n. and njayger refer to opposite charges with respect to each
other and change directions at every zero crossing and extremum of the magnetic field.
Moreover, it is also not possible to observe any optical effects in the center of the sample
caused by the charge carrier accumulation in this layer.
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Figure 5.16: Calculated transmission drops at r—R—1.15mm for the 1st (short dashes)
and 7th (long dashes) observation of the transmission drop in section 5.1. For comparison
the experimental curve at the first observation of the drop (not corrected for magnetic
field) is given (triangles).

The considerations above do not include hot carriers generated by the radial electric
field that are free to move in radial direction. The change of the absorption coefficient
of InSb for the exact same experimental situation, that is at A = 10.59um and room
temperature for an applied electric field of order 30-300V/cm has been investigated
by [93]. It provides a large enough effect onto the transmission of infrared radiation. We
will now find an approximation for its magnitude using the empirical relations derived
in [93]| given in equation (5.4). On this sample of R=1.15mm we find for the first
observation of the transmission drop at dB/dt = 22T /us an azimuthal electric field of
~ 120 V/em ambient during the first few T.

We can use the experimentally determined relation w.(B)7(B) to calculate the change
of absorption coefficient during this period with the help of (5.4) and estimate the trans-
mission drop that can be expected. Using the value of absorption coefficient K =
(10.0 + 0.3) em ™! at B=0 the relative transmission change T(B)/T(0) can be calculated
with the magnetic field dependent change of absorption coefficient AK(B):

T(B)/T(0) = e~ KF+AK(BE)D (5.21)

where D is the sample thickness, in this case D=0.5 mm.

The results of this calculation which is very crude are depicted in fig. 5.16. From the
given infrared transmission trace it can be seen that the transmission drop magnitude
dependence on sweep rate is correctly reproduced and the overall line-shape is qualita-
tively similar. The numerical agreement with the observed transmission drop may be
coincidental. The authors of [93] attribute the increase of absorption coefficient with
electric field to absorption on free carriers. However, if this is the reason for the trans-

mission drop it must be pointed out that there is no effect of similar magnitude in the
eddy current spectroscopy data.
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Magnetic Field

Figure 5.17: Geometrical distribution of generated electrons in an external magnetic field
as given by the top trace. The middle trace shows the radial electric field spatially. The
bottom trace of this drawing is symbolic only. The inner circles correspond to the sample
area (larger circles) that light is focused upon and contributes to the transmission. Dark
indicates high electron concentration, bright low electron concentration.

Discrepancies are the magnetic field magnitude of the transmission drop maximum
and the strength of the decay. The reasons for this behavior are found in the finite time
required for a steady state solution and the charge separation, that is, the transfer of
electrons toward the center of sample as characterized by a finite drift velocity. The
mechanism of this process cannot be assumed to be independent of magnetic field and
might result in a slower decay.

The carrier generation process is cumulative, an influence which is ignored in this
calculation due to the number of additional parameters that are required. The value of
K can only be deduced as an integral or iterative because its magnitude depends on B(t)
as K(t) — K(t)+AK(B(t)). This would result in an ever increasing transmission drop
with rising magnetic field. This is contradictory to the observation and a mechanism that
reduces the number of hot carriers on a similar timescale must be ambient. There is no
reference for high temperature but for low temperatures it is known that the magnetic
field will cool hot electrons [98-102| by reducing the electron mobility even at low field
magnitudes.

The radial electric field has opposite orientation for up and down sweeps, but the
same orientation after each zero crossing of the magnetic field. Correspondingly it acts
upon charge carriers, that means, in up sweeps free electrons are moving into the center
of sample, in down sweeps the electrons move toward the sample boundaries. That means
that in up sweeps there is a large number of carriers present in the region that is subject
to incident radiation and in the down sweep an approximately similar number of carriers
is absent from this region. That means the transmission in up sweeps is smaller than
in the down sweeps. Moreover, the transmission drop should not be observable in down
sweeps. Schematically this is depicted in fig. 5.17 for the first complete oscillation of the
magnetic field.

Although this is a very crude estimate of the effects of the radial electric field it
provides a quantitative explanation of the type III hysteresis in InSh.
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5.4 Measurements with the Cyclotron Resonance Setup

The infrared transmission experiments were performed on 2° wedged samples and rough-
ened samples with parallel surfaces. The two showed no difference in behavior even
quantitatively regarding the relative transmission drop. The overall transmission was
higher for the parallel samples. Thus we can rule out optical interference of a plane
parallel plate system as the cause for the transmission drop.

The sample dimensions are in this case length by width by height: 2 x 2 x 0.5mm?>.
This shape can be well approximated by a disc with diameter 2.3 mm?. That means, the
samples in these cyclotron resonance measurements are roughly twice as large in diameter
compared to the eddy-current-spectroscopy sample. The maximum electric field at r=R
is twice as large as is the respective current density, the temperature increase is larger
by a factor of four as is the pressure.

We have found the eddy current effects on the magnetization measurements to be
negligible and this is not changed by a factor of 2 or 4, respectively, introduced by the
larger radial extension. The effect of the electric fields is not negligible when amplified
by a factor of two.

We will present data obtained in nondestructive magnetic fields comparable to the
ones that were used for the eddy current spectroscopy to provide comparable conditions
and no additional or amplified effects to the findings. Moreover, we are interested in
the low field range that can more thoroughly be studied that way and can compare the
results with DC measurements.

5.4.1 Temperature Dependence

We have found in the preceding sections that eddy current related phenomena or the
radial electric field are likely responsible for the transmission drop. The former depends
on the conductivity, the latter on the mobility times the magnetic field. Both of which are
parameters that do strongly depend on temperature as was shown by DC transport for
conductivity and can likewise be shown for mobility, yet with a different, not necessarily
monotonous dependence.

Furthermore we know, that the conductivity is not changed by the transient character
of the magnetic field at room temperature and there was no indication for any large effect
at lower temperatures. Temperature dependent infrared transmission experiments will
thus contribute to insights on the physical effect causing the type III hysteresis.

The temperature dependence of the infrared transmission spectra is depicted in fig.
5.18 for the wavelength A = 10.59 um at temperatures from 24 K to room temperature.
The relative transmission spectra have been shifted with respect to each other but have
the same vertical scale. This holds true for further figures. The magnetic field used was
nondestructive and the trace was comparable, but not exactly identical for all curves. The
traces are only given to show the appearance of the transmission drop with temperature
at the positions indicated by arrows. It is most pronounced and clearly asymmetric at
times larger than 12 us. The traces of 45K and 24 K are data obtained at a very poor
signal-to-noise ratio caused by low transmission, the structures in the spectra of these
temperatures can hardly be attributed to sample related phenomena.

It is clearly seen that the transmission drop at the beginning of the trace and after
zero crossing of the magnetic field occurs at temperatures higher than 180 K. Simultane-
ously with the observation of the transmission drop, we can find the electron cyclotron
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Figure 5.18: Temperature dependent spectra for sample OK 123 at 10.59 um vs time.
The fields used for the spectra have been non-destructive, of comparable field trace but
not identical. This graph shall only illustrate the appearance of the phenomenon as
indicated by the arrows.
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resonance to increase in absorption strength. This points to a significantly higher num-
ber of electrons in the conduction band. Transport measurements confirmed that the
onset of intrinsic conductivity can be observed at that temperature range 150-180 K.
The conductivity at zero field dependence on temperature is given in fig. 5.8.

This is also in good agreement with the finding of eddy-current spectroscopy that
a response is observable at 200K, yet one order of magnitude smaller than at room
temperature, and no detectable response at 80 K.

At temperatures lower than 160 K we can observe a transmission drop after 12 ps that
was reproducibly observed. These spectra show no or a very little transmission drop at the
beginning of field and the first zero crossing after &~ 6 ps. It cannot be distinguished from
the noise at the trace of 24 K. However, it indicates a cumulative process being responsible
for the transmission drop in these cases as would be the excitation of carriers into the
conduction band by the electric field. Another hint for that behavior is the increase of
cyclotron resonance absorption at ~ 9 us that is found after the first zero crossing for
temperatures 160 K, 100K, 65K and 45 K. This behavior is even more pronounced at
higher sweep rates as will be shown in section 5.4.2.

The dependence on magnetic field of the spectra is depicted in fig. 5.19 for temper-
atures above 150 K. We can find a dependence on temperature of the transmission drop
position. The intensity increases with rising temperature and the position of the peak
transmission drop is shifting from ~ 37T at room temperature to =~ 127 at 160 K. This
behavior is typical for the formation of a bound state or an impurity band.

The electron cyclotron resonance shifts from 28 T at 160 K to 26 T at room tem-
perature and 117meV energy. The resonance position at room temperature is in good
agreement with previous measurements of other groups in STC fields [14 16]. These
measurements have been carried out on CZOCHRALSKI-grown intrinsic InSb, that was
not intentionally doped. There was no report of the type three hysteresis investigated in
this thesis due to much smaller sweep rate [15,16] or very noisy up sweep data [14]. The
second half sine of the field has not been recorded in both publications. However, both
groups of authors find a dependence on sweep rate of the cyclotron resonance line-width
or an estimate of eddy-current heating of electrons, respectively. We will show data in
section 5.5 for intrinsic InSb in which a type III as well as type I hysteresis could be
observed.

The dependencies of the transmission drop position and the cyclotron resonance po-
sition on temperature are given in fig. 5.20 for sample OK 123. It can clearly be seen
that the transmission drop has a much stronger dependence on temperature than the
cyclotron resonance.

For temperatures above 180 K the resonance intensity is depending almost linearly on
the absolute value of the field derivative. An illustration is given in fig. 5.21. The linear
dependence on sweep rate is more clear at higher temperatures T>260K. At T=230K
and T=200 K the linear dependence is given when the point with the highest sweep rate
is ignored. It is much smaller than the dependence at 260 K and 295 K. Coincidentally
the trace of 260K and 295K have the same slope within experimental error but the trace
of 260 K is shifted by an offset of 23% at By = 0 and does not show a proportionality.

We find the transmission drop to be larger at T=260 K than at 230 K and 295 K. The
transport measurements showed that the conductivity is decreasing monotonously with
falling temperature in this temperature range. This is another hint toward a quantity
causing the type IIT hysteresis that is not depending directly on conductivity. A possible
candidate is the radial electric field that depends on mobility that is increased at 260 K
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Figure 5.19: Traces of fig. 5.18 vs. magnetic field at A = 10.59 ym. It is clearly seen that
the hysteretic resonance is located at =~ 31 at room temperature and moves gradually
toward 12T as the temperature is decreased to 200 K. Moreover, the resonance becomes
more pronounced with rising temperature. It is also shown that the resonance is shifted
to higher fields for negative fields. The traces have not been corrected for magnetic field.
Lower traces are up sweeps, the sequence of sweeps is indicated by numbers at the trace
of 260 K.

with respect to 295K and 230 K and magnetic field only but does not depend on the
carrier concentration. Another possibility is a very complex dependence on a larger
number of parameters.

The observation of the phenomenon at temperatures that have been determined to
show intrinsic conductivity and not for lower temperatures indicates that highly mo-
bile free carriers, that is electrons in the conduction band, are required to observe the
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Figure 5.20: Dependence of the positions in magnetic field of the cyclotron resonance
and transmission drop maximum on temperature. Lines are guides to the eye. The
uncertainty of position is approximately the symbol size (£0.5T).
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Figure 5.21: Dependence of absorption intensity on the absolute value of field derivative
for temperatures 295 K (squares), 260 K (circles), 230 K (diamonds) and 200 K (stars).
For T>250 K the lines represent linear fits, for T<<250 K the lines are guides to the eye.

transmission drop. These electrons, however, do not contribute to the eddy currents.
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Figure 5.22: Traces of OK 123 at wavelengths 10.59 ym and 10.18 um at room temper-
ature and a non-destructive field of comparable magnitude. The type III phenomenon
can be seen in both traces as indicated by the arrows.

5.4.2 Wavelength Dependence

To understand the phenomenon in more detail we have carried out measurements with
different wavelengths, that is, different energies of radiation. It was revealed that the
type III hysteresis occurs at all COs Lasing energies. A trace versus time is given in
fig. 5.22. It can be clearly seen that the hysteresis occurs in the two depicted traces at
wavelengths 10.59 um and 10.18 ym in room temperature experiments with nondestruc-
tive coils and field magnitudes and sweep rates comparable to the situation in the eddy
current spectroscopy. The slightly deviating time dependence trace of A = 10.18 um was
obtained with a multiply used reinforcement that resulted in a larger diameter of the coil
and hence a lower angular frequency w.

The variation of laser energy in this case is 117meV (10.59 pm) to 122meV (10.18 pum).
For more detailed analysis the position of the resonance in magnetic field must be de-
termined. This is depicted in fig. 5.23. The absolute value of the transmission drop
is strongly dependent on the optical conditions, e.g. the laser mode. However, the
structure is reproducible at various wavelengths. The shape of the transmission drop
seems to be reproducible at all wavelength. The transmission drop maximum shifts from
(2.7+£0.5) T at 10.59 pm to (3.0 £0.5) T at 10.18 wm. The cyclotron resonance on the
other hand shifts from 26.27 — 27.5T which is in excellent agreement with previous
publications [14 16].

We have found in section 5.1 that the position of the transmission drop is not changed
by changing the sweep rate. With higher sweep rates, as will be shown soon, the trans-
mission drop position occurs at (3.2 +0.9) 7 with a similar line shape at 9.64 ym. In
this case the same piece of the wafer OK 123 was used as in the nondestructive traces
at 10.59 um and 10.18 um. This indicates a rather small dependence on wavelength, the
transmission drop is found to be shifting within experimental error only and by less than
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Figure 5.23: Traces of OK 123 at wavelengths 10.59 ym and 10.18 ym at room temper-
ature. The type III phenomenon is clearly seen in both traces. Lower traces are up
sweeps.

the electron cyclotron resonance.

This is indicating that the transmission drop is not a resonant phenomenon but rather
a change of the optical properties of the material. It is depending on the direction of the
field derivative. As was discussed before, the only property that is clearly asymmetric
and of non-negligible magnitude is the radial electric field.

The temperature dependence of the transmission drop at wavelengths # 10.59 um
was found to be qualitatively similar to the one at 10.59 ym. The transmission drop
occurs at temperatures higher than 180 K and shifts to higher fields with decreasing
temperature. A linear dependence on magnetic field derivative could be observed at
temperatures higher than 200 K.

To illustrate the temperature dependence we will show the infrared transmission
traces in a medium field range with maximal field magnitude of 110 T at a wavelength
of 9.64 um. The resulting transmission traces versus time are depicted in fig. 5.24. It
must be pointed out that at this maximum field value the sweep rate at zero field and
hence at the transmission drop position in magnetic field is substantially higher than in
the nondestructive case. As shown in fig. 5.24 the field derivative exceeds 807 /us at
the beginning of field and 407 /us at the first zero crossing. That means, the influence
of eddy current related phenomena is larger by a factor of four or two respectively, if we
assume a linear dependence. For phenomena such as impact ionization and avalanche
breakthroughs the dependence will be highly non-linear.

As seen in fig. 5.24, indicated by arrows, in this experimental situation the trans-
mission drop occurs right after the beginning of field and after each zero crossing for
temperatures above 150 K too. It is, however, very weak at 165 K. Moreover, there is an
increase of intensity in the electron cyclotron resonance after the first zero crossing at
temperatures T=133 K, 100 K and 5 K marked with "!". This finding is in complete anal-
ogy to the rise of cyclotron resonance as observed for nondestructive fields at 10.59 um
at T<165 K in section 5.4.1.

This is a clear indication for the generation of electrons, or rather their excitation into
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Figure 5.24: Temperature dependence of CR spectra for A = 9.64 um and a medium
field. The arrows indicate the transmission drop if occurring as previously reported, "!"
denotes the observation of a transmission drop after the 6 yus when it is not observed at
the beginning of field at T—100K, 133 K and an increase in cyclotron resonance after
the first zero crossing at 5 K. "?" indicates a strange behavior in the trace at 133 K that

is not understood at all and probably related to a problem with the recording device
(RTD).

the conduction band, during the magnetic field pulse. The mechanism cannot trivially be
explained by the ambient electric fields and impact ionization or avalanche breakthroughs
because of its absence in the beginning of the field pulse where the quantities depending
on the field derivative are much larger due to the higher sweep rate.

In the curve of T=100K we can observe a signature of the transmission drop after
the first zero crossing near the cyclotron resonance. This points toward the existence of
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Figure 5.25: The infrared transmission of OK 123 at room temperature and A = 9.64 um
in a medium field.

highly mobile charge carriers at this time.

The dependence of the infrared transmission on the magnetic field is depicted in fig.
5.25. The transmission drop occurs at (3.2 +0.9) 7. The spin split cyclotron resonance
can be observed at (29.3 & 1.0) 7" and (49.5 £ 1.0) T" which is in good agreement with
findings of [15,16].

The down sweep is shifted to higher transmission values compared to the up sweep
at all times but shows similar resonant structures at the cyclotron resonance positions.
However, there are two more resonant structures or, transmission drops at ~ 757 and
~ 95T that are not clearly observed in the up sweep. Also, the relative transmission
does not return to the value of 1 at zero field.

The shift of the downs sweep trace to higher transmission values compared to the up
sweep was found unambiguously at all wavelengths for maximum fields larger than 50 T,
that is with sweep rates higher than 307"/us and the shift is increasing with sweep rate.
The overall higher transmission in down sweeps indicates that the complex refraction
index of the sample are not identical for up and down sweeps. It was only observed at
room temperature, not at temperatures of T' =~ 200 K as shown if fig. 5.24, where the
transmission drop was still observable.

The shape of the transmission drop after the first zero crossing deviates from the
shape at the beginning of field. This is attributed to the shifted down-sweep trace and the
difficult referencing of the transmission drop to a transmission at zero field. However, the
maximum at the first and properly referenced transmission drop occurs at (3.2 +£0.9) 7.
Within the experimental error, the position of the transmission drop is overlapping for
all wavelengths of the CO4 Laser, whereas the cyclotron resonance position shifts clearly
from 26.27T — 27.5T — 29.3T for A = 10.59 ym — 10.18 um — 9.64 um.

Summarizing the observations on OK 123 we have found a transmission drop after
each zero crossing of magnetic field at temperatures 200 K-295 K in infrared transmission
experiments in non-destructive transient fields. Its intensity was found to be linearly
dependent on the absolute value of the field derivative for temperatures higher than
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250 K. It could be demonstrated that eddy current related effects can be determined by
magnetization techniques in STCs. The conductivity was found to be independent of
sweep rate within experimental error and to be of similar magnitude as in the DC case.
An estimate for the temperature, pressure and avalanche ionization due to the azimuthal
electric field, yielded that neither of these effects has a large enough magnitude to cause
a detectable transmission drop. The position in magnetic field of the transmission drop
was found to be independent of wavelength, suggesting a non-resonant phenomenon.

The generally higher transmission in down sweeps at high sweep rates indicates a
modification of the refractive properties of InSb in the down sweep vs. the up sweep
by the electric field. Intuitively this can be understood by assuming an accumulation
or depletion of charge carriers in the respective sweeps. Another hint toward such a
phenomenon is the CR, FWHM which is smaller in down sweep than in up sweep for high
sweep rates.

At room temperature it was found that the radial electric field can cause a transmis-
sion drop of qualitatively similar behavior as observed by the generation of hot carriers
and free carrier absorption. Moreover, the radial electric field can move carriers into the
sample center in up sweeps and out of it in down sweeps. This radial current provides
a qualitative for the higher transmission in down sweeps as well as the absence of the
transmission drop in down sweeps.

For other temperatures than 295 K the transmission drop could be observed in the
intrinsic conductivity range. There are no data available in the literature for the effect
of a high electric field at these temperatures onto the infrared transmission of InSb but
there is likely a qualitatively similar dependence.

5.5 Undoped Indium Antimonide

The previously investigated sample, OK 123, showed the type III hysteresis as extensively
discussed. Moreover, about 15 other samples from wafers designed for the same purpose
have been investigated and showed nearly identical results. All of them were intentionally
doped with Ge and oriented (211) or (111). The samples showed differences in the total
transmission in dependence of the level of compensation, but all showed a similar type
IIT hysteresis at elevated temperatures. However, the compensation was varied within
less than one order of magnitude only.

For comparison with previously reported data it is useful to investigate samples of
intrinsic InSb without compensation dopants. Such an investigation has been carried out
with the CR equipment. The CZOCHRALSKI-grown plane samples available were oriented
(001), had an intrinsic carrier concentration of n = 2 x 1016 em ™3, a thickness of 450 um
and were polished on one side.

A comparison of the infrared transmission obtained with OK 123 and an intrinsic
sample is given in fig. 5.26. It can be seen that the transmission drop, indicated by
arrows, occurs in the intrinsic sample as well but is far less pronounced. The cyclotron
resonance is also smaller than it was for OK 123, but is increased after the zero crossing
as was observed for OK 123 at lower temperatures. The spikes in the trace of the intrinsic
sample are bit errors of the digitizers (RTD).

It should be pointed out that the overall transmission of the intrinsic samples was
better by a factor of four compared to OK123. As can be seen on fig. 5.26 the transmission
drop was very small at room temperature, about 9% at maximum. The maximum of the
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Figure 5.26: Top: Magnetic field, bottom: Infrared transmission of OK 123 (dots) and
intrinsic InSb (solid line) at room temperature and 10.59 um. Arrows indicate the trans-
mission drop.

transmission drop occurs independent of wavelength at B ~ 0.5 —1.57 though it cannot
be exactly positioned due to the uncertainty of zero field. Nevertheless, the position was
similarly found to be wavelength independent.

The important finding is that the transmission drop was observed in intrinsic InSh
too. And correspondingly its magnitude showed a linear dependence on sweep rate.

5.5.1 Type I hysteresis?

There is a strong hint that for a specific maximum field magnitude of 46T within few
percent and a 2 x 2mm? sample only we could observe a type I hysteresis in intrinsic
InSb. The finding is shown in fig. 5.27. It can be seen that the spin-split cyclotron
resonance is affected by a type I hysteresis. The higher field CR at =~ 42T is decreased
in intensity in the down sweep whereas the lower CR at ~ 267 is increased vs. the
up sweep. The integrated areas for up and down sweeps are not identical, the type I
hysteresis can not be used to exactly deduce sample properties. This is most likely due
to eddy current effects that cause an overlap of type II with the type I hysteresis. The
type I and III hysteresis’ could be observed independently of each other in one trace.

Moreover, the type I hysteresis could not be observed for any higher maximum field.
For higher sweep rates the shift of the down sweep trace to higher transmission values
obscures type I hysteresis’ on the spin split cyclotron resonance.
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Figure 5.27: Relative transmission of intrinsic InSb at room temperature with A =
10.59um. Solid lines are up sweeps, dashed lines are down sweeps. The two hysteresis
types I and III can be observed at the positions indicated by arrows.

5.5.2 CO-Laser Measurements

The good overall transmission of the intrinsic samples enabled investigation with the CO
Laser, which allows a doubling of the radiation energy compared with the COy Laser.
However, as the energy gap of InSb at room temperature is as small as 170 meV, the
samples are opaque for CO-Laser radiation. Due to strong non-parabolicity of narrow gap
semiconductor and therefore InSbh energy bands the energy gap, the difference between
highest valence and lowest conduction band at I', Ag, can be expected to increase with
magnetic field. So with careful aligning spectra can be taken without signal at B=0T,
the samples will show transmission when Ag becomes larger than the Laser energy!.
This is clearly observed in figure 5.28. The high magnetic field part of the spectrum
shows the spin split cyclotron resonance marked with "CR" clearly resolved in the down
sweep whereas in the up sweep the transmission is much lower (marked with arrows)
and the cyclotron resonances at &~ 757 are obscured. Again we find the down sweep
transmission to be shifted to higher values compared with the up sweep.

The spin-split electron-cyclotron resonance is shifted from (75+5) 7 and (120+5)T
at 216 meV to (85 £5)7 and (135 £5) T at 230meV to (88 £8)7 and (142 £ 10) T at
235meV. This is in good agreement with previously reported values [14].

In traces a) to ¢) of fig. 5.28 a sweep rate dependence of the relative transmission
can be observed at one wavelength of A\ = 5.74 ym. The transmission was not very high
in all experiments with the CO-Laser due to the alignment without sample and the sam-
ple mount following without further optimization. Therefore the data are more strongly
affected by the ambient noise than the C'Oy Laser measurements. The discrepancy be-
tween up- and down sweeps is increasing with increased sweep rate. Moreover, the onset
of transmission, that is, the point where Efaser exceeds Ag(B), is much less sharp in all

'"Ap(B=0)=E,
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Figure 5.28: Relative Transmission of intrinsic InSb with CO Laser. a) - c¢): sweep rate
dependence at 216 meV (A = 5.74um). c)- e): wavelength dependence at comparable
sweep rate 216 meV, 230 meV (A = 5.394 um ) and 235 meV (A = 5.277 pm). Lower curves
are the up sweep traces. The horizontal arrows indicate the sweep direction.

up sweeps than it is in the down sweeps. This phenomenon is observed at a magnitude
that exceeds the noise level.

This may be an indication for the free carrier absorption in the up sweeps. The
radial electric field cannot be estimated in this field range due to the lack of appropriate
methods to determine the conductivity and mobility.
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Table 5.1: Previous CR Measurements on InSb in transient magnetic fields.

Chicago group (1974) [14] Tokyo group (1976) [15,16]

Method: Reflectivity Transmission
Magnet: single turn coil flux compression, STC
Material: (111) n-type InSb n-type InSh
Sample Size:  2-3mm 2mm disc
thickness: ?
Wavelengths:  10.6 pm, 5.56 pm 9.4-11 pm
Remarks: useless up sweep data STC and EMFC methods

only down sweep reported rise time 23 us @ 50T (STC)
Both report (rough estimates of) eddy current heating
or line broadening with increased sweep rate, respectively.

5.5.3 Comparison With Previous Measurements

The observation can now be excellently compared to previous publications for intrinsic
InSb investigated at room temperature in transient fields whose experimental conditions
are summarized in table 5.1.

The authors of [14] give an estimate for eddy current heating using the conductivity
at 77K for a calculation. They also ignore the magnetic field dependence of oy. Hence
their estimate for the temperature rise of more than 500 K is overrated by at least one
order of magnitude. Moreover, they report an increase of CR line width with increasing
sweep rate. which may have been caused by eddy current heating. This behavior could
not be confirmed as e.g. seen in fig. 5.28, traces a) to c¢) for CR1. Yet a dependence of
the overall transmission conditions on the sweep rate is clearly seen.

The authors of [15, 16] estimate the effect of eddy current heating to be less than
30 K. In their measurement a single turn coil has been used with a pulse duration of
~ 25pus at a maximum field of ~ 507 and the EMFC with a similar time constant
and a maximum field of ~ 1007". Based on the considerations in this thesis the eddy
current heating should be much smaller than the stated value for a sweep rate that is
comparable to later oscillations of a nondestructive fields. In [15,16] eddy currents effects
were estimated to judge the reliability of the obtained data, no dependence on sweep rate
of the observed spectra was reported. This is most likely due to the much smaller sweep
rate compared with [14]| and this work.

The observed cyclotron resonance positions of this work are in excellent agreement
with the previously published values. The observed spectra of this thesis are not contra-
dictory to previous measurement, they have been obtained with a much better signal to
noise ratio and a well adjusted sweep rate. The hints for sweep rate related phenomena
in InSb of [14 16] could be confirmed and extended.
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Summarizing the observations in InSb we find

e The type III hysteresis was observed in Ge-doped and intrinsic InSb at elevated
temperatures. The magnitude of the transmission drop was proportional to the
field derivative times the magnetic field.

e Comparing DC transport with eddy current spectroscopy it was determined that
contributions of all conductivity dependent quantities are negligible and cannot
cause the type III transmission drop.

e It was shown that the radial electric field and the transmission drop are corre-
lated. The change of transmission due to a high electric field is in good qualitative
agreement with available references.

e In intrinsic InSb a hint for a type I hysteresis was observed that interferes with the
generally higher transmission in down sweeps that is similarly caused the radial
electric field.



Chapter 6

Mercury Based Compounds

In this chapter we would like to present data obtained with infrared transmission ex-
periments on other materials than InSb. Hysteresis effects of all three types have been
observable in various samples. An extensive study of the origin of the hysteresis effects
was made impossible by the unavailability of appropriate amounts of samples or the lack
of bulk, macroscopically sufficiently large dimensioned material for eddy current spec-
troscopy. However, within experimental resolution, hysteretic phenomena seem to be
rather the typical situation than the exception.

The discussion on these materials will not be as extensive as it was for InSb due to
the availability of only limited amounts of each sample or its structure. The purpose
of this chapter is the investigation on the influence of the sweep rate onto cyclotron
resonance measurements. Moreover, most hysteretic phenomena reported here do not
occur in low fields but in field magnitudes that are hardly accessible with non-destructive
STC experiments or even steady magnets. This makes a clear indication very difficult.
When non-destructive STC fields can not be used sweep rate dependent measurements
involve a sample dismounting and mounting. This was carried out very carefully but
the overall conditions (e.g. Laser incidence) are not as reproducible as with a series
of non-destructive experiments. Large effort has been applied to provide reproducible
conditions, all conditions were multiply checked.

The mercury based binary compounds HgSe and HgTe as well as the ternary com-
pound Hgy_,Cd,Te for x<0.4 are zero and narrow gap semiconductors, respectively [26].
The resulting strong non-parabolicity manifests in well distinguishable spin split cy-
clotron resonances. Hence these materials are well suited for the observation of a type I
hysteresis as was shown for HgSe in chapter 1. On the other hand the small or vanishing
energy gap makes these materials susceptible to very small changes in temperature.

6.1 Mercury Selenide

The HgSe sample Q 472 showing a hysteresis of type I was grown by molecular beam
epitaxy. The sample had a layer of 1 um HgSe on (100) GaAs substrate with a buffer of
~ 0.5 um ZnTe. The electron concentration at room temperature was determined to be
of order n = 6 x 1017 ¢m ™3 at a mobility of u = 1 x 10* ecm?/V's [4]. This sample was
not available for further investigation due to a failure in an experiment [12].

The type I hysteresis could be observed at room temperature and 207 K. For similar
sample structure (samples B) with a conductivity that is larger by at least a factor of

101
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Figure 6.1: Relative infrared transmission of HgSe at A = 5.394 um and room tempera-
ture for two field different semi-destructive field shapes. The sample used was a 2 x 2 mm?
square. The down sweeps are indicated by dashed lines.

four, no hysteresis was observed at all at the similar conditions as for Q472 [12]. That is,
room temperature and A = 10.59 ym at a field of 140 T. The dependence on conductivity
points to eddy current effects such as a temperature rise to obscure the type I hysteresis.

Sweep rate dependent studies as well as wavelength dependent studies have not been
carried out by the authors of [4,5] due to sample destruction at an early stage [12]. For
the B samples this behavior can be studied.

A square sample of HgSe (B, 2 x 2mm?) was tested at a wavelength of A\ = 5.394 um
at room temperature with two field shapes of 50 kV discharges in a 15 mm and 8 mm coil
respectively. The field traces are given in fig. 2.10. The resulting traces are depicted in
fig. 6.1. It can be seen that there are two resonant structures in both traces. The lower
field resonance can be identified as the spin down electron cyclotron resonance, the higher
field resonance as an interband transition [103,104]. Both resonances are broader in the
higher sweep rate experiment while the resonance position is preserved compared with the
lower sweep rate experiment. Moreover, the electron cyclotron resonance is unchanged
for up and down sweep in the lower sweep rate experiment while it is increased in the
down sweep for the higher sweep rate experiment. With this data it is unclear whether
this is due to a type I or II hysteresis. The trace shows a similar behavior as type Il
hysteresis as well as the type I hysteresis observed for Q 472 at 207 K.

Unfortunately the large piece of the sample was destroyed in the high sweep rate
experiment after the magnetic field pulse by an accident, so that further investigations
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must be carried out on smaller samples. This reduces the effects of eddy currents by a
factor of 2-4. The resulting traces for a 1 mm diameter sample at 10.59 um are shown in
fig. 6.2.

A sweep rate dependence was found for the 1mm sample. The traces for three
different sweep rates are given in fig. 6.2. The traces have been obtained at room
temperature with A = 10.59 ym in a 15mm coil at discharging voltages of 30, 40 and
45kV. The electron CR positions are in good agreement with previously published data
for Q472 [4,5] and recent theoretical models [103,104]. The band structure of HgSe is
disputed, there are two competing models for the fundamental energy gap (26,105, 106].
The identification of transitions has been carried out with a tight binding - zero gap
model [104].

It can be clearly seen that at 30kV there is no hysteresis to be observed. Moreover,
there is a much smaller absorption intensity than for the two others. The electron
cyclotron resonance is very small, approximately 2%. This results even in a deviating
position of the transmission minimum as compared to the other two traces. A wrong
positioning of the sample in the coil that would cause a similar behavior can explicitly
be ruled out. The spin down CR transmission change is 14% for the 40kV experiment,
and 12% for the 45 kV one in the up sweeps. The down sweeps show 17% and 14%
respectively. The spin up CR is not affected by a hysteresis. A clear identification of the
type of hysteresis (I or IT) is not possible without further measurements.

However, these finding show another, very important conclusion on the experimental
conditions. The observability of CR is increased with increased sweep rate while the
resonance condition w = w.7 was left unchanged for all experiments. The CR can only
be observed unambiguously at high sweep rates.

In fig. 6.3 the relative transmission traces are given for a wavelength of A = 9.62 um.
It is clearly seen that the spin down CR is affected by a hysteresis and is increased in the
down sweep. The higher field resonance may be a combination of an interband transition
and the electron spin up resonance [103,104]. Nevertheless this and the previous finding
show, that the observation of the hysteresis effect is independent of wavelength but
strongly dependent on the sweep rate.

For a clear distinction of the hysteresis types I and II the sample size must be further
reduced to diminish the influence of eddy current related phenomena. A mechanical
reduction of sample dimensions was not possible, a chemical reduction would require an
opaque material surrounding the active area to avoid transmission through the substrate
which results in a very high transmission and small effects of the active layer. This must
be introduced at the growth stage of sample preparation and provides a challenge for
future.

6.2 Mercury Telluride

It was shown in chapter 1 that this sample of HgTe exhibits a type II hysteresis. The
mechanism of the increase of absorption in the down sweep was not conclusive. Based on
the considerations of this thesis eddy current related phenomena are likely to cause such
a behavior. Although the actual physical process cannot be worked out at this point due
to the lack of sufficient sample material for transport and eddy current spectroscopy, it
is possible to determine whether or not the infrared transmission trace depends on the
diameter of the sample and the sweep rate.
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Figure 6.2: Infrared transmission traces for HgSe (B) at a sample diameter of 1 mm.
Top to bottom: Magnetic Fields, relative transmission for 30kV, 40kV, 45kV charging
voltages. All traces taken at room temperature and 10.59 ym. The down sweeps are

indicated by dashed lines.

The investigated sample Q 1510 was epitaxially grown on 0.9mm Cdy.gsZng o471 e
with a 100 nm buffer of CdTe. The thickness of the conductive layer of HgTe was (2.0 £
0.2) wm. This value is much larger than the lattice constant and the relaxation depth,
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Figure 6.3: Relative infrared transmission of HgSe at A = 9.62 ym and room temperature
for two field different semi-destructive field shapes. The sample was cylindrical with
diameter 1 mm. The down sweeps are indicated by dashed lines.

we can consider the sample as quasi-bulk HgTe [107]. The room temperature carrier
concentration was n &~ 5 x 1017 ¢m ™3 at a mobility of order p ~ 3 x 10*em?/Vs.

Figure 6.4 shows infrared transmission traces of HgTe Q1510 at room temperature
and a field obtained with a 45 kV discharge at 15 mm coil diameter. The magnetic field
trace corresponds to the dotted trace of the top layer of fig. 6.2. The magnetic fields used
for the two measurements have been identical within one bit of the ADC. The sample
sizes were a square of 2 x 2mm? and 1mm diameter cylindrical shape. It is clearly seen
that the 1 mm sample is much stronger affected by hysteresis than the 2 x 2 mm? sample.

It is important to note that the absorption in the up sweep shows is approximately
equal for both sample sizes, the down sweep trace is depending on sweep rate. The spin
down electron cyclotron resonance [6,7] has the transmission drop of 81% in both up
sweeps but 78% for the 2 x 2mm? and 73% for the 1 mm sample in the down sweep
respectively. The FWHM is nearly identical for both traces (14 T). At the peak field the
transmission is larger than at B=0. For the larger sample this increase of transmission
is twice a high as for the smaller one.

These infrared transmission experiments clearly show a dependence on sample diame-
ter. Sweep rate dependent measurements had been carried out by [6,7] showing a similar
behavior as HgSe in fig. 6.2. There was no hysteresis at low maximum fields and a very
pronounced type II hysteresis at large sweep rates. The increase in absorption for the
spin split CR was similarly observed after the zero crossing of B as shown for example
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Figure 6.4: Infrared transmission traces of Hg'Te Q1510 at room temperature, 10.59 um,
45 kV discharge voltage and sample sizes: 2 x 2mm? (top) and 1 mm diameter (bottom).
Down sweeps are indicated by dashed lines.

in chapter 1 (6,7].

It can be concluded that eddy current related phenomena are relevant to the ob-
servation of the type II hysteresis in this material. A conclusion on the cause for this
behavior is highly speculative. Intuitively the temperature rise is a possible explanation,
but requires further measurements.

It should be noted that experiments with the CO Laser showed no difference between
the sample sizes and the sweep rates. Even the relative transmission change was of
similar magnitude, the traces are not distinguishable from each other for up and down
sweeps. The resonance position was shifted to &~ 1007". At higher wavelength the CR is
not affected by a hysteresis. This may point to a temperature difference as the cause of
the hysteresis.

6.3 Mercury Cadmium Telluride (MCT)

MCT is a material widely used in infrared elements such as the detector used in the CR
equipment in this thesis. Its main advantage is the tunability of its fundamental band
gap from =~ 300meV to =~ 1.65eV by varying the composition parameter x from 0 to 1.
The values are given for T=4 K.

For composition parameters x ~ 0.25£0.1 the electronic properties of MCT are very
similar to InSb. However, a fundamental difference is found in this composition range as
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the energy gap does not decrease with increasing temperature as InSb does but increases
linearly. The energy gap of MCT at a temperature T is depending on the composition
parameter and can be described by [108]

Ey(2,T)[eV] = —0.302 + 1.93z + 5.35 x 10*T(1 — 22) — 0.8102% + .8322° . (6.1)

6.3.1 Epitaxial MCT

The epitaxially grown sample of Hgy_,Cd,Te had the layer sequence, GaAs substrate,
p-type MCT, n-type MCT and a CdTe cap. The thickness of the p-type layer was
7.97 nm, the n-type thickness 3.38 nm. At low temperatures the material is p-type with
p &~ 4.66 x 101 em™3 at a mobility of u ~ 600cm?/Vs. The composition parameter
x=0.2927 [109]. We obtain F,(295 K) = 277meV with (6.1).

The given sample was found to be extremely susceptible to the sweep rate. An illus-
tration is given in fig. 6.5. The experiments have been carried out at room temperature
with a wavelength of 10.59 um on a sample with radius 1.44mm. It can be clearly seen
that the transmission depends on the sweep rate in a non-trivial way. For field 1 of fig.
6.5 we find the down sweep resonance to be substantially increased vs. the up sweep
whereas we cannot observe that for the other two fields.

For field 2 the up and down sweeps are nearly coincidental, the down sweep shows less
pronounced structures than the up sweep does. This may be due to a similar phenomenon
as discussed for InSb. However, at field 3 there is even an indication for a type I hysteresis,
where the lower field resonance is increased in down sweep at the expense of the upper
field structure. This behavior could not be found at higher sweep rates that showed
traces similar to the field 2 trace.

It must be pointed out that the magnetic fields used for fig. 6.5 are different from
each other by only very few T. The maximum field values for the lowest and the highest
field differ by only 15T, the time difference between resonance positions for up and down
sweeps is nearly unchanged for all three fields. This illustrates, how critical hysteretic
phenomena depend on the sweep rate.

At a significantly different wavelength of A = 5.394 yym sweep rate dependent infrared
transmission experiments have been performed. The results are reproduced in fig. 6.6. It
can be clearly seen that the traces obtained on a square 2 x 2 mm? sample show a signifi-
cantly different behavior depending on the sweep rate or maximum field. At the smallest
maximum field value a nearly identical trace was obtained for up and down sweeps with
a transmission change of ~ 30%. For the medium maximum field the down sweep trace
shows a larger FWHM than the up sweep indicating a larger number of carriers in the
down sweep. The overall absorption is much smaller than with the smallest maximum
field, approximately 6%. At the highest maximum field the down sweep resonance is not
only much larger in FWHM than in the up sweep but the transmission change is also
much stronger, ~ 8% —~ 14%. The resonance position is preserved for all three fields.

The stronger absorption at the smallest sweep rate is not caused by a cutoff of the
detector response function in the faster swept traces. The FWHM in time was larger
than 300 ns for all observations.

The determination of the involved energy level has not been carried out, the given
traces are chosen to illuminate the occurring and vanishing of hysteretic phenomena with
sweep rate.
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Figure 6.5: Sweep rate dependence of MC'T relative transmission spectra at room tem-

perature and 10.59 um. Arrows indicate the phenomena affected by hysteresis. Down
sweeps are indicated by dashed lines.
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Figure 6.6: Infrared transmission traces of MCT at different sweep rates obtained at
A = 5.394 pm and room temperature. The sweep rate was varied by changing the coil
diameter from 15 to 8 mm while the charging voltage was left unchanged. Down sweeps
are indicated by dashed lines. The respective magnetic fields are given in the top layer.
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6.3.2 Bulk MCT

The sample 1.-90-9-13-2-1 is n-type bulk MCT and was grown with a composition pa-
rameter x = 0.215 4+ 0.003 to provide an energy gap that is infrared. The material was
designed to be used as an infrared detector. The sample has macroscopic dimensions of
2 x 2 x 0.9mm? and is CZOCHRALSKI grown material. MCT with this composition is
very similar in its electronic properties to InSb. The energy gap at room temperature is
found as Ey; = 175meV by (6.1). The electron concentration at 77 K was determined to
be n ~ 1.5 x 10" em ™3, the mobility u ~ 2.24 x 105 em?/V's [89]. At these parameters
we can expect a strong influence of the radial electric field.

There is a type III phenomenon observable in this sample. Infrared transmission
spectra at A = 10.59 ym and various temperatures are depicted in fig. 6.7. At room
temperature we can observe the electron cyclotron resonance and a very small type
ITT transmission drop as indicated by the arrows. This type III phenomenon becomes
much more pronounced as the temperature is decreased to 150 K (indicated by arrows).
Although MCT is comparable to InSb in many properties, its energy gap dependence
on temperature is significantly different. With decreasing temperature the band gap of
MCT is decreasing. At temperatures lower than 150 K no transmission could be observed
at all, indicating a band gap below the laser energy. At 150 K the energy gap is expected
to be By ~ 129meV using (6.1).

Moreover, there is a clear dependence of its magnitude on the direction of the magnetic
field at low temperatures. This can be most clearly seen on the trace of T=156 K. The
traces are given vs. magnetic field in fig. 6.8 for the first two up and down sweeps. The
arrows indicate the type III hysteresis. There is a clear asymmetry at 156 K for positive
and negative magnetic field. This behavior could be similarly observed at a wavelength
of 10.24 ym. This transmission drop depends on the magnitude of the field derivative
as well, but not linearly. However, if only the drops in one magnetic field direction are
considered, there is a linear dependence, similarly for the opposite field orientation. Both
have opposite signs but similar slopes and coincide at long times of &~ 50 us when the
magnetic field changes only by a few T as shown in fig. 4.10.

The origin of this phenomenon remains to be investigated in the future. Reported
dependences of conductivity on high electric fields for low temperatures suggest a similar
origin as in InSb [110]. Eddy current spectroscopy as well as CR in slowly varying fields
will provide insights.

Summarizing the experimental findings on mercury based compounds we can state

e Allinvestigated samples showed hysteretic phenomena depending on the sweep rate.
For HgTe it was shown that the hysteresis is also dependent on sample dimensions
indicating an eddy current related effect.

e Epitaxial samples of HgSe, HgTe and MCT showed hysteretic phenomena of type
IT independently of the wavelength used.

e In epitaxial MCT a hint for a type I hysteresis was observed.

e Bulk MCT samples showed a type III hysteresis that is more pronounced at low
temperatures of ~ 180 K.

As a closing remark it must be pointed out that hysteretic phenomena are affecting
nearly all semi-conducting materials investigated in one way or another. During my



6.3. Mercury Cadmium Telluride (MCT) 111

Magnetic Field [T]

room temperature

224K

Relative Transmission

Time [us]

Figure 6.7: Traces of MCT sample L-90-9-13-2-1 at various temperatures. A type III hys-
teretic phenomenon is observed. The magnitude is dramatically increased for decreasing
temperature.

work at the HUMBOLDT-Universitdt various collaborations have investigated materials
showing type I, IT and III hysteresis’ such as thin layers of PbTe, InSb and 2D structures
of GaAs as well as GaAs/GaAlAs. The detailed analysis of these materials and the
involved energy levels is in progress by the respective collaborators [111].

It is also important to note, that eddy current effects will not be specific to infrared
transmission experiments only, but have to be considered in every kind of experiment on
semi-conductors exposed to transient magnetic fields.
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Summary

In this thesis hysteretic phenomena of semi-conductors in infrared transmission exper-
iments in transient magnetic fields have been investigated. Besides a well known spin
relaxation hysteresis phenomenon, two more effects could be reported for the first time
that are directly connected with the magnetic field generation process.

A theoretical analysis with unprecedented complexity has been carried out for the
behavior of conducting samples exposed to a transient magnetic field. Starting from
MAXWELL’s equations it was demonstrated that the transition from slowly varying or
DC fields to transient magnetic field generation is accompanied by numerous phenomena
connected with the induced electric field and eddy currents. The magnitude of which was
found to be negligible in slowly varying fields but of major influence on the experimental
situation in transient magnetic fields.

A quantitative determination of primarily the eddy current density and azimuthal
electric field was carried out. Secondary effects such as the temperature rise due to
the finite resistance of the current carrying conductor, the pressure distribution caused
by the LORENTZ force, a radial HALL-like electric field given by the finite extension of
the sample and the screening of the magnetic field during a transient pulse have been
deduced. It was shown in theory and experiment that it is not possible to analyze a
magnetic field dependence of a quantity in transient magnetic fields without considering
the effects of eddy current related phenomena.

The eddy current related phenomena in a sample exposed to a transient magnetic
field were found in complete analogy to well known problems limiting the generation of
high magnetic fields, scaled by the conductivity and the macroscopic sample dimensions.
It was shown that the infrared transmission of various semiconductors is affected by
eddy current related phenomena. Due to the macroscopic dependence of the latter on
the sample diameter, the influence on the resulting spectra can be reduced by decreasing
the sample radius.

A prerequisite to the reliable detection of discrepancies in the infrared transmission
traces in rising and falling field is an excellent signal to noise ratio of the respective
experiment. An unprecedented data quality was achieved by carefully eliminating all
sources of noise using a solid high-frequency-proof-FARADAY cage and well shielded cables
for data transfer. The resolution of the optical data was improved by a factor of three to
0.2%. The data obtained at rising field that have been largely obscured by trigger noise
in previous works show no significant noise anymore and can be used for data evaluation.

The data processing routines have been analyzed. Systematic sources of deviations
in timing between optical and magnetic field data have been identified, their influence
estimated and corrected.

A solid steel reinforcement has been developed for the existing magnetic field gener-
ator. This enables the application of nondestructive fields with small damping constants
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and relatively small magnitude, but many oscillations of magnetic field. The benefit for
investigations of hysteretic phenomena is a transient magnetic field with a magnitude
comparable to fields that can be obtained with steady or slowly pulsed magnets.

The equipment was used to investigate a new hysteretic phenomenon in InSb in in-
frared transmission experiments. It was shown that a transmission drop which is asym-
metric to the zero field position of a pulse occurs after each zero crossing of the magnetic
field with a magnitude that is proportional to the absolute field derivative. The intuitive
association with eddy currents was investigated by means of steady field transport and
eddy current spectroscopy. The latter technique investigates semi-conducting samples
with magnetization equipment in single turn coils, employing the exact same experimen-
tal parameters of the magnetic field as the optical experiments.

As a novelty the conductivity of semiconductors in transient fields could be quantita-
tively determined on the example of InSb. It was found to be independent of sweep rate
and equal to the DC case. With this information, the conductivity dependent magnitudes
of the temperature rise during a magnetic field pulse, the pressure as well as the screening
of magnetic field could be determined and were found negligible. The transmission drop
in InSb could be qualitatively explained by an increase of absorption coefficient due to
an applied electric field. It was shown that the radial electric field can cause the shape
and magnitude of the transmission drop as well as its asymmetric behavior.

For mercury based compounds sweep rate dependent measurements have been carried
out. It was demonstrated that the infrared transmission of all investigated samples
is subject to hysteresis effects that depend strongly on sweep rate. Measurements on
samples with reduced dimensions have shown a clear dependence on sample radius. This
indicates that eddy current related phenomena are effective in the infrared transmission
experiments in transient magnetic fields.

It must be pointed out that experiments in transient magnetic fields can not be
analyzed with the help of the magnetic field magnitude only. One has to consider effects
accompanying the magnetic field generation process that are capable of substantially
changing the sample properties under investigation. This has been demonstrated for
infrared transmission experiments but applies to all experiments on highly conductive
samples in transient magnetic fields.



Zusammenfassung

In der vorliegenden Arbeit wurden Hysterese-Phénomene von Halbleitern bei Infrarot-
Transmissionsexperimenten in transienten Magnetfeldern studiert. Neben einem gut un-
tersuchten Spin-Relaxations-Phénomen, konnten zum ersten Mal zwei weitere Effekte
beobachtet werden, die direkt mit der Art der Magnetfelderzeugung zusammenhéngen.

Eine theoretische Analyse von nie da gewesener Komplexitdt wurde durchgefiihrt,
um das Verhalten von leitenden Proben in einem transienten Magnetfeld zu untersu-
chen. Ausgehend von den Maxwell-Gleichungen wurde gezeigt, daf der Ubergang von
langsam-verdnderlichen bzw. permanenten zu schnell-verédnderlichen Magnetfeldern mit
einer Vielzahl von Phinomenen einhergeht, die mit dem induzierten elektrischen Feld
und Wirbelstrémen zusammenhéngen. Deren Grofenordnung konnte fiir langsam ver-
dnderliche Felder als vernachléssigbar eingestuft werden, hat jedoch groften Einfluf in
transienten Magnetfeldern.

Eine quantitative Bestimmung von priméar der Wirbelstromdichte und dem azimutha-
len elektrischen Feld wurde durchgefiihrt. Sekundére Effekte wie die Temperaturerhhung
eines stromfiihrenden Leiters mit nicht-verschwindendem Widerstand, die Druckvertei-
lung die durch die Lorentzkraft wirkt, ein Hall-artiges radiales elektrisches Feld, das
durch die rdumliche Begrenzung der Probe entsteht, sowie die Abschirmung des dufse-
ren Magnetfeldes im Inneren der Probe wurden hergeleitet. In Theorie und Experiment
konnte gezeigt werden, dafs es nicht moglich ist, ohne die Beriicksichtigung dieser Effek-
te Abhéngigkeiten von Grofen vom Magnetfeld in einem schnell verdnderlichen Feld zu
analysieren.

Die damit zusammenhingenden Phénomene sind in vollstdndiger qualitativer Ent-
sprechung zu Betrachtungen, die bei der Erzeugung von hohen Magnetfeldern relevant
sind, skaliert mit der Probenleitfdhigkeit und den Probendimensionen. Es konnte gezeigt
werden, daf die infraroten Transmissionsspektren einer Vielzahl von Halbleitern durch
Wirbelstrome und verwandte Phinomene beeinflusst werden. Durch deren Abhingigkeit
von den makroskopischen Probendimensionen, kann man ihren Einfluss reduzieren durch
Verkleinerung der Probenradii.

Als Voraussetzung fiir die zuverldssige Detektion von Unterschieden in der Trans-
mission fiir steigendes und fallendes Feld wurde das Signal-Rausch-Verhéltnis des Mes-
saufbaus entscheidend verbessert. Eine bislang unerreichte Datenqualitdt konnte erzielt
werden durch die konsequente Abschirmung der Datanaufnahmegerite von Stérquellen.
Dies wurde realisiert durch einen Hochfrequenz-sicheren Faraday Kéfig in massiver Bau-
art. Die Auflosung der relativen Transmission liegt nun einen Faktor drei besser als bei
vorausgegangenen Untersuchungen bei 0.2%. Zum ersten Mal konnten auch die Daten
im steigenden Feld vollstindig zu Auswertung verwendet werden, da zuvor vorhandene
elektromagnetische Storungen durch den Einschaltvorgang in ihrer Wirkung eliminiert
werden konnten.
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Die Methoden der Datenverarbeitung wurden sorgféltig analysiert. Systematische
Fehlerquellen wurden identifiziert, ihr Einfluss abgeschitzt und, wenn moglich, korri-
giert.

Durch die Verwendung einer massiven Verstdrkung aus Stahl konnten vorhandene
Spulen benutzt werden, um ein nicht-destruktives Verhalten des transienten Magnet-
feldes zu erzeugen. Durch die kleine Abschwichungskeoffizienten und die Vielzahl von
Oszillationen konnten erstmalig Hysterese-Phinomene in transienten Magnetfeldern von
gleichem Betrag wie langsam verédnderliche Felder ausgezeichnet untersucht und vergli-
chen werden.

Diese Ausriistung wurde verwendet, um ein vollkommen neues Hysteresephdnomen in
InSb zu untersuchen. Es wurde gezeigt, daf ein Abfall der Transmission vorliegt, welcher
asymmetrisch zur Nullposition des Magnetfeldes ist, dessen Ausprigung jedoch linear
vom Betrag der Feldableitung abhingt. Der intuitiv vermutete Zusammenhang mit Wir-
belstromen wurde mit Hilfe von Transportuntersuchungen in supraleitenden Magneten
und Wirbelstrom-Spektroskopie untersucht. Letztere Technik nutzt die exakt gleichen
Magnetfeldverhiltnisse wie die Transmissionsexperimente in transienten Feldern durch
Verwendung von vorhandenen Magnetisierungtechniken an halbleitenden Proben.

Erstmalig konnte dabei diese Technik am Beispiel von InSb fiir eine quantitative Be-
stimmung der Leitfdhigkeit von Halbleitern in transienten Feldern genutzt werden. Sie
konnte als unabhéngig von der Feldableitung und gleich der im langsam verénderlichen
Feld bestimmt werden. Damit liessen sich die Temperaturerh6hung, der Druck sowie das
Abschirmen des duferen Feldes im Inneren der Probe als vernachlissigbar abschétzen.
Der Transmissionsabfall in InSb konnte qualitativ mit einem Anstieg des Absorptions-
koeffizienten durch das vorhandene elektrische Feld erkliart werden. Weiterhin wurde ge-
zeigt, dafs das radiale elektrische Feld sowohl die Form und Grofe des Transmissionsabfall
als auch dessen Asymmetrie beziiglich der Nullposition des Feldes erzeugen kann.

Fiir Quecksilberverbindungen wurden Transmissionsexperimente in Abhéngigkeit der
Feldableitung durchgefiihrt. Dabei konnte eine Hysterese festgestellt werden, die stark
von der Felddnderungsgeschwindigkeit abhéngt. Durchmesserabhingige Messungen zeig-
ten eine klare Abh#ngigkeit der Hysterese-ausprigung vom Probenradius. Dies weist
darauf hin, dafs Wirbelstromphédnomene in den Infrarot-Transmissionsexperimenten in
schnell verdnderlichen Magnetfeldern wirksam sind.

Es muss betont werden, daft die Auswertung von Experimenten in transienten Ma-
gnetfeldern nicht allein auf deren Betrag beschrinkt werden darf. Effekte, die den Magnet-
felderzeugungsprozess begleiten und die zu untersuchenden Probeneigenschaften massiv
beeinflussen kénnen, miissen beriicksichtigt werden. Dies wurde fiir Infrarot-Transmission-
Experimente gezeigt, gilt jedoch fiir alle Experimente an hochleitfahigen Proben in schnell
verdnderlichen Magnetfeldern.
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