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Abstract

Temperature dependent resistivity, p, magnetic susceptibility, x, and far-infrared re-
flectance measurements were made on the low T, superconductor UBe;3. Two variants
of UBe;3 have been proposed, named ‘L’- (for low T,) and ‘H’-type (for high T,.). Low
temperature resistivity measurements confirmed that our sample was of H-type and that
the transition temperature was at 0.9 K. This was further confirmed with the observation
of this transition in the AC-susceptibility. Low temperature reflectance measurements
showed a decrease in the reflectivity as the temperature is lowered from 300 to 10 K,
which is in qualitative agreement with the increasing resistivity in this temperature range
as temperature is lowered. No dramatic change in the reflectivity was observed between
10 and 0.75 K. A further decrease of the reflectance was observed for the temperature
of 0.5 K. The calculated optical conductivity shows a broad minimum near 80 cm™*
below 45 K. Above 45 K the conductivity is relatively featureless. As the temperature
is lowered, the optical conductivity decreases. The frequency dependent scattering rate
was found to be flat for temperatures between 300 and 45 K. The development of a

! was found for temperatures of 45 K and below. This peak has

peak, at around 70 cm~
been associated with the energy at which the transition to a coherent state occurs from
single impurity scattering in other heavy fermion systems. The frequency dependent
mass enhancement coefficient was found to increase at low frequencies as the frequency

decreases. Its’ magnitude as frequency approaches zero also increased as the temperature

decreased.
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Chapter 1

Introduction

The unusual behavior of heavy fermion systems continues to attract both experimental
and theoretical attention. Heavy fermion metals are usually described as a new class of
metals. These electrically conducting materials are characterized by a specific heat at
low temperatures that is two or three orders of magnitude higher than that of normal
metals [1]. This results in a conduction-electron effective mass some hundred times the
free-electron mass. The physical origin of the large mass and unusual superconducting
and magnetic properties is the strong coupling between the conduction electrons and
local f-electron moment fluctuations characteristic of these materials [1]. The following

section will discuss the most important features of these novel materials.

1.1 Heavy Fermions

At room temperature and above, heavy electron systems behave as a weakly interacting
collection of f-electron moments and conduction electrons with ordinary masses. As the
temperature is lowered the f-electron moments become strongly coupled to the conduc-
tion electrons and to one another, and the conduction-electron effective mass is typically
several orders of magnitude the bare electron mass. Some of these systems are ‘normal’
with no magnetic ordering, others antiferromagnetic and some are even superconducting
[Table 1.1]. The latter being a surprising result given that in ordinary superconductors a
dilute concentration of magnetic impurities destroys superconductivity [1]. Moreover, in

these materials the physical mechanism responsible for superconductivity is believed to
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| | Ordering Temperature (K) |

Antiferromagnetic
UAgCuy 18.15
URU.2 812 17.0
UCU5 15.2
UQZIIN 9.7
UCdy, 5.0
Superconducting
URUzsiQ 1.5
UB613 0.9
CeCusySiy 0.65
UPt3 0.50
No Ordering
UAuPty 0.15¢
CeA13 0021
CeCug 0.02!
UAl, 0.02!

Table 1.1: Ordering in some heavy fermion systems. 'Lowest temperature at which
measurements have been made [1].
be an attractive interaction between electrons that results from an exchange of local mo-
ment fluctuations, rather than the exchange of phonons that leads to superconductivity
in ordinary metals [1].

Some unique features of the low temperature normal state properties of heavy electron
systems are:

1) A very large specific heat. As the temperature goes to zero, we can write the
specific heat C(T') in the form:

c(T)

~5~ =7+BT’ (1.1)

where v is the electronic specific heat and B characterizes the contribution of the

phonons to the specific heat. In heavy fermion systems « is so large that the BT? terms
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can be ignored (at least up to approximately 20 K). Since the electronic specific heat is
not linear in temperature, one often writes C(T)/T = ~v(T).

In contrast to conventional metals, the magnetic susceptibility x for heavy fermion
systems exhibits considerable temperature dependence at low temperatures ( below 20
K).

The specific heat coefficient, v, shows a variety of dependences, the most prominent of
which is a rapid decrease with temperature. Only at very low temperatures does x become
relatively constant with a value, like v, that is quite enhanced over that of conventional
metals. In Table 1.2, extrapolated zero-temperature values, v(0) are listed. The most
important fact concerning <y is its large enhancement relative to that of conventional

metals [Figure 1.1].

Type Specific Heat
of Coefficient
Material 7(0) mJ/mole — K*
HF Superconductor 450 (U Pt3)
HF Magnet 400 (UyZnq7)
Normal HF 1600 (CeAls)
Conventional Metal 9.4 (Pd)
Conventional Metal 0.6 (Ag)

Table 1.2: Extrapolated zero-temperature values of the specific heat coefficient v . HF
= Heavy Fermion. [2].

2) A transport property that characterizes metals is a low resistivity. The heavy
fermion systems have room temperature values that are enhanced over conventional met-
als but not by so much that the systems are not still metals. Typical values of the
resistivity are compared with conventional metals in Table 1.3.

As the temperature decreases from room temperature the resistivity of a heavy
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3.0 ! T T f

Cp/ T (d mole™! K-2)

Figure 1.1: Specific heat at constant pressure for some heavy fermion systems [1].

fermion metal typically increases while that for a conventional metal decreases. Nonethe-
less at a sufficiently low temperature the resistivity of the heavy fermion system turns
downward and for very low temperature in many cases has a T2 dependence, i.e., p(T) =
p(0) + AT?. The last column of Table 1.3 shows the enormous enhancement of the A
coefficient over conventional metals. The temperature dependence of the resistivity of

several heavy fermion compounds is given in Figure 1.2.

1.2 TUBe;3 - Previous Studies

The low-temperature thermal- and transport-properties of ordinary metals are usually
governed by their conduction-electron structure, resulting in characteristic temperature
dependences of physical quantities like the specific heat or the electrical resistivity. Qual-

itative differences are observed in metallic materials where the electronic subsystem is
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Figure 1.2: Resistivity of several heavy fermion systems [1]. Note that the resistivities
at room temperature have been normalized to the same values.

governed by localized electrons like in d-, or even more pronounced, in f-electron mate-
rials. Such differences are found in the heavy fermion superconductor UBe3.

UBey3 crystallizes in a cubic NaZni3 structure with a remarkably large nearest neigh-
bour U-U distance of 5.13 A[3]. Figure 1.3 shows 8 unit cells of the structure of UBe;s.
In this Figure one can observe the Uranium atoms sitting in the corners of the unit cell,
while the Beryllium atoms are located in the interior.

Since the discovery of superconductivity in UBe;3, the vast majority of published data
have been achieved on good-quality samples with a superconducting transition temper-
ature, T,, around 0.9 K. However, low-temperature specific-heat and thermal-expansion

measurements on high-quality single crystals of UBe;3 combined with literature results
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Type Room Temperature | T%-Coefficient
of Resistivity of Resistivity
Material p(RT) pfem A (uQem) /K>
HF Superconductor 150 (U Pts) 3 (UPt3)
HF Magnet 110 (UyZny7) not meaningful
Normal HF 170 (CeAls) 35 (CeAls)
Conventional Metal 20 (Pd) 1075 (Pd)
Conventional Metal 2 (Ag) 1077 (Ag)

Table 1.3: Typical values of the room temperature resistivity of heavy fermions (HF =
Heavy Fermion).

give evidence for the existence of two variants of this compound. They have been clas-
sified by Langahammer and collaborators according to their superconducting transition
temperatures into H-type (high T, :0.85 < T, < 0.95K) and L-type (low T.:T, ~ 0.75
K). Since L-type characteristics are only found for single crystals the determining factor
leading to L- or H-type behaviour is most likely related to the details of the preparation
process [4]. The research reported in this thesis was carried out using a single crystal
of H-type. This single crystal was obtained from J. L. Smith at Los Alamos National
Laboratory.

In Figure 1.4 typical literature curves for the ac-susceptibility, xq.(7"), and the specific
heat, C,(T)/T of UBe;3 are shown. It may be seen that in both measurements the
transition occurs around 7, ~ 0.9 K. The strong diamagnetic signal of x,.(7T") alone gives
no definite evidence for bulk superconductivity; however, the additional observation of a
specific heat anomaly is convincing evidence for it [5].

The magnitude of the specific heat discontinuity at T, is in fact proof that the large
specific heat at 7, in the normal state is electronic in nature. This discontinuity has
been reported to be even larger than that expected from BCS (Bardeen-Cooper-Shiffer)

theory [Figure 1.5], pointing to strong coupling effects [3].
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Figure 1.3: Crystal Structure of UBe;3.

The temperature dependence of the electrical resistivity, p(7T), of UBe;3 has been
described as one of the most striking of the heavy fermion systems. Shown in Figure
1.6, the resistivity at high temperatures has a negative slope. As temperature is lowered
a ‘shoulder’ near Ty =~ 10 K is followed by a maximum near Tp;; ~ 2.5 K. Below
Tar the ‘gradual’ decrease in p(7T') is interrupted by the transition to superconductivity
near T, ~ 0.9 K [6]. The similarity in the shape of p(T") for UBe;3 to that of CeCuySi,
[Figure 1.2] has led to a similar interpretation of the two maxima in the resistivity. The
maximum at T;; being due to the the onset of coherent scattering which develops at low
temperatures. The higher temperature maximum at 79, again in analogy to CeCusySis,
has been explained as scattering by crystal field levels [6].

The optical reflectivity, R(w), of a UBe;3 single crystal was measured over a broad
spectral range extending from the far-infrared up to the ultraviolet by Bommeli et. al.
[7]. The optical conductivity was obtained from Kramers-Kronig transformations applied
to the measured optical reflectivity. Figure 1.7 displays the optical absorptivity A(w) =

1 — R(w) reported. The most striking feature is the increasing A(w) in the far-infrared
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Figure 1.4: Specific heat and Magnetic susceptibility of UBe;3 [5].

with decreasing temperature, which leads to a suppression of the far-infrared spectral
weight (area under the curve of the optical conductivity) in o (w) [Figure 1.8]. It was also
reported that measurements between 6 and 1.8 K did not show any further temperature
dependence.

Far infrared reflectance measurements have also been reported by Bonn et. al [8]
down to a temperature of 2 K. Shown in Figure 1.9 is the reflectance at four different
temperatures [8]. Overall, the reflectance decreases as the temperature is lowered, which

is in agreement with the work of Bommeli et. al.. This is in qualitative agreement with
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Figure 1.5: Specific heat of UBe;3. The solid line is the BCS prediction [3].

the observed increase in dc-resistivity as the sample is cooled. Figure 1.10 shows the
real part of the optical conductivity reported by Bonn. At all temperatures measured
the far-infrared conductivity rises with increasing frequency and the rise becomes steeper
at 2 K. Since Drude theory predicts a conductivity which monotonically decreases with
increasing frequency, the optical properties of UBe;3 can not be attributed to free carriers
with a frequency independent scattering rate.

This thesis presents a detailed study of the low temperature far-infrared optical prop-
erties of UBe;3, down to frequencies as low as 10 em™!. For the first time, the measure-

ments extend into the superconducting state.
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Figure 1.6: Resistivity of UBej3 [5].
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Figure 1.7: Absorptivity by Bommeli et. al. [7].
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Figure 1.8: Optical Conductivity by Bommeli et. al. [7].
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Figure 1.9: Reflectance measured by Bonn et. al. [8].
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Figure 1.10: Optical conductivity determined by Bonn et. al. [8].
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Chapter 2

Characterization of UBe;;

Many studies have been made on the heavy fermion material UBe;3 during the past few
years and many papers have been published. In these studies, two significantly different
types of single crystals have been used, namely ‘H’- and ‘L’-type. Therefore, it was
important to identify the type of sample used during the course of this research. DC-
resistivity and AC-susceptibility are two popular characterization tools which provide
this information.

An AC-susceptometer was configured for temperature dependent measurements within
a He? cryostat while resistivity measurements were performed using an existing setup.
These measurements covered a temperature range of 295 K, from 0.4 K to room tem-
perature. The superconducting transitions of our particular samples were found at ap-

proximately 0.9 K which would categorize them as ‘H’-type.

2.1 DC-Resistivity

2.1.1 Background

The temperature dependence of a sample’s resistivity is an important tool for the char-

acterization of a sample. Resistivity, p, is defined as:

A
=Rx = 1
p=Rx+ (2.1)

where R is the resistance, A the cross-sectional area of current flow, and L the length

13
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Indium_Contacts
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/ ‘ N T
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/eres
Glass Sheet __-.| g
Sample

Copper Plate

Figure 2.1: Typical sample configuration for resistivity measurements.

of the sample. Obtaining the cross-sectional area, A, of a sample can be a challenging
task to accomplish in practice. Geometrical factors can be avoided by using a technique
that allows resistivity measurements on arbitrarily shaped samples developed by van der
Pauw [9] . This technique requires that the sample be of uniform thickness, that the
surface of the sample be singly connected, and that the electrical wiring contacts are
small and placed around the perimeter of the sample[10]. A detailed explanation of the

van der Pauw technique is described in reference [9)].

2.1.2 Experimental Details

Figure 2.1 shows the typical configuration of the contacts made on a sample mounted
on a holder for a resistivity measurement. The sample is placed on a very thin glass
sheet that is glued with five minute epoxy to a copper plate. This isolates the sample

from the copper plate. Four gold wires are then attached to points along the perimeter



Chapter 2. Characterization of UBey3 15

of the sample using silver paint. These wires are subsequently connected by pressing
them firmly into four isolated Indium contacts. Silver paint is then added on top of
the gold wires (on the Indium contacts) to avoid disconnections during the resistivity
measurements.

The sample is then placed on the bolometer stage of the He?® cryostat, and the wires
from the Indium pads are connected to the appropriate pins inside. The cryostat is
then cooled to 0.4 K and slowly warmed up to room temperature. The data collection

procedure for the DC-Resistivity is described in detail in reference [10].

0.0004

0.0004

0.0008

0.0003

Resistivity (Qcm)

0.0002

Resistivity (Qcm)

1527

oo MWMWWMWWNNWWMW

0 100 200 300
Temperature (K)

Figure 2.2: Resistivity of UBe;3. Inset shows the transitions.

2.1.3 Results

Three very important resistivity measurement were performed on two different UBe;3

samples. The first and second measurements were done on samples 1909 and 1527 (batch
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numbers provided by Los Alamos National Laboratories) following the procedure de-
scribed in section 2.1.2. These are shown in Figure 2.2. Notice the difference in the
overall resistivity of the two samples. Sample 1909 showed a consistently higher resistiv-
ity as compared with its counterpart 1527.

The results for sample 1909 are in good agreement with other measurements published
in the literature. It shows a rise in the resistivity as the temperature is lowered. This
rise results in a peak, which is observed at approximately 1.5 K. The sudden drop at 1.5
K is attributed to a coherent state interrupted by a superconducting state, which occur
near the same temperature. Upon closer inspection one can observe that this transition
occurs at the expected value of T, = 0.9 K for samples of ‘H’-type.

Our other sample, namely 1527, has a different shape in its resistivity. Although one
can not be one hundred percent certain, this deviation from the expected result might
be attributed to impurities or other imperfections that occurred while it was prepared.
This was an important point for our experimental experience, since it was decided to
use sample 1909 for subsequent reflectance experiments. In general, one can assume that
large changes in a sample’s resistivity translate to greater differences in the temperature
dependence of its’ absolute reflectance.

The third resistivity measurement was performed on the ‘sample stage’ of the He3
cryostat. Reflectivity experiments are performed using this stage and the temperatures
used to report our data are very important. The sensor used to determine the temper-
ature in the sample stage is located several centimeters away from the location of the
sample itself. Therefore, it is conceivable that the temperature reading of this sensor
does not match the actual temperature at which the sample is. This final resistivity
measurement was done for the purpose of determining whether or not the sample goes
through the superconducting transition while placed at this location. Figure 2.3 shows

the configuration used for this experiment. Note that the sample is mounted with the
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UBe _ Sample
13

Figure 2.3: Resistivity setup on the sample stage of the cryostat.

same configuration as one would use for a reflectance experiment. In fact, the resistiv-
ity measurement was carried out immediately after a reflectance measurement without
remounting the sample.

The result is shown in Figure 2.4. This figure shows that the transition was also
obtained by placing the sample at this location, however it appears broader and zero
resistance is not obtained down to 0.5 K. This suggests that the cryostat is on the verge
of reaching temperatures below the superconducting transition of the sample when it
reads 0.5 K. During a reflectance experiment the temperature of the sample could be
slightly lower since it was observed that the current used for the resistivity experiment

produced a load on the He
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UBe,;on Sample Stage
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Figure 2.4: Resistivity of UBe;3; mounted on the sample stage.
2.2 AC-Susceptibility

2.2.1 Background

Field and temperature dependence of the AC-Susceptibility of a sample has become
an established tool for investigating magnetic and superconducting materials [11]. The

susceptibility of a sample is defined as:

oM

X = OH (2.2)

where M is the magnetization and H the applied magnetic field [12]. This technique

offers a non-invasive confirmation of magnetic and superconducting transitions that may

occur in a sample.
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Figure 2.5: Diagram of the primary and secondary coils of the AC-susceptometer
2.2.2 Experimental Details

AC-susceptibility measures a change in the mutual inductance of a primary and two
identical but oppositely wound secondary coils when a sample is placed in one of the
secondary coils. Both of these coils were wound with a computer controlled lathe using
Alcatel Scanwire (Taurimide 200 NAT, AWG 40 H [40 HAMT]) [13] .

As shown in Figure 2.5, the primary coil consisted of ten equal layers and had nearly
7000 turns in total, with a length of 6 cm and an inside diameter of 4 cm. Each secondary
coil consisted of 20 layers, with a length of 1.5 cm and an inside diameter of 2.5 cm. These
coils were then coated with GE varnish to ensure complete isolation from one another.

The two secondary coils are connected in series so that the output is nearly balanced
without the presence of a sample. Any small off-balance signal is balanced electronically
[14] . The circuit diagram is shown in Figure 2.6.

The sample is then placed on a holder, shown in Figure 2.7, and mounted on the
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Figure 2.6: Circuit diagram for electronic balancing of secondary coils [14].

bolometer stage of the He? cryostat. The temperature is lowered to 0.4 K as described in
section 3.2.1. The sample is then left at this temperature for a few hours, in order to allow
the temperature to equilibrate within the He® stage and sample holder. The temperature
is then allowed to begin to rise by disconnecting the bolometer He® stage charcoal pump
switch a total of 3 to 4 turns. This provides a temperature rise of approximately 1.2 K, to
1.6 K, over a period of 4 hours. The He* stage is gradually and continuously brought in
contact with the He? stage using another heat switch to allow a further rise in temperature
to 4.2 K. This may occur quite rapidly. If one wishes to have a more controlled rise for
this range, one must pump on the He? bath to bring it down to approximately 1.85 K, at
this point one would connect the bolometer heat switch for the He? stage, and gradually

release the vacuum on the He?* bath.



Chapter 2. Characterization of UBe;3
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Figure 2.7: Sample holder for the AC-susceptometer.

2.2.3 Results

21

Temperature dependent measurements of the AC-Susceptibility of UBe;3 sample 1909

were carried out. Figure 2.8 shows a discontinuity at around T,, 0.9 K. This is again evi-

dence that a magnetic transition, namely the diamagnetic transition of a superconductor,

has taken place.
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Chapter 3

Normal and Superconducting State Optical Properties of UBe;3

In this chapter the optical properties of the UBe;5 single crystal sample 1909 will be
discussed. A literature review of relevant experimental data concerning UBe;3 has been
presented in Chapter 1. To date, none of these studies have shown the optical properties
of this sample below the superconducting transition temperature of 0.9 K. In this thesis,
seven different temperatures, namely 0.5, 0.75, 1, 10, 45, 85, and 300 K, have been
explored. This provides the first, to the best of our knowledge, optical investigation of

this sample in the superconducting state.

3.1 Background

Measurements of the temperature dependent reflectance usually involve three main ex-
perimental components: an interferometer, a cryostat, and a detector. The raw output
obtained is called an interferogram, which is a plot of the output voltage of the detector
versus the position of the movable mirror in the interferometer. A Fourier transform is
usually performed on this interferogram, resulting in a power spectrum, which is a plot of
intensity versus frequency. The power spectrum of the sample is then compared with the
power spectrum of an intermediate reference by dividing the former with the later. The
procedure is repeated after an in-situ gold evaporation of the sample. The final absolute

reflectance, R(w), is obtained using the following formula:
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UnCoated Sample

__ Intermediate Reference
R(w) Gold Coated Sample (31)

Intermediate Reference

The intermediate reference is used to avoid errors caused by small variations in the
operating temperature of the detector, and other ambiant changes that may occur during
the collection of data. The gold coated sample is also used as a reference. The use of
gold introduces an error in the measurement which is negligible. This is to eliminate any
inconsistencies derived from geometrical considerations of the actual sample (roughness
of the sample surface, etc.), and any change in position of the sample that may occur
because of expansion of the metal components inside the cryostat, while changing from

the very low to much higher temperatures.

3.2 Experimental Details

The experiments performed on the single crystal of UBe;3 were carried out using two
different experimental setups, one being at Brock University and the other at McMaster

! and a tem-

University. The former covered a range of 110 em™"! from 10 to 120 cm™
perature range between 0.5 and 85 K. The latter covered a range of 750 em™!, from 50
to 800 cm~! and temperatures ranging between 20 K and room temperature. For the

! was also collected by

purpose of calculations, data obtained from 400 to 32,000 cm™
Graeme Wardlaw, details of these experiments are fully explained in reference [15]. A
brief description of the main components of the two experimental setups and procedures

follows.
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3.2.1 The Martin Puplett type Polarizing Interferometer and the He® Cryo-

stat - Brock University

The Martin Puplett polarizing interferometer provides a plot of the reflected intensity
versus frequency via a Fourier transform. It contains a mercury-xenon light source which
is directed via mirrors through a polarizing grid and a polarizing beam splitter. The light
is split and travels along two paths, one to a fixed mirror and the other to a movable
mirror. It is then recombined at the beam splitter after reflecting from the mirrors
and the resulting interference pattern is then directed out of the spectrometer through
a polarizing chopper towards a Helium 3 cryostat, and to the sample or intermediate

reference via one of two wave guides.

Figure 3.1: Picture of the Brock University Cryostat.

The cryostat is shown in Figure 3.1. This cryostat is used to cool in two stages

the sample to temperatures of approximately 0.5 K. In the first stage, He? is used
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to cool most of the internal components. This is done by transfering liquid He from
a storage dewar into the cryostat. The He* cavity is then pumped for about 2 hours
after which the pump is turned off. This reduces the temperature to approximately 2 K
(which is a temperature below the condensation point of He?). The second stage involves
the condensation of internally stored He? gas which is recycled every experiment. The
temperature of the He? liquid is lowered to 0.5 K by using a charcoal absorption pump
to reduce the vapor pressure above the liquid He3. Once reaching this temperature, the
sample is left to equilibriate for approximately two hours. A subtle but important point is
that before starting any collection of data, one must bring the He?* bath in the cryostat
to atmospheric pressure. Normally this bath would eventually reach this pressure by
the slow evaporation of the He* liquid once the pump is turned off. This proved to be
causing problems in the consistency of the data collected. Small drifts of the intermediate
reflectance (approximately a 2 % increase over a period of 3 hours) were observed when
the dewar was not brought up to atmospheric pressure.

The detection was accomplished using a bolometric sensor. This sensor measures the
temperature change when a photon hits its surface. Therefore, a constant temperature for
this sensor must be maintained. The measurements were carried out using a bolometer
which worked at 0.4 K. These sensors use electronic methods to avoid any drifts in the
signal. One of these methods is to apply a bias voltage. Different filtering configurations
and different bolometers use different bias voltages. The best method to determine this
voltage is to obtain a ‘load curve’. A load curve is a graph of the bolometer’s voltage
versus the bolometer’s current for different bias voltages. A sample of a load curved is
shown in Figure 3.2. Notice that at first the current rises slowly and then it dramatically
shoots upwards as the bias voltage is increased. By using the manual provided by the
manufacturer of the cryostat [16], one obtains the optimal bias voltage through the

intersection of a tangent at the inflection point with the x-axis (voltage axis).
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The temperature of the sample was measured via two temperature sensors mounted

on the sample stage. These sensors were only used to measure the temperature between

scans and were turned off otherwise with the cable disconnected. This was done to avoid

noise introduced by electrical connections near the sample.

At each temperature the sample and reference are measured about 36 times each and

averaged out to obtain the final result. This is repeated for the gold coated sample.

3.2.2 Fast Fourier Transform Interferometer - McMaster University.

As we will see in section 3.3.1, one must obtain all frequencies to perform a Kramers-

Kronig analysis. Due to the limited frequency range of the spectrometer at Brock, another

experiment was performed at McMaster University. The experimental setup consisted of

a Michelson interferometer, a He* cryostat and a bolometric sensor, similar to the one

used at Brock, which was contained within another He* cryostat.
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The Michelson interferometer, as the name suggests, consisted of a fixed and a movable
mirror. The latter moved at a very fast rate on an oil lubricated bearing. To ensure
smooth operation the oil pool was pumped and recycled every thirty minutes. The
position of this movable mirror was monitored via the interference pattern of a laser
beam and its zero path via a separate white light interferogram.

The sample was placed within the small He* cryostat that was capable of obtaining
temperatures as low as 14 K. The temperature was monitored constantly via a sensor
mounted near the sample. The bolometric detector was contained within another He*
cryostat and had an operating temperature of 4.2 K.

The collection of data was accomplished using an in-house program, which performed
a fast Fourier transform after every cycle of the movable mirror. An average of fifty
cycles was performed to obtain the final power spectrum. An identical measurement was
carried out on the reference mirror, and ratios of sample to reference were calculated to
obtain the intermediate reflectance. This was repeated for about 18 times and averaged
for the final reflectance result at each temperature. After all temperatures were collected,
a thin layer of gold was evaporated in-situ on the sample and the same procedure was

repeated. The final reflectance was calculated using equation 3.1.

3.3 Reflectance of UBe;; - Experimental Results

In Figure 3.3 the reflectance of UBey3 for seven different temperatures is shown. The low
frequency cutoff of the 300 and 85 K data, the former collected at McMaster and the latter
at Brock, is higher than other temperatures, due to limitations of the experimental setups.
The remaining temperatures are shown from 10 to 110 em™!. It is worth mentioning that
higher frequency measurements have also been made for most of these temperatures but

have not been shown since they fall outside of the frequency range of interest for this
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thesis.

Overall the reflectance increases with decreasing frequency. Also, one can see that
the reflectance decreases as the the temperature is lowered. This is obvious between
the temperatures of 300 to 10 K, and not so obvious between 10 and 0.75 K. This is
in qualitative agreement with the increase in the dc resistivity as the sample is cooled.
These results are also in agreement with the previously published results by Bommeli [7].
The reflectance changes quite noticeably between 0.75 and 0.5 K. The 0.5 K reflectance
is higher than that of 0.75 K at low frequencies, and lower at high frequencies with the

1

cross over near 45 em™ . At 0.5 K the dc resistivity is zero because of the onset of

coherence and the superconducting transition.
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Figure 3.3: Reflectance of UBeys.
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3.3.1 Mathematical Analysis using Kramers-Kronig Relations

The optical conductivity of a sample is obtained from Kramers Kronig transformations
applied to the reflectance data measured. These transformations are based on an integral
that involves the reflectance of a sample throughout the entire frequency range (from zero
to infinity). Our reflectance measurements covered a range from 10 to 105 wavenumbers
approximately. Low frequency extrapolation had to be made by observing the general
behaviour of the noisy data obtained in our experiments below 10 wavenumbers. In
general, metallic samples would have a reflectance of unity at zero frequency; this has
been assumed as true for our sample. Therefore, a straight line was used from the point of
the reflectance at 10 wavenumbers, to unity at zero frequency. Measurements performed
at McMaster University had a higher frequency limit of 700 em~!. Data between 700
and 32,000 cm~! was provided by Graeme Wardlaw [15]. For the high frequency range,
between 32,000 to 240,000 wavenumbers, digitized data from Eklund et. al. [17] has
been used. For frequencies higher than 240,000 wavenumbers a power law, w~* decay was
assumed, which is the expected free-electron behaviour. The Kramers Kronig relations

are discussed further in Appendix A.

3.4 Optical Conductivity of UBe;; - Experimental Results

Figure 3.4 shows the real part of the optical conductivity of UBe;3 for frequencies ranging
from 10 to 210 wavenumbers. Overall, the optical conductivity decreases as the temper-
ature is lowered. Again, this is obvious for temperatures between 300 and 10 K, and
then down to 0.5 K. Between 10 and 0.75 K this decrease is not as obvious. The optical
conductivity data also shows the development of a broad minimum for temperatures at
45 K and below.

Similar behaviour has been reported for another heavy fermion system, namely URu,Sis,
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by Bonn et.al. [18]. URusSiy has a coherence temperature, Tp,, of 70 K and an antifer-
romagnetic transition at 17.5 K. Measurements done at 90 K for this system showed a
flat optical conductivity, similar to our measurements between 300 and 85 K. Further-
more, URuySis shows a broad minimum for temperatures below 70 K, again similar to
the minimum seen in UBe;3 at 45 K and below.

The dc-conductivity values are marked on the conductivity axis of Figure 3.4 [19].
Note, that there is quite reasonable agreement between the trend of the optical conduc-
tivity at the lowest frequency measured and the dc values for 45 K and 10 K. At 85 K
and 300 K the dc values are lower than the limit of the optical data. While this might
be attributed to experimental error, the 85 K optical conductivity has a slight downward
trend at the lowest frequencies suggesting that this might be a real effect.

The optical conductivity shown in Figure 3.4 is decidedly non-Drude like. The Drude
conductivity which can be described by a frequency independent scattering rate is Loren-
zian in shape, and centered at zero frequency. The Drude conductivity thus monotonically
decreases with increasing frequency.

To analyze the behaviour of the optical conductivity of UBe;3, one can use an ex-
tension of the Drude Theory [20] which involves a frequency dependent scattering rate,

['(w), explained in the following section.

3.5 Frequency Dependent Scattering Rate of UBe;; - Experimental Results

The frequency dependent scattering rate is obtained from the optical conductivity using

the following formula:

"0 = Re o) = e e o (32

where oy (w,T) is the real part of the optical conductivity, oe(w,T’) is the imaginary
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Figure 3.4: Real part of the Optical Conductivity of UBe;3. Y-axis shows dc-conductivity
values taken from Knetsch et. al. [19].

part of the optical conductivity and w, the plasma frequency. Figure 3.5 shows the
frequency dependent scattering rate between 10 and 210 em~t. At 300 K, and 85 K,
['(w) is nearly flat, somewhat decreasing as the frequency increases. But at 10 K and
below, the scattering rate is suppressed at low frequencies and broadly peaks around
70 em~!. On this figure the calculated dc-values for the scattering rate were obtained

through the following equation:

w2

g = —L 3.3
d 600'dc ( )

using resistivity values from Knetsch et. al. [19] and w, determined by Wardlaw [15].
The factor of 60 is equal to 47 (4.77) where 4.77 is a factor which converts units such that

wp and T are given in em™! and oy is in Q7 'em ™. Note that in equations 3.2 and 3.4,
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that 47 should also be multiplied by this factor of 4.77 if these units are used.
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Figure 3.5: Frequency dependent Scattering Rate of UBej3. Some calculated dc-values

are shown along the y-axis [19].

To continue using the analogy of URu,Sis, similar behaviour was observed for I'(w).

The emergence of this peak (at 110 cm™! for URu,Siz) has been associated with the

energy which separates the coherent behaviour from the regime of single impurity scat-

tering. For UBe;3, our results would seem to indicate that the feature in the resistivity

associated with this behaviour would be at a temperature which is no lower than 45 K.

3.6 Frequency Dependent Mass Enhancement of UBe;; - Experimental Re-

sults

The frequency dependent mass enhancement is obtained from the optical conductivity

using the following formulas:
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1+Mm:1“5m4—i—1—1% 02w, 1) (3.4)

wdr a@j)_aﬂLﬂ%ﬂ+ﬁwE)
Where 1 + A(w) = m*/m, is the effective mass enhancement, w is the frequency,
o1(w) is the real part of the optical conductivity, o9(w) is the imaginary part of the

optical conductivity, and w,, is the plasma frequency, as explained before.
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Figure 3.6: Frequency dependent mass enhancement of UBe;.

Figure 3.6 shows the experimental results for the mass enhancement coeflicient. At
low temperatures, between 0.5 and 45 K, the mass enhancement is negative at high fre-

quencies, crossing over to large positive values at low frequencies. At these temperatures

1

a broad minimum is found around 80 em™". This behaviour has also been observed in
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URusSi,. This behaviour is not observed at temperatures above 45 K. Also, as the
temperature is lowered, its value as frequency approaches zero also increases. The low
temperature values obtained for the mass enhancement coefficient are in good agreement

with literature values [21].

3.7 Discussion

3.7.1 High Temperature Measurements

This chapter has presented the experimental results and shown the optical properties
of UBey3 in the far infrared. The optical conductivity obtained is in partial agreement,
namely the overall trend and level, with previously published data (see Chapter 1). Our
work, however, indicates that the low frequency measurements (below 40 cm™!) presented
by Bommeli et. al. are not entirely reliable because they do not resolve the minimum in
the conductivity.

For the work presented in this thesis, the low frequency cutoff was 10 e ™! and one
can observe a broad minimum in the optical conductivity for temperatures at 45 K and
below. This behaviour of the optical conductivity, in which a minimum develops below
a specific temperature, is similar to the behaviour of the optical conductivity of URusSis
[18], UPt; [22], and other heavy fermion systems [23] below the coherence temperature,
T,,. This would suggest that coherent transport exists for UBe;3 at temperatures as high
as 45 K. A possible problem with this interpretation is that the resistivity continous
to rise through this temperature. However, even after close to 20 years of study, the
resistivity of UBey is still not well understood. The application of a magnetic field [6] or
the addition of impurities [24] causes the resistivity to be suppressed at low temperatures
for temperatures as high as 50 K (see Figure 3.8). This suppression has been explained

by Schmiedeshoff et. al. [6] as a sharpening of crystal field levels from a depression
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of the Kondo effect. The Kondo effect can be explained as the scattering of the free
electrons of a metal from the local moment of a magnetic impurity. This scattering
leads to a highly correlated manybody groundstate where the conduction electrons form
a spin-polarized ‘cloud’ around the magnetic impurity. This cloud forms at temperatures
below a characteristic ‘Kondo Temperature’, Tk, and leads to anomalous behaviour in

the transport properties of dilute magnetic alloys.
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Figure 3.7: A. Resistivity of UBey3 with Thorium Impurities [24]. B. Resistivity of UBe;3
with the application of a magnetic field[6)].

Two interpretations for the appearance of such a minimum in the optical conductivity
have been proposed. One, explained by Dordevic et. al., states that if the Kondo effect
interaction dominates, theory predicts that hybridization between localized f-electron
and conduction carrier states should lead to the opening of a charge gap (or pseudogap)

at the Fermi energy [23]. Dordevic et. al. study two heavy fermion systems, which show
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similar behaviour (YbFesSbi; and CeRugShys). Both have a clear coherence temperature
of ~ 50K, and show below the coherence temperature a narrow zero frequency centered
resonance followed by a suppression of the optical conductivity at higher frequencies,
which they associate with a gap like threshold.

A more thorough calculation which also takes into account the hybridization between
f-electrons and conduction electrons has been presented by Mitrovic and Arberg[25]. In
their work the behaviour of the optical conductivity of the Anderson impurity model has
been determined in two different regimes: frequencies much greater than the coherence

temperature, and frequencies much smaller than the coherence temperature. They found:

2 *

Re(o(w)) = 7:5 m for w << Tx (3.5)
2

Re(o(w)) = %m for w>>Tg (3.6)

Re o {s}
ne*/m
B

Figure 3.8: Temperature and Frequency dependent optical conductivity of the Anderson
impurity model[25].

where 7 = 1/I" the relaxation time, and the rest of the symbols have their usual

significance. A sketch of the frequency and temperature dependence of the optical con-

ductivity is shown in Figure 3.9. Note that the exact shape of the cross-over region
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was not calculated, however assuming a smooth cross-over, would yield a curve with a

minimum near Tk as shown in this sketch.

3.7.2 Low Temperature Measurements

Measurements done in the superconducting state showed a further decrease of the optical
conductivity as compared to the relatively temperature independent conductivity from 10
K to 0.75 K [Figure 3.4]. This is an interesting result since part of the rearrangement of
the spectral weight that was lost could be the strong delta like peak expected at the origin
due to the superconductivity. Figure 3.9 focusses on the scattering rate at 1 K and 0.5 K.
In this figure one can observe a suppression of the scattering rate at low frequencies and
an overall increase in absolute value at high frequency, for the superconducting relative

to the normal state, with a cross over at ~ 25 cm™".

The dc value for the scattering
rate has been calculated as described in section 3.5 and is shown in this figure for 1 K.
Note that the low frequency value of the 1 K data seems to be in good agreement with
the calculated value. The trend of the 0.5 K data is to approach a zero value for the

scattering rate at zero frequency. This is the expected result for a zero frequency delta

function in the optical conductivity in the superconducting state.
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Chapter 4

Conclusions

4.1 Remarks

The focus of this thesis has been the characterization and the study of the optical prop-
erties of UBe;3. The characterization results and the optical properties (reflectance and
optical conductivity) at temperatures above 45 K are in general agreement with data
published in the past. The important new results of this thesis are the emergence of a
peak in the scattering rate for temperatures below 45 K, as well as the measurements at
0.5 K, which are in the superconducting state. The following sections summarize these

findings.

4.2 Characterization Results

The resistivity of our sample of UBe;3 increased as the temperature of the sample was
lowered. This rise came to a maximum at approximately 2 K for our sample. This was
followed by a sudden drop near 2 K which is attributed to a coherent state interrupted
by a superconducting state. Upon close inspection it was found that the superconducting
transition occurs at the expected value of T, =~ 0.9 K. This is confirmation that our
sample is of ‘H’-type as explained in reference [7] . This was further confirmed with the

observation of this transition in the AC-susceptibility, which was also found at 0.9 K.
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4.3 Optical Properties

The absolute reflectance of UBe;3 was obtained for seven different temperatures (300,
85, 45, 10, 1, 0.75 and 0.5 K). The reflectance was observed to increase with decreasing
frequency. Furthermore, it was found that the absolute value of the reflectance decreased
as the temperature was lowered. This was obvious between the temperatures of 300 and
10 K, but not so obvious between 10 and 0.75 K. This is in qualitative agreement with
the increase in the dc resistivity as the sample is cooled. This trend is also in agreement
with previously published results by Bonn and Bommeli [7]. In this thesis the reflectance
has been measured for the first time at 0.5 K which is below the onset of coherence
and well into the superconducting state. A significant change was observed between
0.75 and 0.5 K. The reflectance decreased more rapidly with increasing frequency at
high frequencies. A cross-over to higher reflectance at low frequencies occurred near
~ 45cm L.

The real part of the optical conductivity of UBe;3 was obtained for frequencies rang-

! using Kramers Kronig transformations. Overall, the optical

ing from 10 to 210 cm~
conductivity decreases as the temperature is lowered. These results are again in agree-
ment with previously published data. This decrease in the optical conductivity translates
into a loss of spectral weight in this region of the spectrum as the temperature is lowered.
The development of a broad minimum occurring for temperatures at and below 45 K
was also observed. This minimum was not reported by Bommeli et. al. and occurs near
the lower limit of the data presented by Bonn et. al.

The frequency dependent scattering rate was obtained by applying equation 3.2 to
the experimental results of the optical conductivity. For temperatures above 85 K a

relatively flat, yet slowly decreasing scattering rate was found. The development of a

peak occurred for temperatures below 45 K. In comparison with results published for



Chapter 4. Conclusions 42

URusSis this peak has been explained as the characteristic energy associated with the
onset of coherence. Our results thus point to a coherence temperature of ~ 45 K for
UBe3, which is close to the maximum value found for Ty, (see Chapter 1) from resistivity
measurements with the addition of Thorium impurities.

The frequency dependent mass enhancement was calculated using equation 3.4. It
shows that as the frequency decreases the mass enhancement increases. This being more
obvious as the temperature is decreased. At low temperatures, the mass enhancement is
negative at high frequencies, crossing over to large positive values at low frequencies. At

these temperatures a broad minimum is observed around 80 c¢m™!.

The low frequency
enhancement at the lowest temperatures is ~ 300 which is in good agreement with that

determined from upper critical magnetic field measurements|21].



Appendix A

Reflectivity and Phase Shift

There are a number of ways to determine optical constants. A common way is to measure

the reflectivity at normal incidence and use dispersion relations to determine the optical

properties.

The reflectivity for normal incidence is given by:

where

n—1+ik
Con4+ 14k

r(w)

We can write the complex reflectivity amplitude as

where now

(A.2)

(A.4)

At first glance it would seem impossible to separate information about n and k from

the reflectance measurements. It turns out however that one can overcome this difficulty

by making use of a Kramers-Kronig dispersion relation which is an integral formula which

relates a dispersive process to an absorption process.
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Dispersion relations follow from the requirement of causality, i.e. that there can’t be
an effect before a cause.
Causality implies that absorption of one frequency must be compensated by a shift

in phase, 6, of the other frequencies. The phase shift is given by the dispersion relation

gy = & [ RN = 0B ws)

7 w'? — w?
Thus, if R(w) is measured and #(w) is determined via Equation A.5, then n and k

can be obtained by solving Equations A.2 and A.3 in terms of R(w) and 6(w).

1-R

= A6
" 1+ R—2vVRcosf (A.6)

B 2v/Rsin 6
1+ R—2VRcosf

(A7)
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