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I.

A.

INTRODUCTION

Superconductivity - Historical Background

Superconductivity was discovered in 1911 by Kammerlingh Onnes^"^
who observed the vanishing of the electrical resistance of metals such
a mercury, lead, and tin, at a critical temperature T^, characteristic
of the material.
The next major development in the field was the discovery of flux
expulsion as a sample was cooled through its superconducting
transition temperature in the presence of a (weak) magnetic field.
The effect was named the Meissner effect, after one of its
discoverers.5
The microscopic theory of Bardeen, Cooper, and Schrieffer^
provided a firm theoretical foundation for superconductivity.

For the

purpose of treating the macroscopic behavior of superconductors,
however, when the overall free energy is important, such as in dealing
with the mixed state of type II superconductors, the Ginzburg-Landau
theory^ proved more useful.

This phenomenologicai theory, which, in

fact, preceded the BCS theory, received full recognition only after
Go'rkov^ showed that it was a limiting form of the BCS theory, valid
near the transition temperature.
The unsatisfactory quantitative agreement of BCS theory with
experiment for systems such as lead and mercury motivated the
formulation of the strong coupling theory by Eliashberg.^'^®

In this

theory, the superconducting transition temperature is uniquely
determined by the quantity X, identified as the electron-phonon

2
coupling constant which has values of order unity for strong coupled
superconductors.

In the limit of weak electron-phonon coupling

(X « 1), it is possible to obtain the basic equations of BCS theory
from the equations of Eliashberg.
McMillan-- used experimental values of certain quantities in
conjunction with the assumption of frequency independence of the
effective electron-phonon interaction matrix element to numerically
solve Eliashberg's equations and arrive at an analytic form
Tg = Tg(X, y*) for the superconducting transition temperature.

The

quantity y* represents the effective electron-electron repulsion due
to the Coulomb interaction.

McMillan's formula for

is used

extensively in the analysis of strong-coupled superconducting systems
and is known to yield calculated results remarkably close to
experimental data when the quantities X and y* have been determined
from independent experiments.

B.

Ternary Superconductors

The highest known superconducting transition temperatures to date
belong to the A-15 class of binary superconductors.

Among the A-15

compounds are the only superconductors known to have T^s in excess of
20

Concerted research efforts aimed at finding higher T^

materials have resulted in a fairly complete investigation of binary
and pseudobinary systems, from the viewpoint of new superconducting
materials research.
The field of ternary superconductors is still relatively young.
There continues to be a burgeoning of research interest in ternary
superconductors.

3
To synthesize and characterize new ternary systems with optimized
properties by choosing from a wide range of possible constituents is a
challenge to anyone engaged in new materials research.

While ternary

superconductors are still lagging in the race for higher T^s, the
distinction of having the highest critical fields measured to date
belongs to the ternary Chevrel phase materials.
The constituents of ternary superconducting systems generally
comprise two metallic elements and a non-metal. The third element
introduces an extra degree of freedom with which to "tune" the
electronic properties.

These systems are usually characterized by

high crystallographic symmetry, and, with the exception of
Ba(Pby^Bi 25)03» contain transition metals as a prominent
constituent.
Ternary superconductors span many areas of research currently in
the forefront of solid state physics.

For example, they exhibit heavy

fermion behavior, effects of mixed valence, and interplay between
superconductivity and magnetism.

C.

Superconductivity and the Mixed Valence Behavior of Cerium

Of all the elements in the periodic table, cerium exhibits a most
fascinating array of physical properties.

With variations in

temperature and pressure, cerium is known to behave as an
antiferromagnet, a superconductor, and is the only elemental system in
which Kondo scattering and a solid-solid critical point have been
99

observed.
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The homogenous mixed valence^^ of cerium in Ce-compounds gives
rise to a remarkable diversity in electronic and magnetic properties
spanning the entire range between long-range magnetic order and a non
magnetic ground state.

Among cerium-based compounds are semi

conductors,^^ re-entrant superconductors,^^ mixed valent and Kondo
systems,

superconducting and non-superconducting heavy fermion

systems,and systems exhibiting anomalous ferromagnetism.^®
In Table 1 are listed all Ce-compounds known to date to be
superconducting under conditions of ambient pressure and zero magnetic
field.

Table 1.

Superconducting Ce-compounds

Ref.

Structure

Space

^c

Type

Group

(K)

CeRu2

Cu2Mg-type

Fd3m

6.2

29,30,31

CeC02

Cu^Mg-type

FdSra

1.4

29,31,32

Celr2

Cu2Mg-type

Fd3m

0.21

33

Ce0s2

MgZng-type

Pôg/mmc

1.1

34

CeCu2Si2

ThCr2Si2-type

I4/mmm

0.6

27,35

CeRU2B2

CeC03B2-type

P6/mmra

1.1

36,37

CeOsoBo
J i.

related to
3.5

37,38

~ 1

39

Compound

CeCo3B2-type
CeRu2Si2

LaRu2Si2-type

PGg/m

^Maximum reported superconducting transition temperature.
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In addition, it is known that elemental cerium is an extremely low
superconductor in the a-phase (Tg=20 mK at 20 kbar)^^»^® and has a
much higher superconducting transition temperature (T^ = 1.9 K at
40 kbar) in the a'-phase which is attained by the application of high
pressure.Also, there have been recent reports of magnetic
field-induced superconductivity in CePbg.^^
Superconductivity in Ce-compounds has often been attributed to a
non-magnetic, tetravalent (6s^5d^Af®) configuration of the cerium ion
in the system.This idea has been contested on the basis of Ljjj
absorption experiments^^ which indicate that there are no strictly
tetravalent cerium metals.

While the exact valence of cerium in its

compounds is an open question, it is an accepted fact that the degree
of 4f-conduction band mixing is a key factor in dictating the physical
and electronic properties of a Ce compound.
Maple et al.^^ have proposed that with each state in the
continuum between magnetism and non-magnetism for Ce compounds, there
can be associated a characteristic temperature marking a crossover
between a high temperature free moment (Curie-weiss) type behavior and
a low temperature Fermi liquid regime of Pauli paramagnetic behavior.
There is a direct correlation between the degree of hybridization or
admixture of the localized 4f electronic state with the extended
states of the conduction band and this characteristic "spin
fluctuation" temperature Tgf.

In the limit of dilute lanthanide

impurity system, T^j is identified as the Kondo temperature T^y^G
A necessary condition for non-integral valence is that the two
states 4f"(5d6s)™ and 4f"~^(5d6s)''''''^ be nearly degenerate.

The mixed
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valent state can then be regarded as a mixture of 4f" and 4f" ^ ions
with nearly degenerate energies.

A localised level degenerate with

and hybridizing with the conduction band, and in close proximity to
the Fermi level is analogous to the situation of moment formation in a
dilute alloy.

A fairly reasonable, albeit phenomenological,

understanding of many experimental manifestations of valence
fluctuations in compounds can be obtained on the basis of this
analogy.

Experiments that probe the mixed valent system on a time

scale shorter than the time scale over which fluctuations between the
two configurations occur (typ ~ 10
detect each of the configurations.

sec), such as XPS studies, can
Conversely, experiments with time

scales longer than Typ can identify only one intermediate valent
state.
Lattice constant interpolation, assuming the validity of Vegard's
law of linearity between lattice constants and valence, is one of the
most frequently used methods for estimating non-integral valence.

For

elemental cerium, the valence was first determined from the knowledge
of metallic radii.For compounds of cerium; the valence is
estimated by a comparison with their isostructural homologues across
the lanthanide series. This rough estimate of the valence in these
compounds is of great value to the researcher in setting forth
guidelines for designing the "right kind" of experiments to
investigate the physical properties of the mixed valent system.

For a

microscopically accurate estimate of the valence, however, reliance
has to be placed in spectroscopic measurements such as
studies of the system.

absorption
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Magnetic susceptibility data are very useful for providing an
estimate of the spin fluctuation temperature for Ce-compounds.»^8
The quasielastic linewidth from neutron scattering gives a more
accurate measure of Tg^. The trends observed in Tgg for Cecompounds^G have been that compounds with low values of the spin
fluctuation temperature contain essentially trivalent cerium.
Examples of this are CeAl2, CeAlg, CeCu2Si2> Celng.

The systems Y-Ce,

CeSng, and CeBeig are weakly mixed valent and have Tg£ in the
approximate range ~ 100 - 200 K. The spin fluctuation temperatures in
the strongly mixed valent a-Ce, CeN, CeRu2 are ~ 1000 K. The actual
valence of cerium in even the strongly mixed valent systems is now
believed to be much closer to three than the values estimated from
lattice constant anomalies.

This new approach is based on Ljjj

absorption, and photoabsorption and photoemission
measurements.In the past, mixed valence had meant weakly
mixed valent, while strongly mixed valent compounds, many of which
were superconducting, were regarded as tetravalent.^^

In the

"tetravalent" compounds with high Tg^, the low temperature
susceptibilities are low and very weakly temperature dependent with a
tendency for the susceptibilities to increase slightly above ~ 100 K.
This has been interpreted as a residual 4f contribution to the
susceptibility.^^
Phenomenologically, the ground state of the valence fluctuating
Ce-systsm can be regarded as a Fermi liquid.The evidence in
support of this approach includes finite ground state
susceptibilities, large linear specific heat coefficients and

8
quadratic temperature dependence of low temperature resistivities and
susceptibilities.

However, the microscopic character of the Fermi

liquid behavior is not well-known.

The discovery of a large number of

heavy fermion Ce compounds^^ is focusing a great deal of interest on
the theory of Fermi liquids, which could yield dividends in terms of a
much better understanding of mixed valent system on a fundamental
level.
A quality unique to materials with unstable valence is that the
valence state is extremely sensitive to mechanisms such as nonstoichiometry, neighboring vacancies, impurities or lattice defects,
cold-work-induced defects, external pressure and so on.

This is

because the valence state is highly sensitive to local charge
distributions and strain fields.

Alloying experiments and high

pressure studies are therefore excellent means for investigating mixed
valent systems.

D.

High Pressure and Superconductivity

High pressure studies have come a long way since the first use of
pressure to study superconductivity in 1925.^^

Technological advances

have made the combination of ultrahigh pressures and ultralow
temperatures readily attainable and thereby made pressure effects a
very useful tool for probing the nature of superconductivity.
High pressure experiments enable scientists to generate wellcontrolled, continuous variations of pertinent parameters, such as the
Debye temperature characterizing the lattice vibration, the density of
states and the electron-phonon coupling strength.

9
Investigations of the effects of high pressure on the Chevrel
phase compounds,for instance,

provided valuable insight into

the nature of instabilities that are present in these compounds.
Another example of an interesting development from high pressure
studies is in identifying features in the Fermi surface topology,
which can be checked against results from theoretical band structure
calculations.
For mixed valent systems, a very small energy often suffices to
excite f-electrons into the conduction band.

This is particularly

true for Ce-based compounds where the 4f energy level is in close
proximity to the Fermi energy.

The electronic occupation of the 4f

shell in Ce-compounds changes continuously or discontinuously as
temperature, pressure, or composition is varied.
The thrust of the present investigation is towards understanding
the superconductivity occurring in the three "conventional" ternary
cerium superconductors under conditions of varying composition and
pressure.
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II.

A.

EXPERIMENTAL DETAILS

Sample Preparation Techniques

The samples were prepared by arc-melting stoichiometric éimounts of
the

constituent elements in a Zr-gettered arc-furnace on a water

cooled Cu-hearth in an inert gas (Ar) atmosphere.

The sample size was

kept small (< 1 g) and each sample was re-melted several times to
ensure homogeneity.

Sources and purities of the starting elements are

listed in the Appendix.

The individual members across the

pseudoternary series were synthesized from the end members by melting
them together in the right proportion for the desired composition.

B.

Crystallographic Analysis

Powder X-ray diffraction patterns were obtained using a
microcomputer controlled RIGAKU diffractometer with Cu-Ka radiation and
a diffracted beam graphite monochromator at a step scan rate of
0.01 °/sec. The angular positions of the Bragg peaks were determined
after applying a 16 point smoothing function to the rav data.

The aid-

points of full peak width at half maximum peak intensity were obtained
by analysis of the smoothed data.

All unit cell parameters were

refined by a least squares fit of six reflections with the
corresponding diffraction angles corrected by means of an internal Sistandard (a = 5.43083 Â).^^
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C.

AC Magnetic Susceptibility

The ambient pressure superconducting transition temperatures, T^s,
of the samples were determined from low frequency (~ 25 Hz) ac magnetic
susceptibility measurements in a conventional He^ devar for the
temperature range between 1.1 and 30 K. For the low

samples,

measurements were performed using a commercial He^-He^ dilution
refrigerator^^ for the range from 0.06 to 5 K.

Temperatures were

determined by means of calibrated Ge thermometers known to be accurate
to within 0.1 %.

In every case, the mid-point of the transition is

taken as the superconducting transition temperature, T^.

The

temperature difference between 10 and 90 Z of the full transition is
reported as the transition width.

D.

Static Magnetic Susceptibility

The static magnetic susceptibility of each sample was measured
using a fully automated commercial SQUID magnetometer

equipped with a

second derivative detector array, in an applied field of 0.2 Tssla, in
the temperature range 2.4 - 350 K.

A cross-sectional view of the

sample measurement region of this apparatus is shown in Fig. 1.
Temperature control was achieved by means of a built-in temperature
controller interfaced to an HP personal computer, to an accuracy of
within 0.1 %.
Temperatures were measured by means of a Pt thermometer in the
range from 40 K to 400 K, and a Carbon Glass thermometer in 2.4-40 K
range — both calibrated to NBS standards.
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Fig. 1.

Sectional viev of the SQUID magnetometer probe assembly
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E.

Electrical Resistivity

Electrical resistivity measurements (dc) were done on flat samples
of uniform thickness using the four probe technique.

Fine platinum

wire (- .002" diameter) spot welded to the perimeter of the sample
served as the voltage and current leads to the sample.

Temperature

control in the range of measurement was achieved using the
configuration detailed in the preceding section.

A constant input

current was supplied by a Keithley constant current source while the
output voltage was measured using a Keithley nanovoltmeter.

The

average of two measurements, one with the current flowing in one
direction and another with the current direction reversed, was used to
calculate the value of the resistance at each temperature to compensate
for thermal fluctuations.
The method suggested by van der Pauw^^ for calculating the
resistivity of a flat sample with arbitrarily shaped perimeter was used
to calculate the resistivity p at room temperature.

The necessary

criteria for the use of this method, namely, small contacts (relative
to sample size), uniform sample thickness and absence of isolated holes
in the sample were all fulfilled by the samples measured.

F.

Low Temperature Heat Capacity

Low temperature heat capacity measurements were performed in zero
field in the temperature range 0.5-30 K using a semiadiabatic heatpulse type calorimeter.
described in Ref. 60.

Details of the measurement technique are
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G. High Pressure
The variation of the superconducting transition temperature with
applied pressure was determined to - 20 kbar for bulk pieces of samples
using a hardened Be-Cu hydrostatic pressure clamp with WC p i s t o n s . A
1:1 mixture of isoamyl alcohol and n-pentane was the pressure
transmitting fluid and the actual pressures were determined at low
temperatures using superconducting Pb and Sn manometers
To obtain pressure data beyond the 20 kbar range, a diamond anvil
high pressure cell was used, which had been designed by J. S.
Schilling^^ specifically for the purpose of investigating magnetism and
superconductivity at very high pressures.

The details of this clamp

are shown in Fig. 2.
The cell is constructed entirely of hardened Cu-Be alloy.

The

upper flange has a bolt-circle arrangement which attaches to a
continuously operating He^ cold plate.A heater coil wound
astatically around the cold plate allows for a continuous variation in
temperature.

The temperature is measured by means of a Ge resistance

thermometer mounted on the cell very close to the diamond position.
Another thermometer, on the cold plate, provides an independent check
on the temperature.
The diamonds are affixed to the bases by clamping them in position
and building up a collar of Stycast 2850 around the edges.

Three

screws for x-y adjustment of the upper diamond and a hemispherical
rocker arrangement on the lower diamond are provided for the purpose of
matching the diamond faces to ensure parallelism.

The disappearance of

interference fringes between the faces, observed with Na-light, and the
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Fig. 2.

Diamond anvil pressure clamp designed for studies of
superconductivity and magnetism
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centering of Newton's rings formed by pressurizing NaCl between the
diamond faces, are taken to be evidence for parallelism.
The diamonds in our set-up have a total weight of 0.33 carats
each.

The distance between the two opposite sides of the octagonal

anvils is 0.5 mm.

A metal gasket, prepared by drilling a hole of

~ .16 mm diameter, at the center of an indentation made by the anvils
provided containment of the hydrostatic medium.

The gaskets used were

indented down to a thickness of ~ .18 mm from an initial thickness of
- .3 mm.
The indented and drilled gasket is seated on the lower diamond in
the same orientation as when indenting it.

The sample and Pb manometer

are placed in the hole which is then filled with the pressure
transmitting fluid and, finally, sealed by bringing the upper diamond
on the gasket.

This configuration is shown in Fig. 3.

The gasket

plays a crucial role in diamond anvil cell pressure generation.

In

addition to containing the pressure medium, by extruding around the
diamonds, it acts as a supporting ring and helps prevent the buildup of
stresses at the edges of the diamond anvils.
The detection system in our setup consists of a superconducting
Nb-Ti pickup coil wound astatically on a Cu-Be coil form which
encircles the gasket.

This detection coil is connected to a SQUID.

There is sufficient sensitivity to detect flux expulsion due to
Meissner effect from a Sn sample of mass < 1 yg which enters the
superconducting state in earth's field (- 0.4 Oe). However, to
increase the signal to noise ratio, the measurements reported were done
in an applied field of 30-40 Oe trapped within a Pb shield surrounding

17
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Fig. 3. Opposed diamond anvil configuration, with a metal gasket
for sample confinement in a pressure medium; the basic
part of the DAC®^

18
the vacuum can containing the cell.

The output from the SQUID and

that from a potentiometric conductance bridge connected to the
thermometer were fed into the y and x axes of a chart recorder which
mapped out the superconducting transition of the sample investigated,
as well as that of the Pb manometer.
For our initial measurements the gasket material used was binary
Cu-Be which was pre-stressed by collapsing the drilled out hole several
times before drilling the final hole.

The drilled gasket was then

hardened by annealing at 315 °C for two hours.

While this material was

used successfully up to 66 kbars, a rather high incidence of gasket
failures at lower pressures led to the choice of non-magnetic stainless
steel 304 for gasket material for most of the measurements.

The

maximum pressure attained was found to be very sensitive to the nature
(hardness) of the gasket material and the dimensions of the hole.
A mixture of methanol and ethanol in the ratio 4:1, which is known
to remain hydrostatic at room temperature to ~ 100 kbars,was used as
the pressure transmitting medium.

Pressure was applied at room

temperature using a double-diaphragm He gas loaded d e v i c e . T h e
actual pressure at low temperature was determined by observing the
depression of the superconducting transition temperature of a Pb
manometer, which has been investigated up to pressures of - 300 kbar.^^
The complete arrangement of the diamond anvil cell and cryostat is
shown in Fig. 4.
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III.

Â.

RESULTS AND DISCUSSION

Superconducting Rare Earth Transition Metal Borides and Silicides
of 1:3:2 Stoichiometry
There are at least ten distinct structure types among the families

of rare earth transition

metal borides and silicides which have

superconducting members.These constitute but a small subset of all
the known classes of ternary borides and silicides.

Narrowing down

still further, we come to the Ce-based ternary superconductors of which

35—39

there are only four known to date .

The first Ce-containing ternary superconductor discovered,
CeCu2Si2> belongs to the fascinating class of heavy fermion systems.

68

wealth of data from numerous studies is available for this system.

The essentially trivalent nature of cerium in this compound is unique
from the standpoint of superconductivity in Ce-compounds.
Superconductivity in the three other ternary Ce-compounds,
CeRu3B2, CeOs2B2 and CeRugSin appears to be of a conventional (as
opposed to heavy fermion) type.

All three compounds have structures

derived from the CeC03B2-type hexagonal structure.This work is
the outcome of an investigation relating to the nature of
superconductivity in these materials.
The compounds with the general formula MC02B2 (M=Sc,Y,U,
RE(Rare earth)) and UFe3B2 were all identified over a decade ago as
members of the CeCo3B2-type structure class \Aexagonal, with space
group P6/mmm) and having one formula unit per unit cell.^^

Ku and

co-workers extended this class of materials to the MT3B2 group^^'^^

A
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(M=RE, U; T=Ru, Rh, Ir, Os) and identified at least two other structure
types, distinct from, though closely related to the hexagonal CeCogB^type structure.
The superconducting and magnetic properties of the majority of
MT2B2 compounds were characterized by Ku and his colleagues.
The recent discovery of anomalous ferromagnetism in CeRh2B2^^'76-78
below 115 K, the highest known magnetic ordering temperature of any Cecompound with non-magnetic constituents, has generated a great deal of
interest in MTgB^-type compounds within the realm of new materials
research.
The compound CeRu2B2 is isostructural to CeRh2B2, but in sharp
contrast to the magnetic ordering evident in the latter, CeRu2B2
07
undergoes a superconducting transition at 1.1 K at ambient pressure.
CeOs3B2 is isoelectronic to CeRu2B2 with a more complex powder
x-ray diffraction pattern, and has a superconducting transition
temperature of 3.5 K.37'38
complex x-ray patterns.

LaOs2B2 and PrOs3B2 also have similar

While the former is non-magnetic and non-

superconducting down to 1.1 K, the latter exhibits a niagnstic
transition at 5.5 K.

Of all the MOS3B2 compounds, there are three

others that are known to be superconducting.^^

They are

Y0S3B2(TJ, ~ 6 K), ThOs3B2 (T^ - 3.4 K), and LUOS3B2 (T^ - 3.4 K).

The

crystal structure of LUOS3B2 is the known CeCo3B2-type while the other
two are regarded as having a tetragonal structure derived by distorting
the €600382 hexagonal structure.
not yet been fully characterized.

However, the tetragonal structure has
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Ternary silicides of the MT3Si2 type are known to crystallize in
two types of structures, the hexagonal CeC03B2-type^^ and the LaRugSigtype structure which is a distorted derivative of the CeCogB^-type.^^
There are no superconductors known among the silicides that have the
CeCogB^-type structure.

LaRh3Si2 and LaIr3Si2, with this structure,

were found to be non-magnetic and non-superconducting down to 1.2 K,
but with a diamagnetic static susceptibility throughout the range of
temperatures 2.6-350 K. Isostructural CeRh2Si2 was normal down to
1.2 K, while CeIr2Si2 exhibited a magnetic transition at ~ 2.7 K.
In the LaRugSi2-type compounds, superconductivity has been
observed for four members — LaRu3Si2 ( ~ 7.3 K)), YRu3Si2 (3.5 K),
ThRu3Si2 (3.9

and in CeRu3Si2 (~ 1 K).^^ To synthesize these

compounds, the ratio of the starting elements needs to be 1:3.5:2,
whereupon the powder x-ray pattern can be indexed on a hexagonal 263/0
structure with additional reflections due to elemental ruthenium. The
distortion from the €600382 type structure leads to extra reflections
in the x-ray pattern.

To account for these new lines, the c-lattice

parameter is doubled and we have two formula units per unit cell.^'
The closely related crystal structure of the three ternary ceriumcontaining superconductors suggested the possibility of alloying
between them and motivated this present investigation of the
pseudoternary series Ce(Ru^_jjOSjj)3B2 and CeRu3(BjjSi^_jj)2Using specific experimental techniques and apparatus detailed in
Chapter II, data have been collected on the variations of static
susceptibility and electrical resistivity with temperature from 2.6 to
350 K and on the pressure-dependence of the superconducting transition
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temperatures up to pressures of 66 kbar in these systems of materials.
While some insight into the nature of the mixed valent state of cerium
and into the mechanism of superconductivity in these compounds has been
gleaned from these results, there is vide

scope for more substantive

experimentation in this area, such as single crystal studies, neutron
scattering experiments, Ljjj absorption experiments, high temperature
susceptibilities and resistivities, all of which offer the promise of
additional valuable information.

B.

Crystal Structure and Superconductivity Across the

Pseudoternary Series Ce(Ru2_^0s^)^82 and CeRu3(BjjSij^_jj)2

1.

The Ce(RU]^_yOSy)3B2 series
The samples were prepared and characterized in the manner detailed

in Chapter II.

The as-cast samples were characterized on the basis of

prior knowledgeG9»75

the crystal structure.

Powder x-ray diffraction data confirmed the hexagonal P6/mmm type
structure of CeRu3B2 with a = 3.527 (Â) and c = 2.996 (Â) (see Fig. 5).
The Ce atoms occupy the la (0,0,0) position and form chains along the
c-axis, resulting in a short Ce-Ce distance.

In going across the

pseudoternary series Ce(Ruj^_j^0Sjj)3B2, by increasing the osmium
concentration, this basic structure is retained up to the point where
76% of the Ru has been replaced by Os, with absolutely no indication of
any additional reflections in the x-ray pattern that would suggest the
presence of a secondary phase.

In the x-ray patterns of the x = 0.84

and X = 0.90 compositions, there is evidence of a few weak, reflections
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Ru
Ce
«o

g. 5.

The CeRugB- crystal structure (0600-82 tyPe, P6/mmm)
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not indexable on the CeRu3B2 pattern, but the majority of the samples
(- 85%, estimated form line intensities) is still the hexagonal CeRu3B2
type.
The pure osmium compound CeOs2B2, however, has a more complex
x-ray pattern and it was not possible to index the pattern either on
the CeCo3B2-type structure as had been possible for the other members
of the pseudoternary series, or on the orthrohombic (YOs3B2-type) or
the monoclinic (ErlrgB^-type) derivatives of this hexagonal structure,
which have been described in Ref. 75.
For the compounds from x = 0 to x = 0.91, there is a monotonie
increase in the unit cell volume which can be seen from the data
presented in Table 2 and Fig. 6. The volume change appears to be
influenced by a slightly more pronounced increase in the a-lattice
parameter as compared to the smaller changes of the c-axis.

Since the

c-parameter is the measure of the shorter Ce-Ce separation, this
suggests that there is no significant change in the distance between
nearest neighbor Ce atoms.
The compound CeRu3B2 was found to undergo a superconducting
transition at 1.1 K. which is higher than the earliest reported value
of 0.68

for T_ in this material.

This higher value of T^ observed

in our compound may be attributed to the ultra high purity cerium used
in our synthesis, for we consistently obtained this higher T^ in
several different samples. The 0205382 compound has a superconducting
transition at 3.5 K, the highest superconducting transition temperature
observed to date in a cerium-containing ternary compound.
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Ce(Rui.vOsx)3

V(&')

40

60

At % Os
Fig. 6. The variation of lattice constants with osmium
concentration across the series Ce(Ru^_xOSx)B?. The
solid circles (•) denote unit cell volumes, xhe error
bars indicate the uncertainty introduced due to
measurement techniques. The a- and c-lattice parameters
are denoted by the (x) and (a ), respectively.

27
Table 2. The hexagonal lattice parameters for Ce(Ru2^_jjOSjj)3B2®

Os
concentration x

a(Â)

c(Â)

V(Â)^)

0

5.527(3)

2.996(4)

79.24(9)

0.26

5.532(2)

2.998(3)

79.44(7)

0.50

5.537(1)

3.004(1)

79.76(4)

0.67

5.539(2)

3.008(2)

79.92(4)

0.74

5.552(3)

2.999(4)

80.06(11)

0.84

5.550(1)

3.009(1)

80.25(2)

0.91

5.553(1)

3.010(1)

80.28(2)

1.00

omitted since structure is different

^he numbers in parentheses are estimates of uncertainty in the
last digit(s).
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As ruthenium was replaced by osmium in Ce(Ru2^_jjOSjj)3B2, the
superconducting transition temperature was found to increase smoothly,
reaching a maximum at the compound with x = 0.91, which exhibited a
of 4.27 K, a value higher than that observed for the pure osmium
compound (see Fig. 7). This trend of continuously increasing T^s for
increasing x probably correlates with the smooth increase in unit cell
volumes with increasing x in these materials.
The bulk nature of superconductivity in CeRu3B2 and CeOs3B2 was
confirmed by means of low temperature heat capacity measurements.

The

variations of the specific heat with temperature in these two compounds
are displayed in Figs. 8 and 9, respectively.

The confirmation of bulk

superconductivity is especially relevant for 0608382 in view of the
unknown crystal structure.

Since there are no binary phases with the

constituents cerium, osmium, and boron that superconduct at temperatures
in the vicinity of the observed T^, we attribute this bulk
superconductivity to the 0603382 phase.
A variety of interesting parameters relating to the nature of the
solid can be deduced from an analysis of the specific heat data of the
material in its normal state. The data above T^

up to approximately

18 K, were fitted to the standard expression for specific heat

c = vr +

(1)

where the linear term represents the electronic contribution to the
specific heat, the
T

term is the normal phonon component, while a small

term (values of a in our systems, are - 2 x 10"mJ/mol K~) is

included to account for lattice anharmonicities.

Ce (Ru,.x OSy), Bg

Tr(K)

40

60
At % Os

Fig. 7.

The variation of superconducting transition temperature T^ with changes in os
concentration across the series Ce(Ruj_jjOSjj)3B2
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The values of Y obtained from the fit to Eq. (1) are large enough
to be consistent with values observed in Ce compounds in general, but
order(s) of magnitude smaller than Y values that characterize heavy
fermion systems.(See Table 3.)
The Debye temperature (6jj) that characterizes the lattice was
calculated by using the coefficient P obtained from fitting the specific
heat data in the low temperature region and the expression

IZirrNko
B.

where

(2)

r = number of atoms per formula unit
N = Avogadro's number, and
kg = Boltzmann's constant.

Since the normal scaling of

according to the mass (% ®

does not hold between CeRu3B2 and CeOs3B2, the Debye temperatures across
the pseudoternary series Ce(Ru2_^0s^)3B2 were estimated from a weighting
of the Gj^s of the parent compounds according to the compositional ratios
(see Table 3).
The enhanced density of states at the Fermi level, N*(0), can be
calculated using the Y values of the materials in the expression

*
3Y
N*(0) = —
—
ZfNrkg

where N, r, and kg are the same quantities defined for Eq. (2).

(3)
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The electron-phonon coupling constant, X, which is responsible for
superconductivity, was calculated for both CeRu2B2 and CeOs2B2 using ^
values from Eq. (2) and our experimental values of

in McMillan's

equation^l

1.04 + y

%

In (
)
1.451L
(4)

(1 - 0.62 u ) In (

%

) - 1.04

1.45 T,

where y* is the strength of the effective Couloumb interaction and has
the typical value of 0.1 for transition metal compounds.

The values of

X are calculated, for CeRu2B2 and CeOs2B2, using the ^s obtained from
experimental X values, and for the pseudoternary members of the series,
using experimental T^s and estimated G^s (listed in Table 3) in Eq. (4).
From an examination of the specific heat jump at T^, the ratio
ÛC/yr^ was calculated to be 1.42 for CeRu3B2, in close agreement with
the ideal value of 1.43 for a BCS superconductor. In the case of
CeOs3B2, however, this ratio turns out to be only 0.4. This could be
indicative of possible non-stoichiometry or the presence of secondary
phase(s) in the sample.
The slightly lowered values of T^ obtained from the specific heat
jump as compared to the values obtained by ac susceptibility techniques
could be due to slight inhomogeneities which may be present as a result
of the large sample size (~ 3 g) necessary for our heat capacity
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Table 3.

Quantities relating to superconductivity in Ce(Rui_xOSx)2B2

Os
concentra- k)
tion (at.%)

0

1.17 -1.03

N*(0)
states/evatom spin

Y
o
mJ/mol K

15.6

288

X

0.55

0.41

26

1.80 - 1.77

-

330b

-

O.43G

50

2.66

- 2.60

-

369^

-

0.46^

67

3.36 - 3.27

-

397b

-

0.48^

74

3.74 - 3.67

-

407b

-

O. 4 9 G

84

4.00 - 3.86

-

424b

-

O. 4 9 G

91

4.33 - 4.21

-

435b

-

0.50^

100

3.55 - 3.47

1.42

0.47

40.1

450

^Numbers represent 10-90% of inductive transition.
^Estimated from ©pS of end members of the series; see text.
^Calculated using estimated GpS in Eq. (4).
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experiments.

Values of all these quantities relevant to

superconductivity in Ce(Ru^_jjOSjj)2B2 are listed in Table 3.

2. The CeRuq(B^Sii_^)q series
The method of sample preparation is detailed in Chapter II. To
obtain the CeRu3Si2 structure, however, in contrast to the case of
CeRu3B2> where we begin with the starting elements in the correct
stoichiometric ratio, excess ruthenium had to be added in for
stabilization of the 1-3-2 silicide phase.On starting with the
nominal composition CeRu^ ^^12, the hexagonal CeRu2Si2 was obtained as
evidenced from x-ray powder diffraction pattern analysis, with the
additional reflection(s) from elemental ruthenium clearly identifiable.
These lines from elemental ruthenium were the only extra lines in the
pattern.

Attempts to synthesize the compound by starting with the 1-3-2

ratio, on the other hand, resulted in materials with x-ray patterns that
exhibited several spurious peaks.
The reflections observed in the x-ray pattern for CeRU2Si2 could be
indexed on a hexagonal Pôg/m lattice with a = 5.569Â and c = 7.151 Â.
This structure is a distorted derivative of the hexagonal P6/mmm
structure exhibited by CeRu-^B?, which has approximately the same alattice parameter, but has a factor of two smaller c-parameter.

This

doubling of the c-lattice parameter in CeRu3Si2 is due to a slight
deviation of the Ru atom from its ideal (1/2,0,1/4) position in the
CeRu3B2 lattice to a position <x,y,l/4), with x ~ 0.48 and y —0.01.
This leads to two different interatomic spacings between the ruthenium
atoms.

The structure of CeRu3Si2 is shown in Fig. 10.
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When boron was substituted for silicon to obtain the pseudoternary
series CeRu3(BjjSi2^_jj)2, the PGg/m type structure with its a = a^ and
c = 2cq superlattice was seen to persist up to at least a boron
concentration of x = 0.23.

For boron concentrations x > 0.5, the x-ray

patterns could be indexed on the basic CeRu3B2 (P6/mmm) cell, but with
c-lattice parameters noticeably longer than in CeRu2B2.

Beyond

X = 0.66, however, and more specifically, for x = 0.73, 0.80, and 0.90,
there were some extra reflections in the x-ray pattern which could be
accurately indexed on another CeRu3B2-type phase, with the c-parameter
much shorter, of the same order of magnitude as in CeRu3B2.
0.9 < X < 1.0, there was only this one phase present.
presented in Fig. 11.

For

These results are

Thus, there is a region, 0.66 < x < 0.9, in the

phase diagram of the CeRu3(B^Si2_x)2 materials, where there is a mixture
of two phases present, each with the same a-lattice parameter but
significantly differing in their c-lattice parameters.
The compound CeRu3Si2 exhibited a superconducting transition with
T^ - 1.2 K, higher than the earliest reported value.On alloying with
boron in the silicon-site, the superconducting T^ was found to increase
monotonically with increasing boron concentrations, up to x = 0.62.

At

X = 0.66, the T_ increases suddenly by ~ 20% above its value at
x = 0.62.

The T^ remains in a 'plateau' region for boron concentration

up to 90 at.%. This is the two-phase region, as indicated by the
crystal structure data and confirmed by our measurements of the
superconducting transition.

Fig. 12 illustrates the variation of

as

boron concentration is changed in going across the pseudoternary series.
The phase with the larger c-lattice parameter possesses the higher T^.
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The variation of lattice parameters with boron
concentrations across the series CeRu3(BjçSii_^)2) The
solid squares (•) denote the halved c-lattice
parameters of the Pôj/m structures, which allows for
comparison with the c-lattice parameters of the
original ?6/mmm structure (see text). The solid ( e )
and open (o) cirlces are symbols of the c-lattice
parameters of the higher and lower T^ phases,
respectively, for compounds in the CeRuj(B^Sij_jj)2
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The variation of superconducting transition temperature
.concentration, across .th« series CeRu^CBj^Si

vith changes in boron
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Table 4.

B
Concentration
(at.%)

Lattice constants and superconducting T s across the series
CeRu3(BjçSii_jj)2^

Space
Group

a

c

V

(A)

(A)

(Ar)

T ^
(K)

P^g/m

5.569 (2)

7.151 (2)

192.09 (8)

23

f^g/m

5.564 (3)

6.858 (12)

183.85 (31) 1.,31 - 1. 25

50

P6/mmm

5.549 (2)

3.269 (2)

97.16 (6)

1,,44 - 1. 33

57

P6/mmm 5.550 (1)

3.227 (2)

86.08 (5)

1..52 - 1. 39

62

P6/mmm

5.544 (2)

3.196 (4)

85.07 (9)

1..56 - 1.,45

66

P6/mmm 5.537 (2)

3.187 (4)

84.62 (10) 1,.80 - 1.,67

73®

P6/mmm 5.523 (5)

3.201 (9)

84.56 (22) 1..84 - 1,.69

5.520 (6)

3.031 (9)

79.99 (23)

5.518 (5)

3.173 (9)

83.65 (24) 1.87 - 1,.79

5.518 (5)

3.011 (8)

79.39 (20)

5.525 (2)

3.167 (4)

83.73 (11) 1.86 - 1.65

C

3.000

-»0

o

o
00

0

90^

P6/mmm

P6/mmm

CO /.

/1 \

K-*-/

/I \

n

1. 26 - 1.10

/0\
V ^ /

94

P6/mmm 5.520 (1)

3.000 (1)

79.17 (2)

1.10 - 1.02

100

?6/mmm 5.527 (3)

2.996 (4)

79.24 (9)

1.17 - 1.03

^Numbers in parentheses denote uncertainties in the last digit(s).
^10 - 90% of inductive transition.

^Lattice constants are for two phases present in the same sample.
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The Tg of the phase with the smaller c-lattice parameter lies below this
higher

and was not observed due to screening effects.

concentration exceeds ~ 90 %, the higher

Once the boron

phase disappears and we have

transitions to the superconducting state at temperatures close to the
of the end member, CeRu2B2.

Our surmise is then that there exists a

two-phase region in the concentration range (0.66 < x < 0.91) of the
CeRu3(BjçSij_jj)2 series.

This region is marked by the presence of two

superconducting ternary phases, both of the CeRu3B2-type crystal
structure, differing only in the length of their c-parameters, which
appears to cause a significant difference in their T^s.
The bulk superconductivity of CeRu3Si2 has been confirmed by
specific heat measurements^^ which yield a value of 39 mJ/mol

for y,

1.4 states/eV-atom spin for N*(0) and a Debye temperature of 245 K.
own measurements on CeRu3B2 yielded the values of 16 mJ/mol

Our

for y»

0.55 states/eV-atom spin for N*(0) and a 6^ of 288 K.

C.
1.

Static Susceptibility Measurements

Introduction
There have been extensive studies on the temperature-dependence of

the static susceptibility of intermediate valent compounds^^'®^"®^
leading to useful information relating to the nature of the mixed valent
state and mechanisms such as spin-fluctuations and impurity effects in
these systems. The molar susceptibilities of strongly mixed valent or
"tetravalent" Ce-compounds are low and essentially temperatureindependent, with a noticeable upturn at low temperatures which is
attributed to pure Ce-^ impurities carrying the full moment of 2.54 yg,
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which interact magnetically at low temperatures.In the
valence fluctuating material CeSng, this low temperature 'tail' of the
QC

susceptibility has been established to be intrinsic in nature.
However, to identify such an intrinsic cause for increase in X as T -» 0
requires a very careful examination of each system individually to
eliminate all possible extrinsic causes for this effect.
The values of the temperature independent susceptibilities in the
"tetravalent" cerium systems are always considerably higher than those
on
of any reference compounds with La, Hf, or Y.
The "enhanced"
susceptibilities typical of many mixed valent systems are conventionally
interpreted as indications of Fermi liquid behavior.®®
The susceptibility of a compound containing cerium in a non
magnetic ground state is usually fitted by a least squares method to an
analytic expression

C

X = Xo +

(5)
T-0

The Curie constauit C (C = Nug^p^/3kg, where N = Avogadro's number, Pg =
Bohr magneton, p = effective moment in Bohr magnetons, kg = Soltzmann's
constant) is a measure of the concentration of the most probable species
of magnetic impurity, the free Ce^*, and indicates the total percentage
of the cerium ions that carry the full Ce^"*" theoretical moment of p =
2.54.

is the temperature-independent susceptibility of the impurity-

free compound and 0 is the Curie-Weiss ordering temperature.
Using the prescription outlined in Refs. 26, 39, and 81, a spin
fluctuation temperature can be estimated from the values of the
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temperature independent susceptibility )^.

This is accomplished by

making use of the definition of the spin fluctuation temperature as the
temperature at which the effective moment (u(T)=T5^/C) reaches half the
free-ion value (y(Tgf)=l/2).
While generalizations such as associating higher spin fluctuation
temperatures Tgjs with higher superconducting transition temperatures
TgS, for instance, must be made with caution in dealing with diverse
compounds, such correlations may be established within the same class or
closely related system of compounds.

A strong correlation has in fact

been observed in different samples of the heavy fermion system CeCu2Si2
where the highest

is observed in samples with highest Tg£.

fi7

It is

not unreasonable to expect similar trends to appear at least within each
of the pseudoternary series investigated in the present work.

2.

The Ce(RU]^_^Os^)

series

The temperature-dependence of the molar susceptibility X in the
temperature range 2.6 - 380 K for different members of the
Ce(Ruj_jjOSjj)3B2 series is displayed in two figures (Figs. 13 and 14)
with different ordinates for the purpose of better resolution.
For each sample in the pseudoternary series, the susceptibility is
essentially temperature-independent except for a sharp increase at low
temperatures (< 40 K). At all temperatures, susceptibility values were
much higher in the 0605382 material than in CeRu3B2, while the
susceptibilities for the pseudoternaries fall within a band of values
intermediate to those of the pure ternaries.
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By fitting the data to Eq. (5), the quantities C and
obtained.

and 0 were

From the value of C, an effective moment can be calculated,

which, when compared to the free Ce^"*" moment, gives an estimate of the
amount of trivalent cerium impurity present in the material.
Estimates of the spin fluctuation temperatures were made on the
basis of the experimental values for
previous section.

using the method outlined in the

The Tg£ is high for all members of the series

Ce(Rui_j,0Sj,)3B2, but has the remarkably high value of ~ 1500 K in
CeRu2B2.

The highest estimated Tg£ for the lowest T^ member of the

pseudoternary series and the lowest Tgj for the compound with one of the
highest T^s, (see Table 5), defy any simplistic understanding.

However,

from X = 0.26 to x = 0.74, the Tg^s are seen to increase monotonically
as do the T^s.

In the compounds with x = 0.84 and x = 0.91, the Tg£ is

lower than the materials with lower osmium concentrations, but the
higher Tg^-material of these two does have the higher T^.
The larger values of

for the highest Os-concentration materials,

leading to lower Tg^s, may be interpreted as a consequence of a
contribution to X from some secondary phase(s) present in the samples,
as seems to be suggested by their x-ray patterns.

This would also be

consistent with the appearance of very flat maxima in the X vs T plots
for these three compounds, with a T„^ - 160 K. The position of T^^x is
unchanged, and it gets less pronounced in appearance as x decreases,
disappearing altogether for x < 0.84, This fact, in conjunction with
crystallographic evidence for spurious phase(s) in exactly these same
members of the pseudoternary series, seems to indicate that some
secondary phase(s) with possibly mixed valent character and a Tg£ of
- 160 K may be present in these materials, leading to eui "anomalous"
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Tg£ for the primary superconducting phase and to the appearance of the
flat maxima observed in the susceptibility plots. To make this idea
tenable, evidence would be required from neutron scattering experiments
for an accurate Tg£ determination and/or from experiments establishing
the single phase nature of the materials.
From our data we conclude that

scales with

for the single

phase pseudoternary compounds in the series Ce(Ru2^_jjOSjj)2B2 as x varies
from 0.26 to 0.74.

For x=0.84, 0.91, 1.0, a probable two-phase nature

of the materials could conceal the true

The extremely high value

of Tg£ estimated for CeRu3B2 does not tie in with this analysis.

Table 5.

Quantities evaluated from analysis of X vs Tj^ta for
Ce(Rui_3jOSj,)3B2
eb

Os

xb*
concen (10-4
tration emu/mol)
(at.%)
0
26
50
67
74
84
91
100

2.68
5.59
5.54
5.22
5.19
6.55
6.09
6.88

C

(emu K/mol) percent
Cej+

(K)

2.2
0.0
-1.0
-1.0
0.4
-9.0
-45.0
0.0

mol^

+ 0.2
± 0.6
± 0.7
± 0.4
± 0.1
± 4.0
± 8.0
± 2.0

.0016
.0004
.0012
.0040
.0043
.0025
.0075
.0600

0.2
0.05
0.15
0.50
0.53
0.30
0.93
7.43

Tsfd
(K)

1500
720
730
770
780
620
660
590

^Uncertainties in these values are less than one percent.
^9 is reported as zero when uncertainty in 9 exceeds the calculated
value of 0.
^Estimated, comparing C values reported here to C from free Ce^"*"
moment; see text.
"Estimated, using

values.
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3. The CeRu^(B^Si^_^)2 series
The temperature dependent susceptibilities are plotted across the
series CeRu3(BjjSij^_jj)2 in the temperature range 2.4 - 300 K (Fig. 15).
The susceptibilities are the largest at

every temperature for the

CeRu2Si2 compound and the smallest for CeRu2B2> with the pseudoternaries
having values in a broad band intermediate to those of the end members.
The characteristic combination of a temperature-independent
susceptibility and a marked upswing at the low temperature end, as
observed for many non-magnetic Ce-compounds, is what is seen across the
entire series. The X vs T plot of CeRu3Si2 appears qualitatively
distinct form the rest.

The origin of the 'feature' in the low

temperature susceptibility of CeRu2Si2 is not clearly understood at the
present time.
The susceptibility data for each compound are fitted to Eq. (5) to
evaluate the quantities

C, and 0.

The effective moment calculated

from the C values can be compared to that for the free Ce^"*" moment, to
provide a measure of the amount of trivalent cerium impurities present
in the samples.

From the temperature-independent susceptibility values,

spin fluctuation temperatures are estimated for each compound by the
method described in Sec. C.l.

A complete listing of these quantities

generated from susceptibility measurements of CeRu3(BjjSi^_jj)2 is
provided in Table 6.
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eX.O
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Fig. 15.

Molar susceptibility versus temperature across the series CeUu3(BjjSii_jj)2«
Data were taken in an applied field of 2 kOe
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Table 6. Quantities evaluated from analysis of X vs. T data for
CeRujCBjjSii_x)2Compounds

B

Xof

concen-

(10~^ emu/

tration

8^

C

(K)

mol

(emu K/mol)

Ce^"*"

(K)

mol)

0

7.33

-77.3

±

10.9

.047

6.0

550

23

7.79

-3.4

+

0.4

.0014

0.17

520

50

7.12

-1.9

±

1.5

.0011

0.13

570

57

5.95

-4.1

+

1.4

.0008

0.11

680

66

5.84

-4.5

±

0.7

.0009

0.12

690

73

6.16

-7.5

+

0.9

.0015

0.18

660

80

6.36

o
o

(at.%)

+

0.7

.0002

0.03

640

90

5.44

-0.5

+

0.3

.0003

0.04

740

100

2.68

2.2

+

0.2

.0016

0.20

1500

^Uncertainties in these values are less than one percent.
^0 is reported as zero when uncertainty is 0 exceeds the
calculated value of 9.
^Estimated, comparing C values reported here to C from free Ce^*
moment; see text.
^Estimated, using XQ values.
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D.

Electrical Resistivity

1. Introduction
The temperature dependence of the electrical resistivity of a metal
is very informative, providing a good indication of the scattering
mechanisms involving the conduction electrons.

The interpretive value

of this useful property is, however, somewhat limited, due to the fact
that the different scattering mechanisms have distinguishable
temperature dependences at low temperatures (< 100 K), where such
dependencies may be masked to a large degree by impurity scattering.
When the resistance of a sample is not lowered significantly by any
further reduction in temperature, it is said to be in the residual
resistance region.

The ratio of the room temperature resistance to the

resistance in the residual region is defined as the residual resistance
ratio (or, equivalently, the residual resistivity ratio).

It is

customary to assume Mathiessen's rule whereby the temperature
independent residual resistivity, attributed to impurity scattering
mechanism, is subtracted from the measured resistivity and the resulting
quantity is taken as the intrinsic resistivity.

When the residual

resistivity is large relative to the intrinsic resistivity, it has to be
remembered that large errors could be introduced in interpreting
resistivity data due to slight deviations from Mathiessen's rule, or
small errors in measurement.
Mixed valent systems with non-magnetic ground states exhibit a
Fermi liquid behavior, of which a typical feature is a quadratic
temperature dependence of the resistivity (P(T) = AT ) at low
temperatures.

This is in fact observed in many Ce-systems, for example.
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in CePdgBB (a = 0.1 u2 cm K"?), CeSnj®^ (A = 0.001 y2 cm K'^), and
CeAlg^^ (A = 35 y2 cm K"^).
predicted from theory^^'^Z

The coefficient of the

term, A, has been

yg Inversely proportional to some power of

the spin fluctuation temperature Tg^. This would imply a small T^
contribution to the resistivity for systems with high Tg£.
An s-shaped curve representing the variation of resistivity with
temperature is often seen in many Ce-compounds. In these systems, p(T)
increases monotonically with temperature, but tends to saturate, and to
exhibit a negative curvature at temperatures above an inflection point.
Compounds exhibiting this type of behavior include materials containing
cerium in its nearly trivalent state, mixed valent state and in the
strongly mixed valent or "tetravalent" state.

2. The Ce(RUj^0s^)gB2 series
The temperature dependence of resistivities across the
pseudoternary series Ce(Ru2_xOSjj)3B2 are displayed in two sets of plots
for better visual resolution (Figs. 16 and 17).

The residual

resistivity is seen to be considerably higher in the compounds with
fractional x, as compared to the values for the x = 0 andx = 1
of the series.

members

This can be qualitatively attributed to an increase in

disorder in the system(s) due to alloying.
The residual resistance region is seen to persist, in all of these
materials, to temperatures of - 20 K. The pure osmium ternary displays
a negative curvature in its p vs T plot and must belong to the set of
diverse Ce-mixed valent systems with s-shaped resistivities.
A power law fitting of the resistivity data is tried using the
expression
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p(T) = Près + AT"

(6)

where p^gg is the residual temperature-independent resistivity.

Over

certain temperature intervals at lov temperatures ( < 100 K), this
expression yields values of n very close to two, for all but the CeOs3B2
compound.

The resistivity parameters pertinent to this system of

materials are listed in Table 7.
For the low temperature resistivity (T < 100 K), a remarkably good
fit is obtained across the series, to an expression quadratic in T,
except for CeOs3B2, which has a T^'^Z dependence (see Table 7). The
coefficients of the T^ term, A, are small, but finite.

This seems to

provide evidence of spin fluctuations phenomena in all of the
Ce(Ru2^_jjOSjj)3B2 materials, except in CeOs3B2 which has a T^'^ dependence
orders of magnitude stronger than the T^ dependence of the other
compounds.

3. The CeRu^ÇB^Si-i _^)2 series
Two sets of graphs (Figs. 18 and 19) display the variation of
electrical resistivity with temperature in the range 2.4 - 350 K for the
pseudoternary series CeRu3(BjjSi2_3j)2*
A qualitative examination of the data reveals extremely high values
of residual resistance for the substitutional members in the series,
indicating a high degree of impurity scattering.

The resistivities

appear to have values close to some maximum saturation value at all
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Table 7. Quantities from analysis of p(T) vs T for Ce(Ruj^_jjOSjj)3B2
compounds

Os

Près
Concen (v2 cm)

Proom
(m2 cm)

Proom
Près

Temp. Range®
(K)

Ab

nc

(yc
cm K-%)

tration
(at.%)

0

12.6

63

5.00

21 - 85

0.002

1.99

26

34.3

73

2.13

18 - 65

0.003

1.93

50

34.7

78

2.25

24 - 95

0.002

1.95

67

29.5

62

2.10

25 - 80

0.001

1.97

74

19.2

64

3.34

15 - 75

0.002

2.01

84

58.7

196

3.34

18 - 95

0.006

2.05

91

48.5

172

3.55

18 - 75

0.007

2.01

100

2.0

101

18 - 85

9.08

1.42

50.0

^Range over which data were fitted to Eq. (6).
"Coefficient of T" term in Eq. (6).
^Exponent of T in Eq. (6).
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temperatures and for all but the end members of the pseudoternary
series.
By analyzing the low temperature resistivity data by means of the
power law fit described in the previous section, one arrives at the
parameters listed below for the materials of the CeRu3(BjjSij^_j^)2 group.

Table 8.

Quantities from analysis of p(T) vs T in CeRu3(BjjSi2_x)2

B Concen
tration

Près
Proom temp.
(y2 cm) (U2 cm)

Proom

Temp Range&

Près

(K)

nC

(V2
cm K-")

(at.%)

18.5

0

Ab

84

4.5

10-75

0.11

1.34

23

103

126

1.2

40-100

0.002

1.84

50

128

173

1.4

18-65

0.002

1.98

66

84

134

1.6

21-55

0.005

1.82

73

107

171

1.6

18-65

0.002

2.03

80

61

121

2.0

10-55

0.003

1.98

90

57

99

1.7

40-100

0.004

1.67

12.6

63

5.0

21-85

0.002

1.99

100

^Range over which p data were fit to p =

+ AT".

^Coefficient of the T^ term.
^Exponent characterizing the T-dependence of p at low temperatures.

The resistivities of the members of the CeRu3(BjjSij^_jj)2 series do
not fit a

expression as closely as the materials in the series
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Ce(Ru]^_3çOs3j)3B2.

This is not surprising in view of the fact that the

various contributions to p(T) are no longer simply additive when the
residual resistivity is a substantial fraction of the maximum
resistivity.

Nevertheless, in spite of the high impurity scattering in

these compounds, we obtain values of n~ 2.0 for all the members of the
series CeRu3(B^Si2_x)2* except for the pure silicide end member.
The temperature dependence of the resistivity provides strong
indications of spin fluctuations in the two pseudoternary series
investigated.

The spin fluctuation effects persist to temperatures

above the residual resistivity region.

This is consistent with the high

Tg£S that have been estimated for these compounds.

E.

Effect of Pressure on Superconductivity

1. Introduction
Investigations of several ternary superconducting systems using
high pressure as a parameter have provided valuable insight into
mechanisms such as structural instability,^^ special features of the
Fermi surface topology,and re-entrant superconductivity.^^
High pressure is especially useful in the study of mixed valent
cerium compounds with nearly degenerate energies for the 4f level and
the conduction band.

The ready experimental accessibility of high

pressures at the present time is a consideration in using that as a
probe for investigating the diverse properties of mixed valent systems.
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In the current investigation, a straightforward analysis of the
data collected on the variation of superconducting T^s with pressure for
the two mixed-valent pseudoternary series Ce(Ru2_3{0Sx^3®2
CeRu3(BjjSi2_jj)2 is performed within the framework of elementary BCS
theory.
The superconducting transition temperature is expressed in the
standard BCS form ^

Tc = e^e-^/S

(7)

where 6^ is the Debye temperature characterizing the vibrational
spectrum of the lattice and g is the effective electron-electron
interaction term responsible for superconductivity.
The quantity g can be further resolved in terms of electron-phonon
interaction X and an effective Coulomb interaction p*, in the form

X - y*
g =

(8)
1 + X

The volume dependence of T^ may be obtained from (7) in the form

a(lnT ) SdnGh)
% 9(1" S)
—=
— + In <—)
a(lnV)
3(lnV)
T^ 3(lnV)

using
oln^

Yq j the Griineisen parameter,

(9)
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3 p
a B, the bulk modulus, and
3(lnV)

a(ln g)
=
3(ln V)

a direct measure of the volume dependence

of the interaction responsible for superconductivity, we arrive at the
following expression for pressure dependence of T^:

B
dT%
—
= Yg - ^ In (—)
T.
dp
T,

(10)

The quantity + which is necessarily finite, can be calculated using
our experimentally determined values of the other quantities in Eq.

(10).
A further deconvolution of the lattice and electronic contributions
to the pressure dependence of
assuming

3(lnu*)

< < 1
3(ln V)

and yields

may be done following Olsen^^ and
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•=

X(1 + y ) 3(ln X)

(11)
(X-y )(1+X) 9(ln V)

The electron-phonon coupling strength X may be expressed as

X =

n
—

(12)

Meg

where

= N(0)<I^> is the purely electronic HcHillan-Hopfield parameter.

Here, N(0) is the density of states at the Fermi level and <

> is the

average of the squared electron-phonon matrix element.
Using (12) and (11) leads to the expression

X(1 + u*)
*

I
( X - y ) ( l + X)

3(ln n)
+ 2yg 1
3(lnV)

(13)

from which 3(lnlri)/3(lnV) can be calculated to provide an indication of
the primary factor in the superconductivity of the materials, viz.
electronic or lattice effects, causing

to change with pressure.

2. The Ce(Rui _yOSy)^2 series
The investigation of the pressure dependence of T^ across the
series of superconducting pseudoternary compounds Ce(Ru2_jjOSjj)3B2 was
motivated by the very distinct response of T^ to increasing pressure
07
seen in the ternary compounds CeRu2B2 and CeOs2B2.
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For all the members of the series except for the pure osmium end
member,

initially rises with the application of pressure in the

manner shown in Pig. 20. This positive slope of
less pronounced as the ambient pressure

versus p becomes

moves to higher values with

increasing osmium concentration, and, for Ce0s3B2, the response of
pressure is negative at all pressures.

to

The other members of the series

all exhibit a change in sign of the slope at high pressures (> 20 kbar).
Calculating the slopes (dT^/dp) as p -> 0

for the different compounds

and using that in conjunction with the bulk modulus (B) value of
1410 + 70 kbar determined for CeRh2B2^^ in Eq. (10), the values of *
were calculated in each instance.

These values are plotted as a

function of osmium concetration in Fig. 21.

The GrQneisen constant YQ

was taken as 2 ± 1 which is the normal range for most materials.

Values

of 6^j used were from low temperature heat capacity measurements and from
estimates using measured values (see Table 3.).
The electronic contribution,

to the electron-phonon coupling

strength X, shows a far greater sensitivity to pressure in the compound
CeRu3B2 thatn in 0605382. In 0605382, the calculated change in ri with
pressure is rather small aind the linear depression of T^ with pressure
up to 66 kbars may be attributed mostly to the normal stiffening of the
lattice under increased pressure.
The effect of pressure on M decreases for compounds in the series
Ce(Ru2_jjOSjj.)3B2 as the osmium concentration x increases.

However, large

uncertainties are involved in the numbers reported in Table 9 due to our
use of the estimated

yq

with its wide margin of error and that affects

the sensitivity of the analysis.
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In all the members of the series Ce(Ruj^_jjOSjj)3B2, except for
CeOs3B2, the slopes of the
A non-linear variation of

vs p curves change sign at high pressure.
with pressure has been observed in numerous

intermetallic superconducting compounds which also display low
temperature crystallographic instabilities.^^

The non-linearities in

the Tg vs p characteristics of the Ce(Ruj^_jjOSjj)3B2 series may thus be
attributed to some instability in the structure, which becomes less
pronounced as the osmium concentration increases.

X-ray studies of the

system under conditions of low temperature and high pressure would be
necessary to corroborate this idea.

3. The CeRU'^CB^Si^..^)'^ series
The superconducting transition temperatures of the pure ternary
systems CeRu3B2 and CeRu3Si2 and the pseudoternary with 94 at.% boron
exhibit a pronounced positive dependence on pressure.

The effect of

pressure on the T^s of the other members of the series is rather weak.
The compounds CeRu3B2 and CeRu3(BQ g^Sig 0^)2 both have

dT^/dp of

- 2.0 X 10"^ K/bar. The T^ of CeRu3Si2 increases non-linearly with
pressure at low pressures.

The slope, dTg,/dp, at ambient pressure is

very large; in excess of 5=0 x 10"^ K/bar.

Furthermore, on releasing

pressure from the maximum value (~ 20 kbar), the low pressure portion
(< 5 kbar) of the T^ vs p characteristic, obtained while going up in
pressure, was not reproduced,
higher value.

cind

the éunbient T^ of CeRu3Si2 had a

For the CeRu3(Bo ggSig 10)2 material, also, the ambient

T^ was not recovered after release of pressure, yielding a value lower
than that obtained prior to pressurization.

This behavior contrasts
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Table 9. Quantities relating to pressure dependence of T^ in
Ce(Rui_^Os^)3B2

OS

Tg^

concern-

(K)

tration

dT^/dp

*

3(lnjT)C
3(In V)

(lO'^K/bar)

(K)

0

1.12

2.0 ± 0.1

288

-4.2

0.5

-8.1

+

2.5

26

1.79

2.1 ± 0.1

330

-2.8 ± 0.6

-6.8

+

2.6

50

2.63

2.1

0.2

369

-1.9

67

3.31

1.1 ± 0.2

397

-0.6 ± 0.4

-4.6

74

3.71

0.8

+

0.1

407

-0.2 ± 0.3

-4.2 ± 2.3

84

3.93

1.1

+

0.1

424

-0.4 ± 0.4

-4.4 ± 2.5

91

4.27

1.0

+

0.1

435

-0.3 ± 0.3

-4.3 ± 2.4

-0.7 ± 0.0

450

1.0 ± 0.2

-2.9 ± 2.2

100

3.35^

+

+

+

0.6

-5.0 ± 2.6
+

2.5

^Midpoints of inductive Tc.
"See Table 3.
^The large uncertainties are due to the wide margin of error in
YG'
-Tg for the sample used in this expsriaent.
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with the reversible pressure dependence of
compounds of the series.

observed in all the other

While the reversibility of pressure dependence

of Tg appears to be the general rule for most systems investigated to
date, a change of the ambient

due to cycling in pressure, as observed

in these two members of the series CeRu3(BjçSij^_jj)2> is by no means
QO
unique. °

T—
i t*

1.4 <"

V X « 0.94

A
o
a
o
o

1>

1.0

X «
X »
X'
X =
X«

0.90
0.80
0.66
0.50
0.23

20
PRESSURE (kbar)

Fig. 22.

The pressure dependence of: the superconducting transition temperature
across the series
CeRu3(BjjSii_jj)2« The two curves for the pure silicide (x=0) at the low pressure end
represent
vs p data taken in the direction of increasing (-5>-) and decreasing (-<-)
pressures respectively
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IV.

SUMMARY AND CONCLUSIONS

The results of investigations of conventional (as opposed to heavy
fermion) superconductivity in the pseudoternary systems Ce(Ru2^_jjOSjj)3B2
and CeRu3(BjjSi2_jj)2 have been presented in the preceding pages.
The crystal structure of CeRu3B2 is the well-known hexagonal
(P6/mmm) type, characterized by a short c-lattice parameter, which
translates to a short interatomic spacing for cerium in this compound.
The situation is similar for the isostructural compound CeRh3B2 which
has generated a lot of research interest3G»7G-78,99
anomalous ferromagnetic character.

^o its

Band structure calculations^®^'

have suggested the possibility that the magnetic properties of CeRh3B2
arise from a broadening of the 4f band due to 4f overlap along the
short c-axis of the crystal.

Another explanation favored is a strong

hybridization of the cerium 4f electrons with the rhodium d-bands to
form extended

s t a t e s .

1^0,101

In contrast to CeRh3B2 , CeRu3B2 becomes superconducting at 1.1 K.
When osmium is substituted for ruthenium in going across the series
Ce(Rui_j,0Sj,)3B2, the superconducting transition temperature increases
monotonically with increasing concentration, x, of osmium, from the
X = 0 value of 1.1 K, up to a peak value of 4.2 K at 91 at.% osmium.
The basic P6/mmm structure persists up to this point, though a few weak
unidentified reflections evolve at x = 0.84.

The structure of the

CeOs3B2 compound is not fully determined yet.
When subjected to hydrostatic pressures of up to 66 kbars, the T^s
of all the members of the series Ce(Ru]^_jjOSjj)3B2, except for €^05302,
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increased with increasing pressures, up to 20 kbars. Our analysis
shows a pressure-enhancement of the electron-phonon interaction
parameter which dominates at lower pressures, leading to this initial
positive pressure dependence of T^s.

At higher pressures this effect

is reduced, and the normal depression of

with increased pressure,

due to lattice stiffening, becomes more prominent.
exhibited a

The Ce0s3B2 system

linear negative pressure dependence of

for the entire

range of investigation (to 66 kbar), which is being attributed to the
normal lattice stiffening effect.

It may be inferred that some

structural instability is responsible for the non-linearities in T^,
but any such claim would need to be substantiated by means of evidence
from low temperature and high pressure x-ray studies.

Specifically,

there could be a pressure-induced lattice distortion of the hexagonal
phase to the CeOs3B2-type phase which gives rise to the negative pdependence of

at higher pressures.

The crystal structure of CeRu2Si2 is closely related to that of
CeRu2B2, the only difference arising out of a shift of the Ru atoms
from the "ideal" (1/2,0,1/4) position in the structure, which changes
the space group to Pô^/m and doubles the c-lattice parameter.

This

modified structure is seen for CeRu2Si2 and CeRu2(Bo 26SiQ 74)2-

For

X > 0.5 in CeRu3(BjjSi2^_jj)2, the structure type was identified as the
CeRu3B2-type.
The T^s across the series CeRu2(BxSii_%)2 increase monotonically
with increasing boron concentrations, up to x = 0.62.

At the next

concentration, x = 0.66, the T^ increases sharply and enters a
'plateau' region where it remains up to x = 0.91.

The powder x-ray
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diffraction data for the range 0.66 < x < 0.91 indicate the presence of
two phases in this range, both of the same structure type, but
differing essentially in the values of the c-lattice parameters.

For

0.91 < X < 1.0, we are again in a single phase region with the shorter
c-lattice parameter.
in

This single phase region is marked by a decline

close to that of the CeRu3B2 compound.
A sharp non-linear increase in

with pressure at low pressures

(< 5 kbar) for CeRu3Si2 is suggestive of a possible structural
instability.

This idea is open to verification by means of

crystallographic studies at low temperatures and/or high pressures.
The effect of high pressures on the T^s of the other members of the
series CeRu2(B^Si2_^)2 is rather weak.
The overall temperature dependencies of the static susceptiblities
for all members of both the pseudoternary series Ce(Ru-j^_jjOSjj)3B2 and
CeRu3(Bj^Sij^_jj)2 are similar.

The variation of X with T in each case

is characterized by an essentially temperature independent
susceptibility, with a sharp increase at the lowest temperatures which
is attributed to small amounts of Ce""'' moments likely to be present as
impurities in the compounds.
Looking at the susceptibility data more closely, an unexplained
"feature" becomes apparent in the low temperature region of the
susceptibility of CeRu3Si2.

Furthermore, in the Ce(RU]^_j^OSjj)3B2

series, a weak, flat maximum at ~ 160 K is revealed for the compounds
with X = 0.84, X = 0.91 and x = 1.00.

These three materials also have

the highest values of the temperature independent susceptibilities
leading to higher values of estimated T^fS, which is surprising in view
of their higher T^s.
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The temperature dependence of resistivity for each member in the
Ce(Ru2_xOSjj)3B2 series exhibits a weak

dependence at temperatures

below 100 K, except for 0603382, where a strong
noticed instead.

dependence is

A fit to a power law dependence of resistivity on

temperature yields a value of n ~ 2 for the exponent of T for all the
members of the series CeRu2(BjjSi2_x)2 except for the pure silicide.

As

in the case of the compounds in the Ce(Ru]^_jjOSjj)3B2 series, the
coefficient of the

term is small-

The low temperature resistivity

of CeRu3Si2 exhibits a strong T^'^^ dependence.
The most imperative further investigations suggested by the body
of this work begin with an accurate structure determination of €^08362.
A number of experimental features indicate that Ce0s3B2 is unique among
the compounds studied; for example, (1) its powder x-ray diffraction
pattern is the most complex, (2) the values for both the temperature
independent susceptibility, as well as the estimated concentration of
free Ce^^ impurities, are the highest of all the materials
investigated, (3) there is evidence of a flat maximum in the
temperature-independent susceptibility, (4) the experimentally
determined value of its Debye temperature 0q is rather high for a
ternary compound, (5) it exhibits a negative pressure dependence of
superconducting T^, in contrast to the positive pressure dependence of
Tg seen in all other members of the series Ce(Ru^_jjOSjj)3B2, (6) it does
not show a T^ dependence of resistivity at low temperatures, which, if
present,

would have been more readily observed here, due to the

impurity scattering effects being weak, as inferred from its low
residual resistance.
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Numerous experimental possibilities suggest themselves as natural
extensions of this current investigation.

Among them are neutron

scattering experiments for an unambiguous determination of spin
fluctuation temperatures, high temperature susceptibility and
resistivity measurements, photoemission and/or photoabsorption studies
for a quantitative identification of the valence state of cerium in
these materials, accurate structure determination based on single
crystal studies, magnetization experiments for investigation of upper
critical fields.

Results from such experiments, supported

theoretically by results from band structure calculations, would
establish a thorough understanding of the nature and role of the mixed
valent state of cerium in these compounds in relation to their observed
superconducting and physical properties.
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VII.

Element
Ce

APPENDIX.

SOURCES AND PURITIES OF STARTING MATERIALS

Source
Ames Laboratory

Purity
batch #72381, ingot
695 ppm

major impurities:

228 ppm
N

200 ppm

F

88 ppm

C

70 ppm

Cl

20 ppm

Fe

10 ppm

Ni

6.6 ppm

Pt

16 ppm

Yb < 10 ppm
Ta

7.1 ppm

Tb

4 ppm

The rest of the impurities are
all less than 4 ppm
B
Ce

Ames Laboratory

batch #31185, ingot
major impurities:

)

210 ppm

H not deter
mined
N

70 ppm

F

81 ppm

Fe

45 ppm

Cl

5 ppm

The rest of the impurities are
all less than 4 ppm
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Element
La

Source

Purity

Ames Laboratory

batch #112078, ingot
major impurities:

H

550 ppm

0

321 ppm

N

158 ppm

F

180 ppm

C

92 ppm

CI

10 ppm

Fe

4 ppm

The rest of the impurities are
all less than 2 ppm
Pr

Ames Laboratory

batch #4381, ingot
major impurities;

0

141 ppm

H < 139 ppm
C

47 ppm

Fe

18 ppm

Si

10 ppm

Ce

6 ppm

The rest of the impurities are
all less than 4 ppm
Ru

Ventron Alfa Products

99.9%,

powder

purity in at.% with respect to
metallic impurities
Ru

U.S. Government stockpile 99.9%, powder
purity in at.% with respect to
metallic impurities

Rh

Ventron Alfa Products

99.9%, powder
purity in at.% with respect to
metallic impurities

Ir

U.S. Government stockpile

99.9%, powder
purity in at.% with respect to
metallic impurities

Os.

U.S. Government stockpile

99.9%, powder
purity in at.% with respect to
metallic impurities
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B

Research Organic/Inorganic 99.9995%, lump
Chemical Corporation

Si

Research Organic/Inorganic 99.9999999%, lump
Chemical Corporation

