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Abstract

A system comprised of a Bomem interferometer and a LT3-110 Heli-Tran cryostat
was set up to measure the reflectance of materials in the mid-infrared spectral region.
Several tests were conducted to ensure the consistency and reliability of the system. Sil-
icon and Chromium, two materials with well known optical properties were measured to
test the accuracy of the system, and the results were found to be in good agreement with

the literature.

Reflectance measurements on pure SnTe and several Pb and Mn-doped alloys were
carried out. These materials were chosen because they exhibit a strong plasma edge in
the mid infrared region. The optical conductivity and several related optical parameters
were calculated from the measured reflectance. Very low temperature measurements
were carried out in the far-infrared on SnggMnyTe, and the results are indicative of a spin

glass phase at 0.8 K.

Resistivity measurements were made at room temperature. The resistivity values
were found, as expected, to decrease with increasing carrier concentration and to in-

crease with increasing manganese concentration.
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Chapter 1

Introduction

Reflection spectroscopy is widely used in the study of solids, particularly in deter-

mining optical constants [1].

The infrared region of the electromagnetic spectrum, shown in Figure 1.1, is sub-
divided into three regions: the near infrared, the mid infrared, and the far infrared.
There are variations in the instrumentation employed within each subdivision, and also

differences in the information typically obtained from each region [1, and 2.

The region from 0 to 400 cm™" of the electromagnetic spectrum is called the far in-
frared. Solids show many characteristic excitations in this region such as free carrier
absorption, magnons and phonons. The mid infrared covers the region from 400 to 6000
cm™!. The majority of molecular vibrations of chemical significance occur in this region,
as do interband transitions and strong bound carrier absorption, which provides infor-
mation about the band structure of materials. The near infrared and visible-ultraviolet
of the spectrum regions cover frequencies from 6000 cm™! to 13000 cm™" and from 13000

cm™! to 40000 cm ™!, respectively.

During the course of this thesis work a system comprised of a Bomem interferometer,

and a Helium-4 cryostat, was setup to measure the reflectance of a single crystal samples
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Figure 1.1: The electromagnetic spectrum.

in the mid-infrared spectral region. The system was evaluated and then tested by mea-
suring the absolute reflectance of Chromium and Silicon, two materials with well known
optical properties. This is the subject of Chapters 2 and 3. The system was then used
to undertake a study of the optical properties of SnTe and several Pb/Mn-doped alloys
which is presented in Chapter 5. The reflectance measurements at 300 K were extended
to 30000 cm~! using a Grating spectrometer to facilitate Kramers-Kronig analysis in

order to obtain the optical constants.

Previous studies showed that Mn-doped Tin Telluride alloys may experience a tran-
sition to a spin glass state at very low temperatures, depending on the free carrier con-
centration, and the concentration of magnetic Manganese ions [3, 4, and 5]. Thus, to
complete the study of the optical properties of this system, the reflectance of SnggMmn,Te,

which is of a composition expected to show spin glass behaviour, was investigated in the
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far infraredra;t»férr—lberatures as low as 0.8 K usingia' Helium-3 crifostat and Martin-

Pupplett type polarizing interferometer. The results are presented in Chapter 6.



Chapter 2

System Apparatus

2.1 Introduction

This chapter will describe the components that comprise a system setup at Brock
University during the course of this thesis work to measure the absolute mid-infrared
reflectance at temperatures ranging from 10 K to 325 K using an in-situ evaporation

technique first described by Homes [6].

2.2 General view

The mid-infrared system is shown in Figures 2.1(a) and (b) and consists of a Bomem
Michelson Interferometer, a Heli-Tran model Lt3-110 cryostat [7], a set of mirrors to
redirect the light to the cryostat and back to the detector, and an Evaporator. Figure
2.1(a) illustrates schematically the main components of the system including the light

path direction, while Figure 2.1(b) gives a general overview of the system.

2.3 System Specifications

2.3.1 Bomem Interferometer

The Bomem interferometer is an optical instrument, of dimensions 47 x 35 x 14 cm?

consisting of a sample compartment and a sealed interferometer compartment.

The sample compartment is enclosed in a purge cover provided with an access door.

4
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Figure 2.1: Components comprising the mid-infrared system. (a) Schematic showing
main components. Arrows show the light path. (b) General overview.

It contains a set of mirrors to channel infrared radiation from the light source to the
detector, a model D11X type MCT for the range 500 -6000 cm ™! with an active element

2, The system was originally provided with a sample holder, for transmis-

of size 1 mm
sion measurements, shown in Figure 2.2 which is mounted on a kinematic plate placed
between the source and the detector. For reflectance measurements this kinematic plate
is replaced with an identical plate on which are mounted the two mirrors used to redirect

the light beam to the cryostat and back to the detector. 'This allows one to readily

switch between transmission and reflectance modes.

The purge cover can be lifted or removed to install large accessories. For the system

described herein the cover has been lifted to install the cryostat.

The sealed interferometer compartment contains a Globar mid-infrared light source

for the range 200 - 6500 cm™" , a Michelson interferometer with an infrared-transmitting



Chapter 2 . System Apparatus 6

access door

purge cover

sample holder
used for transmission

electronic & electric
access

light source
with Csl window gain change
detector

sample compartment with KRs—5 window

% - N
/N

sealed interferometer
compartment

Figure 2.2: The Bomem Interferometer overview. The top cover is lifted in order that the
cryostat may be installed. The CsI window is protected with a plastic cap containing a
desiccant to absorb moisture from the air when the interferometer is not in use.
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Csl beamsp]jtt’éf,’ a Helium-Neon laser for the measurement of scan position, and vari-
ous power supplies and electronic assemblies. The cast aluminum compartment is sealed
to prevent the entry of dust and moist air, which can damage and cause drift in the

beam-splitter. 8]

Figure 2.3 illustrates the principles of operation of the Bomem interferometer. The
beam from the light source is first collimated and then travels to the beamsplitter, which
passes half of the light to a fixed mirror and reflects the other half to a moving mirror.
The two beams are then reflected back from the mirrors, recombined and focussed on
the detector by a series of mirrors. The difference in length of the two paths gives rise
to an interference pattern known as an interferogram. The interferogram is then fast

Fourier transformed (FFT) to give a spectrum of intensity as a function of wavenumber.

The software used to collect the interferogram, perform the Fourier transform, and to

do basic data manipulation was provided by the Bomem Hartmann and Braun Company.

2.3.2 Heli-Tran model LT-3-110 Cryostat

The cryostat provides refrigeration to cool the sample from 300 to 10 K. It is made of
non-magnetic stainless steel and consists of three main parts. The heart of the cryostat
is a copper tube of 12.5 mm outer diameter, referred to as the cold finger. It is sealed at
the cold tip end and threaded in order to connect a sample holder. A transfer tube can
be inserted to cool the sample to ~ 10 K using liquid helium. For temperatures above
77 K, it was found to be more convenient to use liquid nitrogen, which can be poured

directly into the cold finger using a funnel.
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Figure 2.3: The principle of operation of the Bomem Interferometer. The light coming
from the light source is collimated and directed to the beam-splitter which passes half
of the light to the fixed mirror, and reflects the other half to the moving mirror.
two beams then reflect back from the mirrors, recombine and are focussed by a series
of output mirrors on the detector. By applying an FFT, the resulting interferogram is

converted to a spectrum.
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A Chrofnejlhéjﬂd gold with 0.07 atomic % iron th‘é?rrnnAo’coupleA is mounted in the cold
tip to track the sample temperature. Outside the cryostat these wires are connected to
copper wires and the junctions are sealed using epoxy in a glass tube filled with oil. The
ends of the copper wires protrude from the tube in order to connect a voltmeter. The
glass tube is placed in an ice bath reference while it is in use. The sample temperature
is determined by adding the thermocouple output reading (in mV) to 5.266 mV which
is the thermal voltage corresponding to an ice reference (273 K), and noting the corre-

sponding temperature in Table III-2 of reference [7].

The cold finger also houses a set of heater wires, which upon application of ~ 16 V
using an external power supply can bring the sample up to room temperature from liquid

Nitrogen temperature in approximately 30 minutes.

The outer stainless steel jacket is kept from freezing at room temperature while cool-
ing down the cryostat by passing a current through the shield heater. When the cryostat
is being used with Helium the gas outlet port on the main body is connected to a flow
meter in order to control the helium flow rate. Figure 2.4 shows an overview of the

helium transfer operation.

The sample holder, made of copper and brass is screwed into the end of the cold tip.
A stainless steel radiation shield which exposes the reference and sample via small
openings can be used to enclose the cold finger, thereby allowing one to reach lower

temperatures.

The lower body is essentially a vacuum shroud, which encloses the cold finger via

double O-ring seals on the main body. It has two flanges on the front and back sides and
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Figure 2.4: Helium transfer operation. Helium is transferred to the cryostat by pres-

surizing the helium dewar with Helium gas. The flow rate can be controlled via a flow
meter.
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Figure 2.5: Cryostat body and connections to the outside.
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Figure 2.6: Cryostat and stand, side view.

a port for a vacuum connection. The front flange of the lower body contains an optical
window ( KBr, Csl, or NaCl) mounted in an Aluminum holder at a 20° angle in order
to direct window reflections away from the detector. An evaporator used for in-situ gold

evaporation is attached to the rear flange of the lower body.

Figure 2.5 shows the main L'T3-110 Heli-Tran connections, while Figure 2.6 gives a
side view of the cryostat and its holder. As shown in Figure 2.6, a thrust bearing has
been attached to the lower body of the cryostat by way of a collar. Two adjustable
screws are attached to opposite sides of the collar to work as stops when reversing 180°
between the sample and the reference. A matching collar connected to the main body,
has a protruding “finger” which comes to rest on the stops. The cryostat is held in
place by tightening the lower collar of the stand around the cryostat’s lower body. The

upper collar of the stand is used to support the helium transfer tube. In this way one
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is able to rotate the main body of the cryostat 180° to switch between the sample and
the reference without moving the lower body of the cryostat. Several adjustments are

possible on the thrust bearing collars to ensure a smooth, level rotation.

2.3.3 Sample Holder

The sample holder is comprised of several pieces, including two highly polished brass
pyramids, designed with a 2 cm diameter base at a 20° angle. The pyramids have three
threaded holes which are used to attach them to a mounting plate. The angle of the

pyramids can be adjusted by three set screws which go through the plates.

The sample and the reference are attached to the tips of the pyramids using five
minute epoxy. This bonding medium was chosen because it is soluable in hot acetone,
and therefore samples can be easily removed from, and reattached to the pyramid. The
two copper mounting plates, which are 2 cm in diameter and 5 mm thick, are attached
with 0-80 screws to a copper plate which is mounted on a threaded rod which can be
screwed into the cold tip of the cryostat. The sample holder was designed in this pyramid
shape to direct all reflected light away from the detector except that coming from the

sample. Figure 2.7 shows the pieces comprising the sample holder.

2.3.4 The Evaporator

The Evaporator, shown in figure 2.8, is constructed of two stainless steel rods of 10.5
cm length and 3.2 mm diameter. Each rod bas a 0-80 hole tapped on each end. The
rods are epoxied into ceramic beads which in turn are epoxied into a vacuum flange. The
exterior ends of the rods are connected to wire leads with 0-80 screws. A tungsten coil
filament is attached across the interior ends. The tungsten wire used has a diameter of

0.02 mm. For evaporation purposes, three small gold rings are attached to the tungsten
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Figure 2.7: The sample holder design.

filament. The gold wire used to make the rings has a diameter of 0.25 mm. Each ring is

made of a piece of wire of 6 mm approximate length.

The evaporator flange is attached via an O-ring and locking clamp to a cylindrical
brass shield of 2.11 cm diameter and 9 cm length which is welded to a plate which
attaches to the rear flange of the lower body of the cryostat. For evaporation, the
system is evacuated to a pressure of ~ 1075 Torr, the sample is placed such that it faces
the filament, the circuit is connected as shown in Figure 2.8, and a 2 A current is passed

through the tungsten filament for 20 seconds.

2.3.5 Optical Windows

In the mid-infrared, alkali-halide materials such as NaCl, KBr and CsI can be used
for optical windows. Discs of NaCl and KBr, 3 cm in diameter and 6.88 mm in thickness,
were purchased for this purpose. Because the cryostat window holder was designed to

accommodate windows with a depth of 5 mm, the discs were polished down to this
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Figure 2.8: The Evaporator design and circuit used.

thickness; first using 400 and 600 emory paper followed by a rouge paste (iron oxide)
on a lapping cloth. A KBr window was used for the experiments discussed in the
following chapters. The transmission of the optical windows, measured using the Bomem

interferometer, is given in appendix A.

2.3.6 Cryostat Stand

The cryostat stand, shown in Figures 2.1 and 2.6, is screwed to the table on which
the Bomem interferometer sits, and can be used to adjust the height of the cryostat. It
has two arms whose height can be adjusted by way of a sliding mechanism. FEach arm
ends in a collar. The upper collar is moveable and is used to hold the Helium transfer

tube. The lower collar is used to hold the lower body of the cryostat.
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2.3.7 Deflecting Mirrors

Two spherical mirrors, one 8 cm in diameter, the other 6 cm in diameter, were
arranged, as shown in Figure 2.9, on a kinematically mounted table of dimensions 5.5 x
12x0.63 cm?, in order to deflect the light from the Bomem to the cryostat and back from
the cryostat to the detector. The angle of incidence for the sample is about 15°. The
table is fixed to the Bomem by a set of screws. The entire table can be easily removed

to switch the Bomem from reflectance to transmission mode, shown in Figure 2.2.



Chapter 3

Evaluating the System

3.1 Introduction

Before a system can be used to investigate samples with unknown optical properties it
must be evaluated for accuracy and reliability. This is the focus of this chapter. Sections
3.2 and 3.3 discuss two tests performed to evaluate the reproducibility and reliability of
the system, while sections 3.4 and 3.5 give the results of reflectance measurements of
silicon and chromium, materials with well known optical properties, in order to determine

the accuracy.

3.2 100% line

The 100% line for a system yields a measure of its consistency. In particular it

evaluates the stability of the system with regard to sample/reference repositioning.

In order to measure the 100% line for the system, a small Aluminum mirror, 6.1 mm
in diameter and 0.7 mm thick, was glued to one of the pyramids, and used as a sample,
while the other pyramid was left bare. A spectrum was collected from the mirror. The
upper cryostat was then rotated through 180° to the bare pyramid and back again to
the mirror. A second spectrum was then collected. The two spectra were divided,
yielding the 100% line for the system. Ideally the ratio will equal 1.0 (ie. 100%) for all

frequencies. That is, one expects a horizontal line located at 1.0.

16
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Figure 3.1: The 100% line of the system shown as a ratio on an expanded scale which
has a total span of 1% .
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The progedﬁfé was repeatéd 15 times, and an ave‘fége‘ calculated. The resuit is shown
in Fig 3.1, and confirms that the system has excellent reproducibility. The scatter in
the data gives an indication of the signal to noise capability of the system. Under the
conditions described above one can see from Fig 3.1 that between 750 and 3500 cm ™" the
peak-to-peak noise has an average value of 0.07 of a percent. It increases beyond 3000
cm™!, reaching a peak-to-peak value of approximate 0.2%, at 5000 cm~!. The MCT
detector cuts out near 500 cm™!, which gives rise to the increased noise level below 750

1

cm~!. Isolated spurious peaks and regions of increased noise between 750 cm™!

and
3000 cm ™ are due to regions with significant absorption structure from air in the power

spectrum.

3.3 Leakage signal

To eliminate reflections from the cryostat window and its holder from reaching the
detector, the holder was designed such that the window is mounted at a 20° angle.
Furthermore the front face was covered by a special radiation-absorbing foam. The
sample holder itself was designed as a conical pyramid to scatter light reflected from
it out of the path to the detector. The final step was to evaluate the extent of any
remaining ‘leakage’ signal, which can be defined as a signal arising due to any reflections
but those from the sample. The leakage signal was measured with the same mirror used
in the 100% line test. The procedure was to collect a spectrum first from the mirror and
then from the bare pyramid. The leakage signal is then calculated according to:

spectrum from bare pyramid
spectrum from pyramid with sample’

leakage signal = (3.1)

Ideally, the leakage signal is expected to be a horizontal line located at zero. As
shown in Fig 3.2, the leakage signal for this system is a little over a tenth of a percent for

the full spectral range, which seems acceptable. This method of evaluating the leakage



Chapter 3. Evaluating the System 19

.010 T T T T T T T

.009 4
.008 b
.007 | 4
.006 | ]
.005 i
.004 i

.003 | T

.002
.001 L
.000 1

-0.001 f

o o O O o O O O O O o

The ratio

-0.002 r B
-0.003 B
-0.004
-0.005 .
-0.006 [ E
-0.007 8
-0.008
-0.009

T T T T
1

O 1 Il L ] 1 L 1 1
500 100015002000250030003500400045005000
Wavenumber (cm ')

Figure 3.2: The Leakage signal of the system measured under the conditions described
in the text.

signal of course depends on the size of the mirror. TIts significance becomes greater as

the samples become smaller.

Because the infrared beam is not visible it is not easy to determine from where any
leakage arises. In addition to the cryostat window and its holder, it could arise from the
outside of the cryostat, from the sample holder, or from the inside walls of the cryostat.
As a further test, the inside walls of the cryostat were covered with absorption foam

however no significant difference in the leakage signal was observed.
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3.4 The Reﬁé}cigénce of Sﬂicon

Silicon, a material with extremely well-known optical properties, was measured to
test the accuracy of the mid-infrared system. Silicon is a semiconductor with a metallic
appearance at visible wavelengths, and a band gap at 1.1 eV which lies in the infrared
[9]. The absorption spectrum rises rapidly above 3 eV with a maximum near 3.5 eV
related to the onset of a strong direct optical transition [10]. A number of investigators
have measured the optical properties of silicon in the near and far infrared regions, using

different measuring techniques as reported in Palik [11].

3.4.1 Experimental Details

Two samples of highly polished, high purity Silicon of dimensions (3.5 x 3.3 x 0.6)

3

mm?® and (2.6 x 5 x 0.6) mm?® were measured. An Aluminum mirror, of 6.1 mm diameter

was used as reference.

For each experiment, the sample and the reference were attached to the pyramids
with 5 minute epoxy. In order to ensure that the sample and the reference were mounted
in a position parallel to the pyramid base a mounting device, shown in Figure 3.3, was
used.

After mounting the sample and the reference, and preparing the evaporator filament,
the cryostat was evacuated to a vacuum of the order 1076 Torr. After cooling the detector
with liquid Nitrogen, data was collected at room temperature, alternating between the
sample and the reference until typically 30 ratios of sample to reference spectra were
obtained and averaged to improve signal to noise. A gold overlayer was then deposited
on the sample at room temperature by passing a current of 2 A through the evaporator

filament, located 2 cm from the sample, for twenty seconds. Ratios of the gold-coated
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Figure 3.3: The sample mounting device.

sample spectrum to that of the unaffected reference were then collected and averaged.
The final reflectance was determined by dividing the first ratio by the ratio for the gold
coated sample:

sample

__ reference
RefleCta’nce " coated sample * (32)

reference
The reference essentially cancels out in this pfrocedure. It is used to eliminate the
effects of drift in the intensity of the light source and in the detector sensitivity which
might occur over the course of data collection. The final absolute reflectance is obtained
by multiplying by 0.985, which is the reflectance of gold in the investigated region [11].

The results for the two samples are shown in Figure 3.4, along with a comparison to

literature values.[11]

The results obtained by this system show reasonable agreement with the literature
data which is lower by about 2%, this difference might arise from differences in sample
preparation but is more likely due to reflections from the back surface of the sample.
Note that the reflectance of the two samples measured is in good agreement, except in

the region < 550 cm™! which is near where the detector cuts out.
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Figure 3.4: Silicon reflectance measured with this system along with a comparison to
literature values from Palik[11].
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Figure 3.5: The energy bands for chromium, where (a) shows a unit cell and the band
structure of paramagnetic chromium. The Fermi energy is drawn as a dashed line. (b)
shows the Fermi surface of paramagnetic chromium derived from the bands. Nesting be-
tween the octahedral surfaces for the electrons and holes centered at I' and H respectively,
causes the opening of a SDW gap in the band structure of antiferromagnetic chromium
shown in (c). The figure is after [14] and [20].

3.5 The Reflectance of Chromium

3.5.1 Introduction

Chromium is an antiferromagnet with a Néel temperature of , Ty = 312K. The
magnetic ordering is not however exactly commensurate with the lattice periodicity as
one would expect for an antiferromagnet with a fixed spin on each lattice site. The
adjective ‘itinerant’ is used because the spins that order belong to the mobile conduction
electrons which give rise to the electrical conductivity [12]. This results in a spatially
modulated electron spin polarization which is referred to as a spin density wave (SDW)

state.

Lomer [13] pointed out that the electron Fermi surface at T (0,0,0), and the hole sur-

face at H (1,0,0) in reciprocal space, almost have identical shapes as shown in figure 3.5.



Chapter 3. Evaluating the System 24

If the elect;oﬁ ‘surface at T is shifted by the wave vector H:Q, where Q= 27’;(0.95, 0,0),
it will nest against the hole surface at H. The Fermi surface is then unstable to the
formation of bound electron-hole pairs as a result of coupling of the surfaces by the at-
tractive coulomb interaction. At the critical temperature, Tx, a condensation of such
electron-hole pairs thus occurs. The periodicity of the resulting SDW causes gaps in
the energy spectrum for pairs of states separated by Q. If this nesting were perfect,
each electron at the Fermi surface would see a hole state displaced by wave vector Q and
both surfaces would be completely removed from the Fermi surface yielding insulating
behavior. In fact, in chromium the nesting is not perfect; there are some differences in
the shapes of the electron and the hole surfaces, such that part of the hole surface at H,
as well as the hole ellipsoids at N remain, and thus chromium retains some of its metallic
properties below Ty, though the electrical conductivity and electronic specific heat are

reduced substantially [14].

Overhauser [15] noted the similarity between the spin density wave properties of
chromium and the BCS theory of superconductivity. That is, a gap-like absorption is
expected at an energy characteristic of the gap and a delta-function contribution to the
optical conductivity is expected at w = 0 from the magnetic portion of the Fermi surface

that vanishes.

Optical measurements were first carried out by Hughes and Lawson [16], in an at-
tempt to observe the energy gap predicted by Overhauser [15] and Fedders and Martin
[17]. Their measurements however showed no temperature-dependent structure. More
careful measurements carried out by Rice et al. [18], reported the first observation of
the optical energy gap which had a value of 0.137 eV. Another optical study by Bos and
Lynch [14], reported an energy gap for pure chromium of 0.13 eV at 4 K. Barker and
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Ditzenberger [19] measured the energy gap to be 0.137.eV.

The optical structure associated with the partial gap that forms is a sharp dip appear-
ing in the reflectance spectrum. This gives rise to a peak in the real part of the optical
conductivity whose location and shape are temperature dependent. As the temperature

is raised from 80 K to 200 K the peak broadens and moves to lower energy [20].

3.5.2 Results

Two different samples of chromium were measured. Both were crystals with a well-
defined face of hexagonal geometry selected from a 10 g batch of Alpha-Aesar 99.99%
pure chromium crystallite pieces. In each case, the reflectance was measured using the
procedure described previously for silicon with the exception that the chromium samples
were examined at several temperatures: 323 K, 300 K, 172 K, and 79 K. To cool the
sample liquid N, was poured into the cold finger. The heater was then used to stablize

the desired temperature.

During data collection at temperatures below 200 K an unwanted absorption feature

appears near 3000 cm™*

, which is due to absorption in a very thin layer of ice which
develops over time. The deposition of ice, and hence the appearance of this feature was
minimized by wrapping a heating tape around the cryostat before collecting data at low

temperatures, and by warming the cryostat and the sample to 323 K each time before

cooling to liquid Nitrogen temperatures.

Figure 3.6(a) shows the mid-infrared reflectance of chromium obtained for one of the

samples using this system. Both samples gave virtually identical results.
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Figure 3.6: (a) The reflectance of Chromium at several temperatures in the mid-infrared.
Note the dip which appears near 1000 cm™ at low temperatures due to the formation of
a SDW gap. The smaller dip near 3200 cm™! in the 79 K spectrum is due to absorption

in a thin layer of ice.

(b) The reflectance of chromium at room temperature compared

to literature data from Reference[21].



Chapter 3. Evaluating the System 27

50 T T T T T
n ref. [21] 1
0000 n exp. data
ol p ]
L e k ref. [21] 1
: +++ k exp. data
30 i
A Y
] ;
A i
20 ¢ : 4

500 5500 10500 15500 20500 25500
Wavenumber (cm )

Figure 3.7: The real and imaginary parts of the refractive index of chromium at 300 K
obtained in this work in comparison to those given in reference [21].
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As expected,ﬂ as fhe temperature is lowered below the Neel temperature a dip appears

in the reflectance near 1000 cm™1.

This absorption feature, due to the formation of the
SDW gap, is seen as expected, very clearly at 79 K. At the lowest frequencies measured,

the 300 K reflectance is slightly depressed from that at 323 K.

As a test of the reliability of the system to provide accurate results, a Kramers-
Kronig analysis is desirable in order to make comparisons with optical constants given

L at

in the literature. The reflectance measurements were thus extended to 30000 cm™
room temperature using a grating spectrometer system described previously by Braun
[22]. The combined room temperature results from both systems are shown in figure
3.6(b) along with a comparison to the reflectance calculated from n and k values given
in reference [21]. There is very good agreement between the literature data and that

obtained in this work. The minimum in the reflectance near 10000 cm™" is due to an

interband optical transition.

3.5.3 Data Analysis and Discussion

A Kramers-Kronig transformation, described in Chapter 4, was carried out to ob-
tain the optical constants n and k and the optical conductivity. For this analysis, the
experimental chromium reflectance from different spectral regions, interpolated to ob-
tain evenly spaced data sets and linked together (500 - 30000 ¢cm~!) as shown in Fig.
3.6(b), was used. At low frequencies a linear extrapolation to R = 1 at zero frequency
was made. Beyond the literature data at high frequencies an extrapolation of w™* was
used in accordance with a Drude free-electron model [23]. Figure 3.7 shows the optical
constants n and k obtained for chromium at room temperature from the present work
along with data from References [20] and [21]. The optical conductivity obtained from

the present work at 300 K is shown between 500 and 30000 cm~! in Figure 3.8 compared
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to results from References [20] and [21]. Note that the minimum in the reflectance
at 10000 cm™! due to an interband optical transition appears as a peak in the optical

conductivity at 15000 cm™!.

Note as well the free carrier absorption at low frequencies.
Table 3.1 provides values of the optical constants of chromium at selected frequencies at
room temperature for further comparison of the results obtained in this work with those

in the literature.

Figure 3.9 shows the temperature dependence of the optical conductivity obtained in
the mid-infrared. The most distinctive temperature-dependent feature in the real part
of o is a peak near 1000 cm™* which appears due to the formation of the SDW gap as
the sample is cooled to 79 K. This peak is smaller in magnitude and shifted towards
lower frequencies at 172 K and is not detectable at the higher temperatures measured.
The temperature-dependence of this feature is in a good agreement with Reference [20].
The magnitude of the SDW gap can be determined from the frequency at which an onset
of absorption is observed in the antiferromagnetic portion of the optical conductivity.
However since there is a remaining Drude-like contribution to the optical conductivity
in this region of the spectrum as well as some contribution from the tail of the higher
frequency interband transitions this is difficult to extract unambiguously. The location

of the peak which develops can be used as an estimate. This gives a value of 1200 cm™*

or 0.149 eV for the SDW gap.

3.6 Conclusion

The results of the 100% line and the leakage signal tests, show respectively that
sample/reference repositioning, and the ability of the system to reject unwanted signal

are reliable. The 100% line was found to be 1+ 0.001 over the entire spectral range
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Figure 3.9: The mid-infrared optical conductivity of Chromium at different temperatures.
Note the absorption peak which appears at low temperatures due to the formation of a

SDW gap.
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investigated, while the leakage signal observed was virtually negligible.

From the good agreement observed between the silicon and chromium reflectance data
of this work and that of References [11], [20], and [21], as well as the agreement between
the optical constants obtained by K-K analysis and literature data, one can conclude
that the system is capable of producing accurate and reliable results, and can therefore
be used to investigate samples with less well-known optical properties, which is the main
goal of this thesis. The following chapter will focus on a study of the optical properties

of the semiconductor Tin Telluride and several intentionally-doped alloys.

Table 3.1: The optical constants of Chromium at selected frequencies: ¢’ is the real part
of the optical conductivity, 6 is the skin depth = \/4wk, and n and k are the real and
imaginary parts of the index of refraction, N.

| Reference |w (cm™)|0’(109) (Qem)™'| n | & | 6(A) |

5000 0.38 3.66 | 6.28 | 253.4

Present work | 15000 0.8 3.5914.49| 118
(K-K) 20000 .65 2271427 93
30000 0.33 1.14 1 2.94| 90

5000 0.51 4.55|6.72 | 237

Ref. 10 15000 0.78 3.4 |14.63| 115
Reflectivity 20000 0.57 1.82| 4.5 | 88
fits 30000 0.18 64 283 94

5000 0.39 4.11| 6.3 | 252.6

Ref. 6 15000 0.8 3.48| 4.3 | 123
(K-K) 20000 0.62 25 44| 91
30000 0.32 1.15(3.01| 88




Chapter 4

Theory

4.1 Introduction

When a beam of light is incident on an opaque sample surface, it will, depending
on the angle of incidence and the refractive index, be partially or completely absorbed
by the sample, with the remainder reflecting from the surface. Measuring the optical
reflectance of light at normal incidence can provide a great deal of information regarding
the electronic structure of the sample. Kramers-Kronig techniques are a widely used
method to obtain the optical constants from the measured reflectance. Another method
often used to analyze the measured reflectance is fitting to an oscillator model for the

dielectric function.
In this chapter, Kramers-Kronig analysis and the Lorentz-Drude model will be briefly
discussed in sections 4.2 and 4.3 respectively. Section 4.4 discusses the fitting procedure

used in Chapter 6.

The following References were consulted in preparing the material presented in this

chapter: [24, 25, 26, 27, 28,29, 30, and 31].

33
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4.2 Kramél:é;i{i'bnig anaiysis

Kramers-Kronig analysis is a mathematical process, allowing one to calculate the

phase (6), and complex refractive index (N) of a sample from the measured reflectance.

N =n + ik, (4.1)

where n and k are the real part and the imaginary part (known as the extinction coeffi-
cient) of N respectively. The reflectance at normal incidence is given in terms of n and

k as:

_ (n—1)* 4k (4.2)
(n+1)2+ k2 '

The measured reflectance at normal incidence, R, is given by:

R = #(w)i*(w), (4.3)
where

. n—1+1k

= 44

SRR (4.4)
the complex reflectivity amplitude, 7, can be written as:

7= r(w)ew(“’), (4.5)

and
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where 8 is ];hephase difference between the electric field of the incident and reflected

waves. Using Equations 4.4 and 4.5, n is given by:

1— 172
_ A7
" 1472 —2rcosé’ (4.7)
and k& by:
—2rsiné (4.8)

T 1472 —2rcosh

The phase difference between the incident and the reflected wave is obtained via a

Kramers-Kronig relation as [25]:

w+w

6(w') = 1 /Ooo dlnrln dw. (4.9)

dw

w—w
Because the reflectance is measured over a finite range, the integration must be done
numerically, and extrapolation of the results in regions where data is not available is
necessary. For example the lowest frequency data must be extrapolated to R = 1 at zero
frequency or an oscillator fit to the reflectance data can be used. For high frequencies,
the reflectance can be described by the free-electron limit. That is, it goes as w™*. The

complex dielectric function €(w), is given by [27]:

€(w) = €' (w) +i€" (w), (4.10)

where the real part is:

€ =n®— k% (4.11)
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and the imgéiné,fy part is:

&' = 2nk. (4.12)

The complex optical conductivity can be calculated from the dielectric function as

follows:

o(w) =o' (w) +ic" (w), (4.13)
where the real part of o is:
: we'(w)

= 4.14
o'(w) i (4.14)

and the imaginary part of o is:

" w(l _ 6’(&)))
=, 4.1

0" (w) ym (4.15)

4.3 Drude-Lorentz Model

Solids may be divided into three main classes: insulators, metals, and semiconduc-
tors. This classification is based on their energy band structure. The Lorentz model can
be used to describe direct interband transitions, which occur when a photon excites an
electron to another band. This model is applicable to insulators. The Drude model is
used to describe metals. It models the absorption arising from the excitation of carriers
in a partially filled band from filled states below the Fermi energy to empty states within

the same band above the Fermi energy. Most real materials, including semiconductors,
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Figure 4.1: The atomic dipole in the presence of an electric field.

can be described with a combination of these two models.

The motion of an electron with mass m and charge e, shown in figure 4.1, can be
written as:
d?r

dr
— K7 —my— = m— 4.1
Kr my + el Mo (4.16)

where Kr is a Hooke’s law restoring force which binds the electron to the nucleus, and K
is the restoring force constant given by: K = mw?, where wy is the resonance frequency.
The second term represents the damping force and arises from the various scattering
mechanisms that exist in solids. < is the damping constant, which is related to the
relaxation time, 7, by 7 = ;1; The eFE term is the driving force, where E is the electric

field.

The polarization P, which is the dipole moment per unit volume, is given by:
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P = per,

38

(4.17)

where p is the number of electrons per unit volume, and r is the distance between the

positive and negative charge. The electric field is described by:

E = Ege'i‘”t.
For a solution of the form:

T = roe” ™t
the first time derivative of r is:

dr _ wr

dt '

and the second time derivative of 7 is:

d2r L
ez ‘

If one substitutes by 4.19, 4.20, and 4.21 into equation 4.16, one finds:

el
—mw? — imwy + K

T =

The polarization given in equation 4.17 can thus be written as:

P pe’

— E.
—mw? — imwy + K

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)
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The complex dielectric function is given as:

47 P
=14+ —. 4.24
€ + I (4.24)

Substituting equation 4.23 into equation 4.24 gives:

4mrpe?

= +id =1 4.25
€=¢€ +1¢€ +—mw2—z’mw'y+K’ ( )
which can be written as:
wy
=1 4.26
¢ + wg — w? —iyw’ (4.26)
where wy, is the plasma frequency, given as:
47rpe?
2 = . (4.27)

In a real solid there are several such absorption processes and the dielectric function

can be written as :

€ = €pc + €Bc + €Lv, (4.28)

where the first term is a free carrier contribution, the second term is the bound carrier
contribution, and the third term is the contribution of lattice vibrations to the dielectric
function. In the free electron model (Drude-Model) there is no restoring force, and thus
wyp is zero. The total dielectric function for a material exhibiting both free carrier and

bound carrier absorption is thus given as:
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w?

e=1+ _______QP— + €pC- (429)
—W* = 1YW

Here the second term is the free carrier contribution. Lattice vibrations can be modeled
by terms of the form of the bound carrier contribution. However, in the infrared spectral
region, the lattice vibrations typically make only a small contribution to the dielectric
function. The bound carrier contribution at frequencies lower than the fundamental
absorption edge becomes frequency independent, and is renamed the optical dielectric

constant (€x). In such cases, the dielectric function can be written as:

€ = €pC + €oo- (4.30)

Where €p¢ is given as:

(4.31)

drpe? 1 ( ,7)
CFrCc = — 1—11—]).

1
ms w?+ 92 w
Here p is the free carrier concentration, and my is the electron effective mass, which may
be different from the scalar electron mass m. That is, in real materials the electron may

respond to external forces as if it was a free electron of mass m;.

4.4 Fitting To A Model Dielectric Function

In general the reflectance or any of the Kramers-Kronig derived optical functions can
be fit to the model discussed in section 4.3. Each bound absorption process has three
variable parameters associated with it (w,,, wo,, and -y; where i signifies the i bound
absorption process) while the free-electron Drude term has two (wp,, and vr¢). € is

also a parameter of the fit.
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Reflectance Measurements of Mn and Pb-doped SnTe

5.1 Introduction

Tin Telluride is a semiconductor with the NaCl crystal structure. It is always p-type
as a result of a high concentration of Sn vacancies, which is in the range of 10*° to 10%!

cm™3 [32].

Studies of the thermal and electrical properties of SnTe indicate that this semicon-

ductor has a complex band structure [33].

Studies have been carried out of the optical properties of SnTe on samples having
carrier concentrations ranging from 3.6 x 10'° to 1 x 10*! cm™3. It was found that the
optical properties in the mid and near infrared regions arise from both bound and free

carrier absorption, each dominating, respectively, in the high and low energy regions.

The mid infrared reflectance is characterized by a pronounced plasma edge found to
be well explained by means of a Drude free carrier model | 23, 32, 34, 35, 36, 37, 38,
39, 40]. Carrier concentration dependent changes in the absorption coefficient, «, the
effective mass of the carriers, m,, and the contribution from bound carriers, have a
pronounced effect on the reflectivity curve [34, 36, 37]. The effective mass of the free

carriers was found to be surprisingly small (the effective mass ratio, m,/me, for SnTe

41
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with carrier coﬁééﬁtration raﬁgiﬁg from 1 to 5 ><1O‘26 rcrrnr“3ris fbundvto be h; the range
0.08 to 0.14) and to decrease with decreasing hole concentration [34]. A relationship
between the wavelength of the reflection minimum and the carrier concentration was
noticed by Gobachev et al., who found that the minimum in the reflectance is shifted
towards shorter wavelengths with increasing carrier concentration [35]. The effect of
decreasing temperature is manifested in a sharpening and a shift of the location of the

minimum to higher frequencies [40].

The indices of refraction corresponding to bound carrier absorption are large, and
carrier concentration dependent. At energies lower than the fundamental absorption
edge (the energy corresponding to the rapid rise in absorption due to bound carriers
[41]), the bound carrier absorption becomes wavelength independent and their contribu-
tion to the dielectric function can be represented by the optical dielectric constant €.
Significant shifts were revealed in the location of the fundamental absorption edge with

carrier concentration, and are believed to be the result of changes in the Fermi energy [34].

SnTe can be doped for example with Ag, Pb, and Mn to produce wide variation in
carrier concentration [42], [43], and [44]. In Mn-doped alloys, the Mn ion exists as
Mn*t+ with a spin of 5/2. The magnetic ions are randomly distributed in the metallic
fce sublattice of the rock salt crystal lattice. The resistivity of these alloys has a metallic
temperature-dependence and its magnitude increases with increasing Mn concentration
[45, 46, 47, and 48]. At very low temperatures, alloys with a low concentration of
magnetic Mn*+ ions are spin glasses, while those with higher concentrations exhibit fer-

romagnetic or antiferromagnetic phases [42, 43].

There have been few optical studies of intentionally Mn and Pb-doped SnTe. The
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first study»of: the Mn-doped Systein was carried oufwbyr Escorne a,nd Mauge; [44], who
measured the reflectance of Sng gy93Mng g77Te and SnTe samples with similar carrier con-
centration ( 6.2 x 10?° cm™® and 6.6 x 10 cm™> respectively) in the infrared region
(1666-10000 cm™'), at various temperatures. The optical parameters m;, €, and the
optical mobility p were determined by Drude fitting to the measured reflectance. Their
results showed that these parameters are temperature-dependent, where m, decreases
with decreasing temperature, while €, and p decrease with increasing temperature, and
are in agreement with those of references [37] and [40] for SnTe. Their results also
showed that there is no significant difference in m, for the SnTe and the Mn-doped SnTe
samples down to 13 K, which implies that adding 7% Mn has no significant effect on the

band structure of SnTe.

Korn and Braunstien [23, 39], studied the optical properties of Pb;_;Sn,Te with

carrier concentration ranging from 8 x 10'® cm™3 to 7.5 x 1020 ¢cm 3.

This alloy has very
interesting properties in the spectral range from 2 to 16 micron (600-5000 cm™!). As z
decreases from 1 to 0, the energy gap approaches zero. This property makes this alloy
system an interesting material for infrared device applications, such as infrared detectors
[39]. The infrared reflectivity of the samples was measured at 80 and 300 K and the
optical parameters were obtained from Drude fitting to the measured reflectance. The
effective mass was found to remain non-zero as the energy gap approached zero. This
result is consistent with the anomalous behavior of the temperature-dependence of the

effective mass of SnTe reported by Bis and Dixon [37], who found a decrease in m, upon

increasing the band gap by lowering the sample temperature.

The focus of this chapter is a study of the optical properties of the semiconductor Tin

Telluride, and several substitutional Lead, and Manganese alloys. The samples that
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were measurerd»a'r’é,? pure Tin Telluride (SnTe), (SnTe)og(MnTe)s, (SnTe)gs(MnTe)s, and
[(PbTe)75(SnTe)as]95(MnTe)s. The reflectance measurements cover the range from 500
t0 30000 cm™! at room temperature, and from 500 to 6000 at temperatures down to 79

K. The optical conductivity and other related parameters are presented.

5.2 Sample Preparation

For each compound a small piece of polycrystalline material was selected for the
reflectance measurements and hand polished as described in Chapter 3. Mirror like
surfaces were prepared. A rectangular piece from each sample with dimensions given in

Table 5.1, was prepared for resistivity measurements.

5.3 Mid-Infrared Reflectance Measurements

The same methods and techniques used for measuring the reflectance of chromium,
described earlier in Chapter 3, were used to measure the mid-infrared reflectance of these

samples.

5.4 Near-Infrared-Visible-UV Reflectance Measurements

For frequencies higher than 6000 cm™

, the reflectance at room temperature was
measured using a grating spectrometer system. Reflectance measurements were carried
out in two stages. The reflectance in the region from 250 to 800 nm (12500-40000
cm™!), was measured using a UV360 Silicon photodiode detector, and a Xenon arc lamp
light source. A Corion BG3 filter was used in the range from 250 to 500 nm (20000-
40000 cm™), while a green glass filter covered the range from 420 to 820 nm (12195-

23800 cm™!). The absolute reflectance was determined by overcoating the sample with

Aluminum and making the appropriate correction [11]. The reflectance in the region
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from 800 t;) 1900 nm (5200412500 cm™!) was meééuiéd using a f;bS dete;tor and a
tungsten lamp light source. A U330 filter was used in the range from 800 to 1200 nm
( 5200-12500 cm™') and an Oriel filter was used for the range from 1100 to 1900 nm
(5200-9000 cm™!). In this spectral region, a gold overcoating was used to determine the

absolute reflectance. Further details regarding this system can be found elsewhere [22].

5.5 Resistivity Measurements

Room temperature resistivity measurements were carried out using a four point probe
technique. Gold wires, of 0.025 mm diameter were attached to the sample with silver
paint in the geometry shown in Figure 5.1. The resistivity was calculated from the

measured resistance, R, as follows:

_RxA
=7

0 (5.1)

where A and L are the cross-sectional area and the distance between voltage contacts

respectively. The estimated carrier concentration (p), the measured resistivity at room

temperature (p), and the dc-conductivity (o) of the samples, determined from o = %,

are given in Table 5.1.

Table 5.1: Cross-sectional area, A in mm?, distance between voltage contacts, L in mm,
carrier concentration p, measured resistivity (p) and dc-conductivity (o) at 300 K, for
SnTe and several Pb and Mn-doped alloys.

sample A | L |px10?®cm™3|p x107*(Q.cm) | o(Q.cm)~)
Sn'Te 3.8(1.8 4.0 2.05 4880
(SnTe)gs(MnTe), 3.0 1.1 6.0 1.80 5330
(SnTe)gs(MnTe)s 25(1.0 3.8 4.00 2500
[(PbTe)75 (SIITG)25]95(MIITG)5 21116 1.7 35.50 280
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Figure 5.1: Configuration used for resistivity measurements.

5.6 Results

The reflectance of the samples at frequencies from 500 to 6000 cm™! was measured
at temperatures between 300 K and 79 K, as shown in Figure 5.2. The reflectance mea-

1

surements at 300 K were extended to 30000 cm™". The room temperature reflectance

over the entire range of frequencies investigated is shown in Figure 5.3.

Previous work on SnTe [37, 40], and Mn-doped SnTe [38] showed that with de-
creasing temperature, the plasma edge sharpens and the corresponding minimum in the
reflectance becomes more pronounced and shifts to slightly higher frequencies. This is
due to the temperature dependence of the optical parameters m,, €, and 7y, where
the damping coefficient, <y, is primarily responsible for the width of the dip near the
plasma frequency, and €., for the absolute value of the reflectance minimum, while
the location of the minimum can be determined from the product mgey, [38]. Figures

5.2 and 5.3 confirm this behavior for pure SnTe and the Pb and Mn-doped SnTe samples.
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Figure 5.2: Measured reflectance of SnTe and the Pb/Mn-doped alloys at 300 and 79 K.
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Figure 5.3: The reflectance of SnTe and the Pb/Mn-doped alloys at room temperature.
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As shov;n -iii Alr*;‘ifgure 5.3, the strong dependence ofthe inid infraré;i reﬁect;ﬁlce on the
free carrier concentration can be seen in the variation of the location, width, and depth
of the reflectance minimum for the various SnTe and Mn/SnTe samples investigated.
The free carrier concentration (p) for the SnTe, SngsMnsTe, and SngsMn;zTe samples
investigated was estimated by comparing the observed location of the reflectance min-
imum to that of the curves for SnTe reported in References [34], [35], [37], and [38].
The results are shown in Table 5.1 and the uncertainty in these values is estimated to be
5%. The free carrier concentration for [(PbTe)s5(SnTe)ys5)95(MnTe); was estimated by
comparing the measured reflectance to the reflectance of Pb/SnTe samples, reported in
Reference [23]. Because the plasma edge did not match exactly any of the ones reported

in Reference [23], the uncertainty in this latter estimate is higher.

5.7 Data Analysis and Discussion

The complex refractive index, N, dielectric function, ¢, and optical conductivity,
o, of the samples were obtained by applying Kramers-Kronig analysis to the measured
reflectance, as explained earlier in Chapter 3. The real part of the optical conductiv-
ity at room temperature is shown in Figure 5.4. The peak in the optical conductivity
near 13000 cm™! is associated with the broad peak observed in the reflectivity spectrum
between 5000 and 30000 cm™!, and is assigned to an interband transition from occu-
pied valence band states across the Fermi level to empty conduction band states [23,
and 49]. Figure 5.5 shows the real part of the optical conductivity at various temper-
atures. Note that the conductivity curve becomes flatter at frequencies higher than
3000 cm™! as the temperature decreases. This feature becomes more significant in the
Mn/SnTe alloys. The dc-conductivity and the low frequency limit of the optical con-

ductivity at room temperature are found to be in good agreement for SngsMnsTe and
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Figure 5.4: The optical conductivity of SnTe and several intentionally doped alloys at
300 K. The arrows show the dc-conductivity numbered according to the labels in the
legend.

[(PbTe)7s(SnTe)s5]95(MnTe)s as shown in Figure 5.4 where the dc-conductivity values
are taken from Table 5.1. The optical conductivity at 500 cm™! for the above men-
tioned samples is approximately 2450 (2.cm)~! and 200 (€2.cm)~!, while the measured
de-conductivity is 2500 (2.cm)~! and 280 (Q.cm)™!, respectively. The optical conductiv-
ity values for SnTe and SnggMn,Te are lower than the dc-conductivity values by a factor
of 2, however, these two samples have the highest carrier densities, and the Drude peak

is not fully developed at 500 cm ~L.
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Figure 5.5: The mid-infrared optical conductivity of SnTe and Pb/Mn-doped SnTe alloys

at 79 and 300 K.
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In the gpectral fange govérned by free carriers,ﬂiﬁ kplotted as a function of w? is
expected, from Equation 4.31, to give a straight line. Figure 5.6 shows an example
for SnTe at room temperature. Note the linear behaviour at the lowest frequencies as
expected. The curve begins to deviate from this linear behaviour as a result of the onset

of bound carrier absorption. A linear fit can be made. The ratio of the intercept (b) to

_1
mxb*

the slope (m) gives 42, while wf, is determined from The plasma frequency and the
damping coefficient obtained via this method are presented in Table 5.2. The effective
mass of the samples at room temperature is then calculated from w,, and the estimated

free carrier concentration, using Equation 4.27, and also presented in Table 5.2.

Previous studies found the effective mass to increase with increasing carrier concen-
tration, and to decrease with decreasing temperature [32, 34, 35, 36, 37, 38, and 46].
For samples having carrier concentration between 4 x 10%° and 6 x 10%° ¢cm~3, the ratio
of the effective mass to the electron mass was found in these studies to be in the range
of 0.14 to 0.17. The effective mass values at room temperature, presented in Table 5.2,
show the expected carrier concentration dependence. The value obtained for SnTe is in

agreement with the value given for a similar sample in Reference [37].

The plasma frequency, w,, was generally found to decrease with decreasing temper-
ature. At 79 K, for Mn-doped samples, the w, values increase slightly and then drop
again at 5 K for the SnggMnsTe sample. This behaviour is similar to that observed
for SmyMo207_s, which like Mn-doped SnTe is also a metallic spin glass system at low
temperatures [50]. The spin glass properties of SnggsMn,Te will be discussed in the follow-

ing chapter. The scattering rate, vy, was found to decrease with decreasing temperature.

Figure 5.7 shows the absorption edge, which is calculated by subtracting the Drude
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fit from the real éronductivity curves. The Drude conductivity was calculated using the

parameters w, and v, given in Table 5.2, using Equations 4.14 and 4.31.

The above analysis could not be applied to the [(PbTe)75(SnTe)as]95(MnTe); sample
at low temperatures, because there is not enough data in the low-frequency spectral

range.

The resistivity of SnTe is found to increase with increasing temperature and to de-
crease with increasing carrier concentration [45, 47, 48, and 51]. For Mn-doped samples,
the resistivity is dependent on the manganese concentration as well. As shown in Ref-
erence [45], it is found to increase with increasing concentration. Table 5.1 gives the
measured dc-resistivity for the samples investigated in this study. As expected the resis-
tivity of the sample with 5% Mn is higher than that with 2% Mn at room temperature.
Table 5.2 lists values for the temperature dependence of the resistivity derived from the
optical analysis. Although the uncertainty in these values is high the general trend is for
the resistivity to remain constant or decrease with decreasing temperature; in reasonable

agreement with the expected metallic behaviour.

5.8 Conclusion

An extended study of the reflectance of Pb and Mn-doped SnTe alloys has been car-
ried out over a wider spectral range than any previous work. The optical conductivity

of these alloys is presented for the first time.
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The regu'lfégfitrhis study» show that the reﬂectza:]:ilcéiarnd val;ioué deduced optical pa-
rameters are carrier concentration and temperature dependent, which agrees with the
literature. No significant difference was found between the room temperature reflectance
of the SnTe and the SngsMn;Te samples investigated. These samples have almost the
same carrier concentration, and virtually identical room temperature optical conductiv-
ity curves. Therefore one can conclude that the addition of a small amount of manganese
for Sn has little effect on the room temperature band structure of SnTe, as reported in
Reference [44]. At 79 K, the optical conductivity of Mn-doped SnTe decreases more

than the optical conductivity of SnTe at higher frequencies.

The fundamental absorption edge was obtained by subtracting the calculated Drude
conductivity from the total optical conductivity. It is clear that in the frequency range
near the fundamental absorption edge, the optical properties of SnTe and the Pb/Mn-
doped alloys arise from the contributions of both the free carriers and the bound carriers.
Thus, one can conclude that the optical parameters, w, and v, derived in this work are
more accurate than those presented in the literature [35, and 46], and obtained from fit-

ting the reflectance to the Drude form, which describes only the free carrier contribution.

The measured room temperature dc-conductivity values were found to be in agree-
ment with values extrapolated to zero frequency from the optical conductivity curves for
the SngsMnj;Te and the [(PbTe)5(SnTe)ss]95(MnTe)s samples. For SngsMnyTe and Sn'Te
a discrepancy of approximately a factor of two was found with the optical conductivity
at the lowest measured frequency. Values for the resistivity derived from the optical

analysis indicate a constant or metallic-like decrease with decreasing temperature.
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Table 5.2: The optical parameters obtained from the imaginary part of the dielectric
function, €, as explained in the text.

sample Temperature Wy ¥ I P Mg / Me \
(K) (10* em™) | (10™s71) | (107* Q.cm)
SnTe 323 1.52+0.15 | 0.43640.2 3.7
p~4x10% cm™3 300 1.44+0.03 | 0.43340.2 4.1 0.17
172 1.4040.09 | 0.37940.2 3.8
79 1.3140.15 | 0.35840.2 4.1
SnggMn;Te 323 1.4840.05 | 0.368+0.12 3.3
p ~ 6 x 10%¥cm™3 300 1.4640.13 | 0.364+0.11 3.3 0.24
172 1.3240.15 | 0.328+0.13 3.7
79 1.3640.15 | 0.280+0.12 3.1
5 1.2440.15 | 0.24240.12 3.1
Sngs Mn; Te 323 1.5240.02 | 0.515+0.10 44
p 3.8 x10% cm™3 300 1.4340.10 | 0.43840.12 4.2 0.16
172 1.4240.15 | 0.414+0.10 4.0
79 1.4840.06 | 0.32+0.10 2.9
[(PbTe)75(SnTe)s5]o5(MnTe)s 323 0.34+0.01 | 0.16640.10 28.1
p ~ 1.7 x 10%cm~3 300 0.33+0.03 | 0.16540.10 29.5 1.37




Chapter 6

Low Temperature Measurements

6.1 Introduction

Magnetic studies for Pb and Mn-doped Sn'Te alloys revealed that they exhibit either
a paramagnetic or a ferromagnetic phase down to 4 K, depending on the values of the
carrier concentration and the concentration of magnetic impurities. As shown in Figure
6.1, materials with carrier concentration less than ~ 5 x 10%° cm ™3 are paramagnetic,
while those with higher carrier concentration are ferromagnetic [3, 42, and 43]. These
alloys exhibit spin glass behaviour at very low temperatures [3, 4, and 5], which is also
shown in the magnetic phase diagram of Figure 6.1. Samples with a high Mn concen-
tration exhibit a reentrant-spin glass phase, a phase intermediate between ferromagnetic
and spin glass, where the spin-glass behaviour does not simply cease but persists into

the ferromagnetic phase [5].

A spin glass system can be described as a random distribution of a small amount of
magnetic atoms throughout a non-magnetic crystal lattice, with a mixture of ferromag-
netic and antiferromagnetic interactions as well as a number of frustrated spins. Figure
6.2 shows a 2D lattice of a non-magnetic metal doped with a number of magnetic im-
purities. The dots and the arrows represent the lattice sites and the magnetic impurity
spins, respectively. The magnetic impurities occupy a certain fraction x of these lattice

sites. Assume that the spin pointing up in the right top corner of the figure is the

o8
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Figure 6.1: The magnetic phase diagram of Pb/Mn-SnTe. P and F refer to a param-
agnetic and a ferromagnetic phase, respectively. RSG refers to a reentrant-spin glass
phase, an intermediate phase between ferromagnetic and spin glass. SG refers to spin
glass phase. This figure is after References [3 and 4].

origin of the lattice, and that the spins have a ferromagnetic (17) interaction with the
nearest neighbours and an antiferromagnetic (7)) interaction with the second nearest
neighbours. Most of the spins in the lattice will satisfy their first and second nearest
neighbours and have a zero net moment. Some of the spins will not be able to satisfy
their second neighbours and they will not know in which direction to point. These spins

are thus said to be ‘frustrated’. The heavy spot in Figure 6.2 indicates such a frustrated

spin. It is clear that the frozen spin structure in a 3D lattice will be very complicated [45].

In metallic spin glass materials the most important interaction for coupling the spins
is the long-range RKKY interaction. The magnetic impurities cause the susceptibility
of the conduction electrons to oscillate in a damped fashion. Thus, depending on

the distance between two magnetic ions, the overlapping polarization of the conduction



Chapter 6. Low Temperature Measurements 60

f Origin

ey
..\....;&.
./..;{,?.*.
siuthinah
I S
.....+?4..

Figure 6.2: Spin glass system. The dots and the arrows represent the lattice sites and
the magnetic impurities, respectively. The frustrated spin is indicated by a heavy spot.
This figure is adapted from Reference [5].

electrons can induce both ferromagnetic and antiferromagnetic interactions. Insulating
and semiconducting materials have few or no conduction electrons, and the coupling of
the spins is accomplished by a superexchange interaction. In this case an intervening
ligand or anion transfers an electron from one magnetic atom to a neighbouring magnetic
atom. This exchange of electrons can lead to both antiferromagnetic and ferromagnetic

coupling of the two magnetic ions [5].

The spin glass state is commonly investigated using magnetization, resistivity, spe-
cific heat, neutron diffraction and susceptibility measurements. The spin glass suscep-
tibility shows a sharp cusp at the freezing temperature [5, 42, 52 and 53]. Resistivity
measurements of spin glass materials [54] find that the impurity resistivity typically

exhibits a broad maximum at a temperature T, significantly higher than the freezing
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temperature (T;),iwhﬂe at T, the impurity resistivity is observed to vary linearly with

temperature.

One of the few optical studies of spin glass materials in the frozen state has been
carried out by Cao et al. [50]. The reflectance of the spin glass materials, RaMo0y07_s
(R: Sm, Gd, and Ho), was measured at several temperatures in the spectral range of 40
to 40000 cm™!, and the optical conductivity was obtained by Kramers-Kronig analysis.
The optical conductivity of SmyMoyO7_s shows a Drude-like behaviour as the tempera-
ture decreases. The scattering rate and the plasma frequency were obtained by fitting
the conductivity to the Drude form. The scattering rate shows a monotonic decrease
which becomes steeper as the freezing temperature (40 K) is approached due to the
increasingly coherent scattering of the conduction electrons by the short-range ordered
moments of the magnetic Mo ions. Below 40 K, the scattering rate saturates because
the moments are frozen in the spin glass state. The plasma frequency was found to be

temperature-dependent with a non-monotonic behaviour that peaked at 150 K and 40 K.

Chernikov et al. [53] have studied the spin glass material, Fe;_;Co,Si, with varying
x concentration. The dc-conductivity, the specific heat, and the magnetic susceptibility
were measured in the temperature range from 0.05 K to 300 K. Susceptibility curves
show maxima below 1 K due to the spin glass transition. Reflectance measurements at
temperatures ranging from 10 K to 300 K were also carried out on the samples. The
optical conductivity and other optical parameters were then obtained using Kramers-
Kronig analysis. The optical measurements were however not carried out in the spin

glass state.
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6.2 Reﬂéctaﬁcéxmeasurements at low temperature

SngsMnsTe was selected for measurements at very low temperature in the far-
infrared, because its moderately low manganese concentration and high carrier con-
centration make the transition to a spin glass state highly likely. The reflectance of this
sample was measured at 69 K, 8 K, and 0.8 K, using a far infrared system comprised of:
a Martin-Puplett-type polarizing interferometer, a Helium-3 cryostat, connecting light

pipes, and controlling electronics.

The Martin-Puplett interferometer is a modification of the standard Michelson in-
terferometer described in Chapter 2, with polarizing wire grid beam splitter, rooftop

mirrors, and a mercury-xenon lamp light-source.

The Helium-3 cryostat provides refrigeration for the sample down to approximately
0.5 K, and houses the bolometer, which is a thermal detector that operates by a change
in resistance with temperature. The filtering on the bolometer consisted of rigid white
polyethylene with 6 & 15 ym diamond powder. The cryostat had polypropylene win-
dows with one layer of thin black polyethylene on the radiation shield. Further details

regarding this system can be found in References [55, 56, and 57].

6.3 Results

The absolute reflectance of the SngsMnyTe sample was determined using a gold-
overcoating procedure similar to that described in Chapter 3. The results are shown in
Figure 6.3. Note that while the reflectance is very similar at 69 K and 8 K, it becomes
noticeably higher at 0.8 K.
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Figure 6.3: The reflectance of SnggMn,yTe at several temperatures in the far-infrared.
Note the similarity between the 69 K and 8 K curves, and the significant change in the

0.8 K curve.
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6.4 Dat; analy31s and discuésion

A Drude fit was made to the measured reflectance at each temperature. The fit
was carried out by allowing 7 to vary, while w, was kept constant. A constant value
of €5 (€ = 1) was used although its value was found to have essentially no effect on
the reflectance curve in this spectral region. The best fit to the reflectance curves was
done by a computer program and was calculated based on Equations 4.2, 4.10, 4.11,
4.12, 4.30, and 4.31. Table 6.1 shows the vy values found for a particular value of w,
(wp = 14000 cm ~!). Values of w, ranging from 13000 to 15000 cm™" were tried and
found to give reasonable fits within the scatter of the data. In each case, however, the
temperature dependence of v exhibited the same trend. In general, the vy values at the
three measured temperatures were found to decrease with decreasing temperature. The
decrease is more significant in the small temperature range between 8 and 0.8 K, where
« falls by more than a factor of two. Previous studies [4 and 52] showed a decrease in
the sample resistivity related to the spin glass transition, which is consistent with the
observed decrease in y. As discussed in the introduction to this chapter the temperature
dependence of vy also mirrors that of SmyMoyO7-5 as its spin glass freezing temperature

is approached [50].

Table 6.1: The temperature dependence of the scattering rate, v, of (SnTe)gs(MnTe)y
obtained from a Drude fit with w, = 14000 ¢cm™.

wp (em™) | T (K) | v x10Ms71

14000 69 | 0.21£ 0.03
8 0.19+ 0.03
0.8 |0.08 £ 0.03
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P

6.5 Concluéri‘(;ri 7

The reflectance of SnggMnyTe was measured in the far-infrared at three temperatures
which span the spin glass phase transition. Drude fitting revealed a dramatic decrease
in the scattering rate between 8 K and 0.8 K, the lowest temperature measured. At this
temperature SnggMnyTe is expected to be in the spin glass state and this decrease in vy

is consistent with observations in other spin glass systems [50].



Chapter 7

Conclusion

A system comprised of a Bomem interferometer and a cold-finger Helium cryostat
was set up to measure the reflectance of single crystal samples in the mid infrared from
500 to 6000 cm™!. Measurements carried out on well studied Silicon and Chromium
showed good agreement with the literature [11, 20, and 21], from which it was con-
cluded that this system is capable of producing reliable data and can be used to study

materials with less well-known optical properties.

An extended study of SnTe and several Pb and Mn-doped alloys was carried out over
the spectral range from 500 to 30000 cm™! at room temperature. Optical conductivity
curves are presented for the first time. The fundamental absorption edge was obtained
by subtracting the Drude conductivity from the total optical conductivity for each sam-
ple. The plasma frequency, w,, and the scattering rate, v, were calculated and found to
decrease with decreasing temperature. The optically derived resistivity was essentially
constant or tended to decrease with decreasing temperature, in qualitative agreement
with the expected metallic nature of these samples. The effective mass at 300 K is found
to be 0.17 for SnTe, 0.16 and 0.24 for (SnTe)g5(MnTe); and (SnTe)gs(MnTe)s, respec-
tively, and 1.37 for [(PbTe)r5(SnTe)ss]o5(MnTe)s, which agrees with values reported in
References [37, and 38]. The optical parameters presented here take into account the
contributions of both free carriers and bound carriers, and therefore are thought to be

more accurate than the ones obtained from Drude fits to the reflectance, reported in the
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- - -

literature, where the contribution of the bound carriers is ignored.

Resistivity measurements at 300 K exhibit the carrier and magnetic concentration
dependence expected for Mn-doped SnTe samples. The sample with the lowest carrier
concentration (5% Mn) has higher resistivity than the sample with higher carrier con-

centration (2% Mn). This agrees with the trends reported in References [4, 45, and 51].

Far infrared reflectance measurements were carried out at temperatures as low as 0.8
K on the SnggsMnyTe sample, which has a high carrier concentration. The reflectance
at 0.8 K is higher compared to that at higher temperatures. The scattering rate, v,
decreases significantly upon decreasing the temperature from 8 to 0.8 K. These obser-
vations are interpreted to arise from the spin glass transition reported in References [3,

4, and 42].

Although the mid-infrared system is working well, further improvements such as:
extending the spectral range of the measurements, reducing water vapor condensation
during low temperature measurements, which affects the quality of the data at these
temperatures, and eliminating air absorption by placing the entire system in a purged

environment, can be made to ensure the best results.



Appendix A

Transmittance of Optical Windows

A.1 Introduction

The Transmittance measurements of the optical windows were carried out using the
Bomem interferometer in transmittance mode, as shown in Figure 2.2. The background
( the holder with no sample) was measured first, and then the sample was placed in
the sample holder and the transmittance data was collected. The transmittance was

calculated as follows [8]:

Sample

Transmittance = 100 (A1)

Background %

A.2 The Transmittance of Various Optical Windows

The Transmittance spectra that follow in figures A.1 through A.3 show that KBr
has the highest transmittance in the investigated region. Therefore KBr was chosen as

an optical window for the mid-infrared reflectance measurements reported herein.
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