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CHAPTER I: INTRODUCTION

1.1 General

In 1975, Andres, Graebner and Ott discovered that the low-

temperature specific heat of CeAl- behaved anomalously. It was found

that the electronic specific-heat coefficient 7 attains a giant value

at liquid helium temperatures. For non-transition metals, 7 is of the
2

order of 1 mJ/molK , while it can reach values 10 times as high in d-

metals, but for CeAl, a value of 1620mJ/molK was found, truly a monu-

mental value. Since then, more systems with such a high 7-value have

been discovered, among which: CeCu.Si., UBen,, UPt,, CeCu,, UCd.n and

U-Zn.-. These compounds are nowadays known as the heavy-fermion com-

pounds, since the high 7-value is equivalent with a large effective

electron mass. Ground states of these compounds show superconduc-

tivity (CeCu?Si?, UBe13 and UPt,), magnetic order (UCd.... and U-Zn^)

or no order at all down to the lowest temperatures investigated (CeAl,

and CeCu,). Especially the heavy-fermion superconductors have

attracted much attention because of the unusual combination of large

7-values and superconductivity. It has been clear from the beginning,

that the superconducting properties of these compounds deviate from

standard BCS-behaviour thereby giving rise to speculations about odd-

parity superconductivity. The heavy-fermion compounds are not only

interesting from the experimentalists point of view, but also form a

challenge for theoretical physicists because of the many-particle

interactions that lead to the high effective mass of the conduction

electrons. As a general introduction to the experimental results on

heavy-fermion compounds we recommend the review paper of Stewart

(1984). As to the theory of heavy-fermion compounds, we refer to the

paper of Fulde, Keller and Zwicknagl (1988). In this work, we focus

on the uranium-based heavy-fermion superconductor UPt- and on systems

closely related with it.
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1.2 Scope

To get the current research in perspective, we present below a

summary of the study on UPt.; in the coming chapters more details can

be found.

The first time that the intermetallic compound UPt_ was mentioned in

physics literature was when Heal and Williams (1955) reported about

its crystallographic structure that was determined to be of the hexag-

onal close-packed type. Sixteen years later, the first experiments on

UPt. were reported by Schneider and Laubschat. In 1978 Frings started

at the "Natuurkundig Laboratorium" his study on the magnetic proper-

ties of intermetallic uranium compounds. His results showed that UPt.

had most intriguing properties. Specific heat experiments revealed an

anomalous low-temperature upturn of c/T, resulting in the huge 7-value

of 422 mJ/molK . Signs of antiferromagnetic ordering, suggested by

Schneider and Laubschat (1981) on the basis of susceptibility experi-

ments, were absent. Susceptibility and high-field magnetization meas-

urements, on single-crystalline samples, showed large magnetic aniso-

tropy while the latter type of measurements also showed that at 20 T

there was some kind of metamagnetic behaviour: the magnetization meas-

ured with the magnetic field in the basal plane, a., increased almost

stepwise .

In 1982 de Visser continued the research with emphasis on the low-

temperature properties (de Visser, Menovsky and Franse 1987b). Exten-

sive Meissner-effect studies proved that superconductivity, first

reported by Stewart et al. (1984), was a bulk property. Analysis of

the specific heat and thermal conductivity in the superconducting

state (T «0.5K) pointed towards a polar-like odd-parity superconduct-

ing state where the gap vanishes along lines of the Fermi surface. A

Fermi-liquid analysis of the superconducting properties, also favoured

odd-parity superconductivity. Decisive proof could, however, not be

extracted and has till now not been reached.

The normal state was studied by means of experiments on thermodynamic,

T Throughout this work the convention is used to index
quantities measured parallel and perpendicular to the
crystallographic c-axis with II and J., respectively. The index
will be changed to a or b if further specification is necessary
for basal plane directions.
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transport and magnetic properties, while the external parameters (tem-

perature, magnetic field and pressure) were varied. The low-

temperature results of the thermal properties could be analyzed within

the phenomenological Fermi-liquid approach. The presence of a
3 *

T lnT/T term in the specific heat, and to a lesser degree, the ther-

mal expansion indicated spin-fluctuation effects. Also, the resis-

tivity, the magnetoresistivity and the magnetization could be qualita-

tively understood using the concept of spin fluctuations.

Internal parameters were changed by partly substituting Pd for Pt.

Low-temperature experiments on U(Pt, Pd )_ showed that the supercon-

ducting transition temperature is decreased extremely rapidly with

increasing Pd content. The normal-state properties showed a rapid

variation with the Pd content as well. At increasing the Pd content,

first enhancement of the spin-fluctuation behaviour was observed, fol-

lowed by a suppression when the ratio (x) of the Pd and the Pt atoms

exceeds 10%. Furthermore, antiferromagnetic order was observed for x

between 1 and 10%. A quantitative interpretation of the results,

obtained on polycrystalline samples with preferential orientations,

was not always possible due to the fact that the properties are aniso-

tropic.

In the present work we will continue the study of the low-

temperature properties of UPt- by measuring new properties or extend-

ing the variation of external parameters. A new analysis (the

Gruneisen analysis) is undertaken in which separation of the heavy-

fermion contribution to (thermodynamic) properties is achieved. Close

resemblance between this contribution and theoretical results on the

Rondo effect suggests a way of describing the properties of UPt,.

Such a description is very appealing since the theory of the (single-

impurity) Kondo effect Is well developed and gives predictions for a

variety of physical properties. It prescribes the effect of tempera-

ture, magnetic field and external pressure.

Furthermore, alloying experiments will be presented In which UPt. is

altered by one of the following chemical modifications:
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1. uranium Is partly replaced by neptunium or plutonium,

2. platinum is partly replaced by palladium,

3. boron or carbon is added,

4. the ratio between uranium and platinum atoms is changed.

One of the goals of these modifications is to induce new phenomena.

But, of course, the main purpose is to obtain more information about

UPt,. We expect that the alloy systems are representative for UPt,,

although internal parameters might be changed slightly. Some of the

internal parameters that determine ths normal-state properties and

that are influenced by the modifications, are: the spatial separation

between uranium atoms, the number of f-electrons and the hybridization

strength between f and non-f orbitals. These parameters are involved

in a theoretical description of the Kondo effect. Besides the study

of the normal-state properties, also a study of the influence of the

chemical modifications on the superconducting transition of UPt, is

undertaken.

The criterion that was followed at the preparation of new materials

was that the new materials should be of the same crystallographic

structure as UPt_. It turned out that this crystallographic structure

is in fact quite unique and moreover is easily disturbed by chemical

modifications. Therefore the alloying possibilities are limited.

The outline of this thesis is as follows. In the remaining parts

of chapter I detailed information on the crystallographic structure of

UPt- is presented. To learn the limits imposed by our wish to prepare

systems with the structure of UPt,, we scanned the known data on the

crystallography of AnX, compounds, where An is an actinide element and

X a non-actinide element, and of XPt,. Furthermore, ternary compounds

UX_Z are reviewed with Z a small-sized atom like boron or carbon.

In chapter II the theory of the single-impurity Kondo effect is

described, including the predictions for the physical properties, and

the parameters involved with it. The theoretical implications are

extended to the case where the amount of magnetic impurities is so

large that one can not speak anymore of single-impurity (i.e. non-

interacting) systems. The interactions lead to a state with quite

different properties and can eventually lead to a coherent state when

the magnetic moment distribution has the lattice periodicity. This is
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believed to be the case for UPt,, since the magnetic moments (ori-

ginating from the uranium atoms) are present in every unit cell. Some

background concerning the indirect interactions between the moments is

given.

Chapter III offers basic information on the experiments: sample

preparation, characterization and measuring techniques are discussed.

Chapter IV deals with the (normal state) thermal properties. The

results of specific heat experiments on UPt,, U(Pt, Pd ) , and UPt.B

are presented. Also thermal expansion of (single-crystalline) UPt.

and U(Pt, Pd ), samples can be found in this chapter. When both

specific heat and thermal expansion are available we shall apply the

Griineisen analysis. The consequences for the interpretation in terms

of the Kondo model are discussed.

Chapter V discusses the transport and magnetic properties of the nor-

mal state. Again, results for UPt, as well as for the alloyed systems

are presented and are, if possible, compared with the results obtained

in the Kondo model.

Chapter VI deals with the superconducting state. Resistivity experi-

ments are used to obtain the superconducting transition temperature;

the influence of added impurities is investigated. Pd atoms (replac-

ing Pt) are used as impurity, but also boron and carbon are intersti-

tially alloyed.
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1.3 Phase diagram and crystallography

1.3.1 UPt,

According to the uranium-platinum phase diagram (Park and Fickle

1960), UPt3 forms congruently from the melt at 1973K (fig. 1.1). As

determined by Heal and Williams (1955), it crystallizes in the MgCd.-

type of structure (also called the low-temperature form of Nl,Sn).

This hexagonal close-packed structure (see fig. 1.2), with 2 formula

units per unit cell, belongs to the space group P6.,/mmc. With the

values of the lattice parameters a-5.764A and c -4.899 A, one calcu-

lates the distance between U-atoms of two adjacent atomic layers

(which is the nearest distance between uranium atoms)
2 2 1 /2

dy_y-(a/3+c /4) ' -4.132 A, the nearest distance between a U atom

and a Pt atom d, „_ - a/2 - 2.882 A, the volume of the unit cell
1/2 2 v-V£

0-3 ' ca /2-140.96 A , the molar volume V -4.244x10 m /mo 1 and the
3 m

density 19.40 g/cm .

There is no indication from the published phase diagram that a homo-

geneity range for the UPt. phase exists.

2Z0O-

2000-

1200

1000

800

1973K

1613 K

I278K

1234K

978 K

826K

~U(o)

0 10 20 30 40 50 60 70 80 90 100
u PLATINUM (at %1 "

Fig. 1.1
Phase diagram of the uranium-
platinum system (after Park and
Fickle 1960).

Fig. 1.2
Stacking of the atomic layers in
the VPtj structure.
V is represented by *, Pt by o.
The b-axis {not drawn) is taken
in this work to be perpendicular
to the a-axis.
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1.3.2 Substitutions In UPt_

Partly replacing either U or Pt with an other element results in

a pseudo-binary compound. In search of a pseudo-binary system, with a

presumed structure similar as TJPt, over a wide composition range, we

list reported crystal structures of the group of compounds XPt- in

table 1.1 and of the group AnX,, with An an actinide element and X a

non-actinide element, in table 1.2.

Table 1.1 Crystal structure of XPtj as collected from Villars and
Calvert (1985) and Massalski (1986).

Be

-

Mg

c

Ca

-

Sr

-

Ba

Ce

c

Th

-

Sc

c

Y

c

La

c

Pr

c

Pa

h

Ti

c/d

Zr

c/d

Hf

c/d

Nd

c

U

h

V

c

Nb

1/m

Ta

1/m

Pm

Np

d

Cr

c

Mo

X

W

-

Sm

c

Pu

c

Mn

c

Tc

-

Re

-

Eu

-

Am

Fe

X

Ru

-

Os

-

Gd

c

Cm

Co

c

Rh

-

Ir

-

Tb

c

Bk

Ni

-

Pd

-

Dy

c

Cf

Cu

X

Ag

c

Au

X

Ho

c

Es

Zn

c

Cd

c

Hg

c

Er

c

B

X

Al

c

Ga

c

In

c/n

Tl

-

Tm

c

Md

C

-

Si

X

Ge

k

Sn

c

Pb

c

Yb

c

No

N

P

As

-

Sb

o

Bi

-

Lu

c

Lr

The data entries denote the following types of structure:
c : (Cubic) AnCu^; h : (Hexagonal) NijSn; d : (Double
hexagonal) Ni^Ti; k : SeTl; 1 : CujTi; m : NbPtj; n : AuCu;
o : AljZr. x means that the compound exists but that the
structure is not known, '-' means that the compound does
not exist as far as can be concluded from existing
phasediagrams and an open space means that there is no
information.

Among the XPt, group it appears that the cubic AuCu_ structure is the

most frequently observed crystal structure. In this group 33 out of

the 46 compounds that exist have the cubic AuCu,-structure, four can



Table 1.2 Crystal structure of AnXj with An an actinide element and X
a non-actinide element, as collected from Villars and
Calvert (.1985) and Massalski (.1986).

A n X3

X-Al

Si

Fe

Co

Ni

Ga

Ge

Se

Ru

Rh

Pd

Ag

Cd

In

Sn

Te

Ir

Pt

Au

Hg

Tl

Pb

An-Th

h

-

k

-

-

-

1

-

c

d

X

h

c

c

-

X

X

c

c

Pa

c

c

h

U

c

c

-

k

-

c

c

1

c

c

d

-

-

c

c

1

c

h

_t
X

c

c

Np

c

c

c

c/d

-

c

in

d

c

Pu Am Cm

0

-

k

k

h

c

c c c

c c c

n

-

c

c

c

X

X

c

The data entries denote the following types of structure:
c : (Cubic) AuCu3; d : (Double hexagonal) Ni^Ti; h : (Hexagonal)
HijSn; k : BejNb; 1 : SjTi; m : NdTej; n : AgjPu; o : AljPu. x means
that the compound exists but that the structure is not known, '-'
means that the compound does not exist as far as can be concluded from
existing phasediagrams and an open space means that there is no
information.
t Recent information showed that the alleged UAuj compound in fact
is: Ui^Ausi (Dommann and Hulliger 1988, Palenzona and Cirafici 1988).
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crystallize in the double hexagonal NijTi-structure and the others

have a completely different structure; the hexagonal MgCd_ structure

is only found for PaPt_ and UPt,. Among the 59 known members of the

AnX, group we find that only ThAl,, FuGa,, ThCd,, PaPt- and UPt, have

the hexagonal Ni.Sn type of structure. The double hexagonal Ni-Ti

structure is found for four compounds. Again, the AuCu- is the most

abundant type of structure. A remarkable series is formed by UPt,,

NpPt, and PuPt» where three different crystallographic structures are

observed by replacing Np by its neighbouring elements U and Pu.

The three structure types: hexagonal MgCd,, double-hexagonal Ni,Ti and

face centered cubic AuCu,, are closely related. The only difference

between these three types of structure is a different stacking order

of atomic layers. From fig. 1.2 it can be seen that the hexagonal

Ni Sn structure has a stacking order of ABAB: next nearest layers are

identical. The double hexagonal structure has a stacking according to

ABACAB which shows that 4 layers form the structure that is repeated;

the c-axis unit cell is therefore twice as long as the c-axis of the

hexagonal structure. The cubic structure (when viewed along the <111>

direction) shows a stacking of ABCABC. The different ways of stacking

result in different local crystal symmetries at the actinide-site.

These symmetries are for the cubic structure ; m3~m, for the hexagonal

structure: 5m2 and for the double hexagonal structure: 5m2 and 3m. In

the double hexagonal structure there are therefore two different sites

for the actinide atom: one with hexagonal symmetry for the atoms in

the B- and C-layers and one with quasi-cubic symmetry for the atoms in

the A-layers.

It follows from tables 1.1 and 1.2 that the hexagonal crystal struc-

ture of UPt, is quite unique. Ternary compounds based on UPt- and for

which we expect an unmodified structure over a large composition range

are probably offered only by replacing uranium by protactinium. These

compounds are, however, not very suitable for extensive alloying

experiments for two reasons:

1. Pa is much more radioactive than U and it is neither allowed nor

advisable to work with this element in an ordinary laboratory;
233

2. The most readily available isotope is Pa obtained from neutron
232

irradiation of Th but its half-life is 27 days. The long-
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231 4

lived isotope Pa (r -3.25x10 years) has not been separated in

sufficiently large amounts to enable extensive study.

Under these circumstances, it can not be expected that there is a

pseudo-binary system that has the same structure as UPt- over a wide

composition range. This is corroborated by a systematic study of the

occurrence of intermediate phases in the UX_ compounds (Dwight

1964,1969). The results of that study are shown in fig. 1.3 which is

a so-called area-of-stability plot.

Ti v

A
0
e

V

A

O.C.C. N

Solid
Solution

Zr

To

A

Two Phase, Binary
Single Phcse, Ternary
Multiphase, Ternary

Cr

A

"')

W

A

Mo

A

Mo

A

R.

A

Ft \ 5

A a >/

k
Tc

A

;

i
\

ONI,

H
Hi

i

Cu Zn

riNi,
/ »• c«

A A ,

A l Si

G« <M

I n

T« Pb

. 1.3 area-of-stability plot (after Dwight 1969).

The point denoted by a chemical symbol refers to an alloy of U and X

with the ratio U : X- 1 : 3. When the alloy is a mixture of two phases,

i.e. it does not exist, it is denoted by a partially shaded triangular

symbol (e.g. Cr); a single-phase intermetallic compound has no other

symbol than the chemical symbol (e.g. Ti). Circles that are located

between the binary compounds denote single-phase ternary compounds,

partially filled circles represent multiphase compounds. It can be

seen from fig. 1.3 that there are two large areas of stability: one

centered around Rh and the other including most of the Al and Si

groups. Both areas contain compounds that have the AuCu, type of

structure. The area of stability of the MgCd_ type of structure,

located at UPt-, is quite small.

However, compounds that result from substitutions of small amounts of

either U or Pt by other elements might still have the crystal struc-

ture of UPt-. Quasi-binary compounds that have been studied in more
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detail are U(Pt- Pd ), and U1 Th Pt,. For the Pd-substituted sys-

tem, alloying experiments (de Visser et al. 1986a) showed that the

MgCd,-type of structure is maintained up to x —0.10. For x£;0.15 an

additional phase appears which implies that the phase boundary of the

MgCd_-structure lies between x —0.10 and x-0.15. In the Th-doped

system it was found that the structure is of the MgCd~-type for

x 5 0.22 (Kadowaki et al. 1987a). In general, it can be stated that

substitutions of small amounts (x~0.05) of Pt by Rh, Os, or Ir do not

lead to loss of the UPt.-structure and the same is the case for sub-

stitutions of U by Y or Ce (Kadowaki et al. 1987b).

1.3.3 Additions to UPt3

Besides substitutions, one can use additions as a chemical modif-

ication of UPt,. To minimize the disturbance of the structure one

should add small-sized atoms like boron and carbon. There exists no

information about the resulting ternary compounds. Of the more gen-

eral groups of compounds U-X-B and U-X-C, with X a non-actinide ele-

ment, the phases and structures are listed in table 1.3. As can be

seen from this table the only compounds with the ratio U:X—1:3 are

formed with B, in the ratio 1:3:2. These compounds (X-Fe, Co, Ru, Os

and Ir) all have the hexagonal CaCu.-type of structure. None of the

tabulated compounds crystallizes in the hexagonal MgCd.-type of struc-

ture.

Another type of compounds is obtained when Pt or U is added to

UPt. which in next sections will be referred to as off-stoichiometric

compounds. In general, when the phase diagram of a binary compound

has a homogeneity range for some compound with a particular composi-

tion x , one is able to prepare single-phase compounds with composi-

tions deviating from x but with the same crystal structure. As was

mentioned in section 1.3.1, there is no indication for a homogeneity

range of considerable size for the UPt- compound. A homogeneity range

of a finite width, however small, can lead to the formation of off-

stoichiometric compounds, even if the original starting materials are

provided in the stoichiometric ratio, due to melting losses and the
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Table 1.3 Existing compounds V-X-B and U-X-C where X stands for a
non-actinide element, as collected from Villars and Calvert
(1985).

1

1

1

1

1

1

2

2

U-X-B

1

1

3

4

4

8

1

21

1

4

2

1

4

4

6

6

U-X-C

1

2

3

5

20

1

1

17

3

16

2

2

29

8

3

X-

C

V

Fe

Co

Co

H

Mo

Co

X-

Cr

Ru

Y

Re

Si

Cr

Co

Ni

Ru

W

Ni

Fe

Te

Mn

Ru

0s

Re

Co

0s

Fe

Os

0s

Ni

Ir

Co Mo Ru W He Os

Ir

Mo W Re

Pr

formation of other compounds that bind one of the components (e.g.

oxides). Especially the superconducting transition of UPt_ might be

very sensitive to such small deviations from stoichiometry.
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CHAPTER II: THEORETICAL BACKGROUND

2.1 Hybridization

The importance of the U-U distance and the role of the 5f-5f

overlap in accounting for the ground-state properties of U compounds

was stressed by Hill (1970). The existence of several compounds for

which localized f-electron behaviour is expected since the U-U separa-

tion is larger than the Hill limit (~3.4A), but that have delocalized

f-electrons, indicates that the direct 5f-5f overlap is not the only

mechanism responsible for the 5f-electron delocalization. In these

cases the strength of the f-ligand hybridization controls the delocal-

ization and determines the bandwidth. Furthermore, also if (L. is

smaller than the Hill limit, f-ligand hybridization may be the predom-

inant origin of delocalization.

To visualize the difference between the 5f-5f overlap and the overlap

of the 5f orbital with non-f orbitals we refer to fig. 2.1. In this

figure we have plotted the radial dependence of the orbitals of two U

atoms and a Ft atom separated at distances determined by the lattice

constants of UPt.. The orbitals represent single-atom wavefunctions

that result from self-consistent field calculations assuming a 5d^6s

configuration for ?t and 5f3 for U (Herman and Skillman 1963). It can

be clearly seen that the 5f-5f overlap of neighbouring U atoms will be

much smaller than the overlap of the 5f orbital with the 5d anr1 6s

orbitals of Pt. The overlaps as indicated in fig. 2.1 are in fact

upper limits; including angular dependence will decrease the overlaps.

A qualitative argument, relating the hybridization strength to the

chemical surroundings of the U atom was given by Koelling et al.

(1985) and will be summarized below.

The trends concerning the strength of the hybridization as dis-

cussed by Koelling, can be obtained qualitatively using the argument

that the degree of overlap of a 5f orbital with the orbitals of the

ligand atoms is a measure for the strength of the hybridization.

Because of the limited extension of the f orbitals, a qualitative

analysis can be performed by a Taylor-series expansion of the non-f
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1.0

0.5 -

0.0
-3 -2 -1

Fig. 2.1 Radial dependence of orbitals of two V atoms (o) and a Pt
atom (O) separated at distances (A) as determined by the
lattice constants of UPtj: U-U- 4.132 A and U-Pt -2.882 A.
The wavefunctions represent single-atom orbitals that
result from self-consistent field calculations assuming a
5d96s configuration for Pt and 5f3 for U (Herman and
Skillman 1963).

orbital from a neighbouring site around the position of the f atom.

If 4 is an s,p or d orbital on a non-f atom and Rf the position of the

f atom, then

+v) «5<R ) + 2
i

a<t> r.r.
i J

(2.1)

Using the orthogonality properties of spherical harmonics it can be

shown that the constant, linear and quadratic terms of the expansion

are orthogonal to an f orbital (represented by y? spherical harmonics)

centered at Rf. Thus, only cubic and higher-order terms of the non-f

wave function contribute to the overlap integral. Consequently, it is

the spatial variation of the non-f orbital rather than its magnitude,

that will determine the strength of the f-ligand interaction. At the
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position of the f atom, the derivatives are small and drop off rapidly

with Increasing order. Furthermore, the overlap integral will involve

a large power of the radius, because only the high-order terms will

contribute. Thus large radii relative to the position of the f atom

will be emphasized.

An important feature is the fact that the hybridization is weakened if

the size of the ligand atom increases, i.e. as one moves down in a

column of the periodic table. This is connected with increasing dis-

tance between 5f and ligand atoms, as opposed to the case where only

the 5f-5f distance is taken into account.

Furthermore it follows that the controlling feature of the f orbital

is the size of the tail at large r, since only high-order terms in the

Taylor series expansion contribute. This selects light rare earths

and actinides, where the f orbitals have small but slowly decaying

tails. Because of the lanthanide (or actinide) contraction, the f

orbitals in the heavy rare earths or actinides, are less extended in

space, and are not so strongly affected by hybridization.

Finally, it can be noted that the comparison of properties of materi-

als of different crystal structures deserves special attention. The

hybridization strength is related to the angular dependence of the

orbitals and therefore it depends on the geometric positions of the

atoms involved.

2.2 RICKY interaction

An important interaction between two local magnetic moments

embedded in a metallic system is the so-called Ruderman-Kittel-

Kasuya-Yoshida (RKKY) interaction. A magnetic moment polarizes the

moments of surrounding conduction electrons, via an effective coupling

constant J, and the polarized conduction electrons in turn couple,

again with the coupling constant J, to the second magnetic moment

resulting in an indirect coupling between the two magnetic moments.

To leading order the RKKY interaction can be described by

sinx - xcosx (2

x

with x™2kjl.. and R.. the distance between the magnetic moments. It
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is clear that this interaction has an oscillatory character and decays

slowly with increasing separation between the magnetic moments. The

characteristic RKKY energy can be expressed as:

ERKKY

where N(0) is the density of electron states at the Fermi energy.

2.3 Single-impurity Kondo effect

2.3.1 Parametrlzation

The first theoretical model explaining the mechanism of the loga-

rithmically increasing resistivity in dilute magnetic alloys was put

forward by Kondo in 1964. This model shows that the moment of the

impurity is substantially screened by conduction electrons below a

characteristic temperature: the (single-ion) Kondo temperature T'.
is.

Kondo introduced the interaction between the single magnetic impurity

with spin |s| -0.5 and the conduction electrons with spin density s(0)

at the impurity, by means of the following term in the Haiailtonian:

H K - J s ( 0 ) . S (2.4)

The coupling constant J is positive thereby favouring antiferromag-

netic alignment of the conduction electron spins with respect to the

impurity spin. The physics in heavy-fermion systems is believed to

originate from this Kondo-screening. Straightforward application of

the Kondo-Hamiltonian (2.4) is, however, not possible due to some com-

plicating factors. In the first place, one can not speak of impuri-

ties. In heavy-fermions the magnetic moments are introduced by the

f-electrons (4f for Ce- and 5f for U-compounds) which need not be

localized as the magnetic impurity in the Kondo problem. The f-

electrons are present at each lattice site (hence the frequently used

name: Kondo-lattice system) and interactions between the moments can

lead to a magnetically ordered state at temperatures higher than Tv.

'Single-impurity' theories, like the Kondo-Hamiltonian, will fail in

this case. Furthermore, the total moment to be screened can consist

both of spin and orbital angular momentum.
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The Kondo problem itself was solved exactly by Wiegmann (1980), Tsvel-

ick and Wiegmann (1983) and Andrei (1980). The solution is valid for

the whole temperature range. It was found that the transition from a

magnetic (T»T.,) to a non-magnetic (T«T.,) state of the Kondo impur-

ity is related with a narrow peak of the density of electron states

close to the Fermi level Ep. This Kondo-resonance is also referred to

as the Abrikosov-Suhl resonance (Abrikosov 1965a,b and Suhl 1965).

Electrons occupying states in the Kondo-resonance show strong f-

electron character, although the actual f-level (£„) can be well below

E . This can be explained as follows. A spin-up electron from the

occupied magnetic level jumps into the free electron states with E > E,,

followed by the jump of a spin-down band electron into the empty mag-

netic state. Continuous Kondo fluctuations lead to a strong mixing of

the conduction electrons and the localized f-electrons, resulting in

an enhancement of the band electron mass, which can be seen as the

heavy-fermion formation.

In order to show the dependencies of T on the relevant parame-

ters, we follow the derivation as given by Fulde, Keller and Zwicknagl

(1988). Instead of starting with the Kondo-Hamiltonian (2.4) we start

with the single-impurity Anderson-Hamiltonian (Anderson 1961) as this

latter Hamiltonian allows the generalization to the case where the

magnetic moment is itinerant and of internal origin. The Anderson-

Hamiltonian can be transformed into the Kondo-Hamiltonian as was shown

by Schrieffer and Wolff (1966). The Anderson model has three

ingredients:

1. Conduction electrons with an energy dispersion e(k), a creation

operator c. and an annihilation operator c. in momentum and

spin states km.

2. An impurity atom capable of multiple occupancy with a single-

orbital energy cf and Coulomb correlation energy U associated

with double occupancy of the orbital. The degeneracy of the f-

orbital is v. The associated creation and annihilation operators

are f and f , respectively, with m-1...i/. The number of f-

electrons with magnetic quantum number m is determined by the

number operator n - f f .
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3. Hybridization between the conduction electrons and the f-

electrons with matrix elements V(k).

The resulting Hamiltonlan, assuming spherical symmetry, is written as:

H - HQ + Z . O O c J ^ + «f *«£ + f Z n V , +
km m nu<m

2 VCkXf^c. + c} f ) (2.5), v m km km mkm

Note that all energies are with respect to the Fermi-energy and that

spin-orbit and crystalline-electric-field effects are neglectad

(y «• 14), H is connected with the conduction electrons that do not

couple with the magnetic impurity and can therefore be omitted. The

(non-magnetic) state with no f-electrons is denoted by \</> >. It

represents the Fermi-sea filled with conduction electrons. Its energy

is denoted by E . A state with one f-electron can be generated if a

conduction electron is removed and an f-electron is added:

|k,m>—f c.|^ >. It is also possible to build a magnetic state by

adding an f-electron: f U > with energy E -E + e... States with two** m1 o m o t
f-electrons (and two holes in the Fermi-sea) will have an additional

contribution to the energy due to the Coulomb-repulsion (U) of the f-

electrons. This repulsion is so big that the restriction to states

with no more than one f-electron Is a very good approximation (infin-

ite U-limlt). As a trial ground-state wavefunction one takes there-

fore:

|*> - A( | t f o > + 2 a j J k . B * ) ( 2 . 6 )
km

Normalization of t h i s s t a t e requires : | A | ( 1 + S O. O, ) - 1. The
km

energy of this state E - < * | H | * > - E +ef+e has a difference in energy of

e with the magnetic one-f-electron state. By minimizing E with

respect to A and Aa. two coupled equations in c and a, are obtained:

c - -ef+ S o J ^ k ) and t a ^ - V(k) - £ ( 1 0 ^ (2.7)
km

The energy difference e can be written in an implicit form:
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£ + £(k)
(2.8)

and for the coefficients a. one finds:
km

km
(2.9)

This means that a, does not depend on m and that the state |*> is a

singlet state. Note that £ £<0 and e(k)<0 for k<k . A plot of the

left and right hand sides of (2.8) as functions of e, shows that there

is always a solution with £<0. This means that the nonmagnetic

state, j*> has a lower energy than any of the magnetic states |l-.,m>.

Replacing in (2.8) the sum by an integral and switching to the energy

as the variable, one gets:

(2.10)

where the cutoff parameter D is the width of the conduction electron

band and N the density of electron states. Because both e and c' are

negative, the main contribution to the integral stems from the states

with c1 close to zero. Assuming that both V and N vary smoothly in

this region, the integral can be solved and with £ « D one finds:

- -D exp
>/N(0)V

(2.11)

This energy gain is connected with the characteristic temperature (Tw)

below which the formation of the singlet state occurs, therefore:

r-i<fnkBTK-Dexp
i/N(O)V ,

The number of f-electrons in the ground-state is:

i * i 2 , *

(2.12)

(2.13)

Together with the normalization condition of the ground-state one

finds:

(2.14)

The state \4> > with no f-electrons has therefore little weight in
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or, put in a different way: fluctuations of the number of f-electrons

decrease when n_ approaches 1. The limiting case with nf close to 1

is the so-called Rondo-limit of the Anderson model. It is obtained

when the f-level is well below the Fermi-level. This can be seen in

the following way by evaluating the following sum:

-?.. - x | |
. k m H I I > I / , / I \ \ 2km k<k_ (e + e (k) )r

By the same way as c was calculated, the sum in (2.IS) can be replaced

by an integral, which, subsequently, can be approximated. This

yields:

Writing the normalization condition as 1 - |A| (1+C) (2.13) can be

written as:

nf " lAl2c-TTc (217)

Therefore, for nf close to 1, one requires C » l or |t|»i/N(O)V .

From (2.11) this implies | c£| »«/N(0)V
2.

The Coqblin-Schrieffer (1969) Hamiltonian describing the Kondo-

limit case, with the f -state behaving like a localized magnetic

moment, can be derived from the Anderson-Hamiltonian by means of the

Schrieffer-Wolff transformation (Schrieffer and Wolff 1966). As the

Coqblin-Schrieffer model involves the coupling constant J, like the

Kondo-Hamiltonian does, one can express J in parameters used in the

Anderson model:

Eq. (2.12) becomes:

-1
< 2 1 9>

The total degeneracy plays an important role in many theories

concerning the Anderson model. This can be illustrated by the
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following example. If one tries to improve the trial ground-state

(2.6) one can include states like: c, c. , U > and• i KIH K m o
cJ c,, c,,, , f i \<t> >. It turns out, however, that these terms become

less Important when the total degeneracy is increased. In the limit
2

with i/-><o but with t/V kept constant, the trial wave function (2.6)

becomes exact (Gunnarsson and Schbnhammer 1983b). This is the reason

why "\/v is often used as an expansion parameter.

In reverse, when the hybridization parameter V becomes too large (with

respect to D) the trial state (2.6) is a bad approximation of the

ground-state. As a consequence, too large hybridization will suppress

the Kondo screening.

2.3.2 Physical properties

The single-impurity Kondo effect leads to the logarithmic

increase of the resistivity. An approximate expression for the tem-

perature dependence of the resistivity caused by the Kondo effect is

given by (2.20) and graphically shown in fig. 2.2 (Hamann 1967).

1.0

o
a 0.5 -

"lO~3 10~2 10"1 10° 101 102 103

T/TK
Fig. 2.2 The resistivity caused by a spin 1/2 screened by the Kondo

effect (Hamann 1967).
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The approximate expression is given as:

'Kondo(T) 1 -
ln(T/TK)

(ln2(T/TR)+*
2S(S+1))1/2

(2.20)

where p is the unitarity limit (Schrieffer 1967):

p - mc/ne2ftN<0) (2.21)

where n stands for the free electron volume density. For T « T the

resistivity p , approaches the value 2Sp and for X»1V it

approaches 0.

The inflection point of the resistivity vs. lnT curve (see fig. 2.2)

is located at T and is therefore often used to determine Tv.

Although the resistivity connected with the Kondo effect is in general

substantial over many decades of temperature, it may be be obscured at

the high-temperature side by the resistivity caused by phonons, and at

the low-temperature side by the occurrence of some ordering phenomenon

(superconducting or magnetic transition).

Exact results, within the Coqblin-Schrieffer model, for the

specific heat c were obtained by Rajan (1983), see fig. 2.3.

018

10"' 10" I 10' 10e 10

Fig. 2.3 Specific heat per impurity with spin j (Rajan 1983). To is
related to the Kondo temperature: Tg- 1.2902 To.
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One can see that the Kondo effect leads to a maximum contribution to

the specific heat close to the characteristic temperature T which is

related to TR by the Wilson number W:

T_ - 1.2902T
K. O

(2.22)

The exact location of the peak depends on j (i/-2j+1). A c/T vs. T

plot (fig. 2.4) shows that the limit y slim c/T is inversely propor-
T-»0

tional to TK and reaches the value (calculated per Kondo impurity)

7 - (2.23)

i

o

0.01 TIK)
Fig. 2.U c/T vs. logT for a Kondo impurity system with j -1/2 and

with TK-1K. The specific heat is calculated per mole
impurities.

The total entropy contained under the curve in fig. 2.4 is

kglnd'/V-i). Rajan also interpreted his results in terms of a system

that consists of non-interacting fermions with spin j and density of

states N(£). He used the specific heat results to obtain N(c). It

was found that there is a peak at Ep with a width of T . For higher

spin values (j>1/2), however, an additional peak appears and in fact

dominates the thermodynamic properties of the system. The peak in the

density of electron states close to the Ferml-level was identified

with the Abrikosov-Suhl resonance.



- 30 -

Within the same Coqblin-Schrieffer model, Rajan also calculated the

susceptibility x(T) of a Kondo impurity. At low temperatures the
2 2

effective magnetic moment (k Tx/g j»_) goes to zero for all j-values,

showing the complete screening of the impurity by the conduction elec-

trons . For j > 1 a peak appears below T and becomes more pronounced

when j increases. The low-temperature value x(0) is:

2 2
v{v 1)(/ig)

where g is the Lande factor. So both x(0) alM* 1 are inversely propor-

tional to T which suggests that X(0)/T is independent of T ; in fact:

W,+ 1)^g
24A2 (2.25)

The ratio x(0)/7 therefore depends only on the multiplicity and the

Lande factor.

The last physical property here uiscussed, in connection with the

single-ion Kondo effect, is the Hall resistivity />„. In normal metals
n

/>„ varies linearly with the magnetic field strength B and one can
n

relate the Hall constant, R - p /B, directly to the carrier density.

A possible temperature dependence of the Hall constant indicates a

change of the carrier density. In Cu samples, containing small

amounts of Fe or Mn, it was found that an extra (positive) contribu-

tion to the Hall constant was present, at low temperatures, that could

not be related to the carrier density (Alderson et al. 1970). A

theoretical model of this anomalous term was first proposed in the

early seventies by Fert (1973) who connected it to skew (-asymmetric)

scattering by Kondo impurities. This model treats the skew scattering

by using the Coqblin-Schrieffer interaction and is valid well above T..

only. It showed that the anomalous term is proportional to the mag-

netic susceptibility. This relation is quite similar to the empirical

relation that is observed in ferromagnetic and antiferromagnetic

materials, where the anomalous part of the Hall resistivity is propor-

tional to the ordered magnetic moment (Hurd 1972). More recently,

Coleman et al. (1985) and Ramakfishnan et al. (1985) have presented

calculations that describe the skew scattering in both limits T»T |.

and T « T R .
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2.3.3 Hagnetic field and pressure dependence

A Kondo impurity, put into a weak external magnetic field,

behaves as a non-magnetic impurity since the ground-state is a

singlet. With increasing magnetic field strength one can quench, how-

ever, the Kondo singlet state. This can be understood by introducing

in the Hamiltonian (2.5) the Zeeman term. The occupancies of the dif-

ferent m-states will depend on the magnetic field strength and the

degeneracy of the f-levels is removed. This means that in (2.6) a.

depends also on m and the resulting state will have a finite magnetic

moment. The changes in the occupation numbers can also be used to

calculate the magnetoresistance since Friedel's sum rule relates the

scattering phase shift of an electron to the occupation number of the

corresponding level (Langreth 1966). Schlottmann (1983,1987) calcu-

lated the occupation numbers within the Coqblin-Schrieffer model for

j S 5/2 and used the results to calculate the magnetoresistance and the

magnetization at zero temperature, see fig. 2.5 for the case with

j - 1/2; in the cases with j>1/2 the curves look similar.

o.o •—

In H/TM

Fig. 2.5 a) Magnetization b) f-level occupation numbers and c)
magnetoresistance for j — l/2 as a function of the logarithm
of the magnetic field strength scaled with the
characteristic temperature Tj( {Schlottmann 1983).

Comparison of ths theoretical curves with experimental data on systems
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like LaB, and LaAl. containing Ce impurities, shows a good agreement

(Schlottmann 1987).

Schlottmann (1985) extended his calculations (with j-5/2) to finite

temperatures. Results for magnetization and specific heat are shown

in figs. 2.6 and 2.7, respectively.

Fig. 2.6
Magnetization for j - 5/2 as a
function of the logarithm of H/T
for constant H/T%-value
(Schlottmann 1985).

Fig. 2.7
Specific heat for j - 5/2 vs. the
logarithm of T/Tg at constant
H/T](-value (.Schlottmann 1985).

The specific heat results show that the Kondo peak is reduced for low

fields and for higher fields is shifted towards higher temperatures

while the height is nearly constant. For high magnetic fields, the

different f levels are well separated and, in case of a two-level sys-

tem, the specific heat peak is a Schottky peak connected to the exci-

tations across the energy gap. One can not speak anymore of the Kondo

effect.

The magnetization results show that for small field values the Kondo

effect is able to screen the magnetic moments, especially at low tem-

peratures. For fields, of the order of T.,, the screening is broken up

at the lowest temperatures. The magnetic moment increases rapidly at

low temperatures especially for fields between 0.2 and 0.5 Tv which

will lead to a steplike magnetization curve in this temperature and

field range.

The extra positive contribution to the Hall effect caused by the Kondo

impurities is found to decrease in increasing magnetic fields (Alder-

son et al. 1970). Therefore one has to be careful to speak of the

Hall constant, R^, since it is intrinsically field dependent in Kondo

systems. The usual definition of R_, in terms of the measured
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quantities is:

1^ - tV/lB (2.26)

with V the voltage that is measured on a sample of thickness t. In

this case it is more appropriate to speak about the differential Hall

coefficient:

"H Tag (2'27)

Another possibility is just referring to the Hall resistivity at a

given field:

PH(B) - tV/1 (2.28)

The application of external pressure is a powerful tool to study

the Kondo effect because of a strong volume dependence of T,,. The

Kondo temperature depends on the hybridization V of the magnetic ion

with the surrounding conduction electrons (2.12). When pressure is

applied and the volume of the unit cell (Q) is changed, the hybridiza-

tion matrix element changes too. In most cases we expect it to

increase with decreasing volume (see section 2.1). T., will strongly

vary with it, because of its exponential dependence on V. T
K

increases as V increases and, therefore, is expected to increase with

pressure. Allen and Martin (1982) found that for a variety of Ce com-

pounds the volume dependence of the quantity J in the exponent of

(2.19) can be phenomenologically described by a relation of the form:

J « n"4 (2.29)

Usually, the dependence of a characteristic temperature to volume

changes is expressed by its double logarithmic derivative which is

(apart from a minus sign) the Griineisen parameter T connected to the

characteristic temperature. In this case we calculate:

K 4

dlnO " JN(0T (2.30)

Since J is of the order of 0.2 and N(0) of the order 1, it is seen

that the Griineisen parameter of the Kondo temperature has a large
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positive value (ordinary Griineisen parameters are of the order of 1)

which means that the Kondo temperature Increases rapidly with pres-

sure.

A summary of pressure experiments on alloys containing small amounts

of either Fe, Mn, Cr, V or Ce as given by Schilling (1979) indeed

shows that VT has large positive values ranging between 10 and 140.

The largest values were observed for the systems containing Ce. In

case nothing else but "L. changes at applying pressure, physical pro-

perties will just reflect an increased Tv. This has, for instance,

been observed by Schilling and Holzapfel (1973) who observed that

resistivity vs. T/Ttf of CuFe under pressure follows the universal

curve as shown in fig. 2.2.

2.4 Interacting Kondo impurities:

interplay between RKKY interactions and Kondo effect

2.4.1 Background

The single-ion theory, discussed above, describes the behaviour

of extremely dilute alloys in which the magnetic ions are well

separated. Typical heavy-fermion systems, however, contain magnetic

ions in every unit cell and therefore the interactions can not be

neglected. The lattice case is difficult to solve but some results on

the so-called two-Impurity Kondo problem are thought to be relevant

for the lattice case (Jayaprakash et al. 1981,1982). These results

can be summarized as follows. The ground-state is always a singlet.

Provided the RKKY interaction between the impurities is small compared

to the Kondo temperature, both moments will be quenched separately and

a single Kondo temperature is observed. For a large ferromagnetic

interaction, the moments first align and are compensated in a two-

stage process, characterized by two Kondo temperatures. If the RKKY

interaction is strong and antiferromagnetic on the other hand, the two

spins form a singlet, and there is no Kondo effect at all. These

results clearly demonstrate the importance of the RKKY interaction.

In Kondo-lattice systems the low-temperature properties will depend on
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the interplay beteen the two processes. The two competing processes

have a different dependence on the exchange coupling (denoted by the

constant J) between the conduction electrons and the moment. These

dependences on J are summarized in fig. 2.8.

Fig. 2.8 top - Dependences of the characteristic energies connected
to the Kondo effect and the RKKY interactions as function
of the coupling constant J.
below - Connected "phase diagram".

At very low J-values the interaction between the moments are very weak

(but more important than the Kondo effect) so that magnetic ordering

(at T-j close to T-j^^) occurs at low temperatures. Due to the very

weak hybridization, the f-electrons will be localized. At increasing

J, T_j increases due to the increased interaction strength. Upon

further increasing J towards a critical value J , where Totwv.«T~,

Kondo screening will partly take place so that the ground-state will

lose its magnetic character. As a result, T,. decreases rapidly. For

J>J , the moments will be screened completely. In compounds with

large J-values T_ is much higher than TH and the ground-state will be

non-magnetic with a possible superconducting transition at T .

Although the RKKY interactions do not lead to a magnetically ordered

state in compounds with large J-values they are still important. The

characteristic size r of the Kondo 'cloud', consisting of electrons
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that participate in the Kondo compensation of the magnetic moment, is

large compared to typical separation distances between magnetic

moments. Using the analogy between the expression (2.19) describing

T., and the one that describes the superconducting transition tempera-

ture (Abrikosov 1969), r,. can be estimated:

rK " ̂ F ^ V K (2.31)

which corresponds to the coherence length of superconductors. With

typical values, Tv - 10 K and v - 10 m/s, rv is of the order 10 m and

therefore much larger than the average distance between moments. In

Kondo-lattice compounds, with a typical moment separation of 10 m,

it is therefore necessary to take into account the interaction between

the Kondo clouds which is mediated by the RKKY interaction. In

heavy-fennion systems the effective mass can be enhanced by several

orders of magnitude arid consequently v is reduced with the same fac-

tor. The reduction of v_ leads to a reduction of rw with the same
3

factor via (2.31). But even a mass enhancement as high as 10 can not

decrease rv below the average distance between moments so that even in

systems with high effective masses overlap of the Kondo clouds is

important.

The state in which Kondo clouds heavily overlap each other, is also

referred to as the coherent state and the temperature at which this

occurs, which is below TR, is called the coherence temperature T . .

The physical properties of this state are different from dilute Kondo

systems and will be the subject of the next section.

Before discussing these we note three points.

1. The strong increase of T.. for J>J can not be maintained. To
& c

see this, one has to realize that the J parameter is connected to

the hybridization strengch through (2.18). A large J-value

therefore is connected to strong hybridization which means broad

f-bands which in turn mean a low density of electron states at

the Fermi-level. Since the Kondo temperature depends, besides on

J, also on N(0) according to (2.19), increasing J will not lead

to a higher T» at some stage. Finally, the Kondo effect will be

suppressed totally.

2. Non-magnetic heavy-fermion behaviour may be anticipated for the

region with J above the critical value J , where the continuous
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Kondo fluctuations lead to strong mixing of the f-electrons and

the conduction electrons, resulting in the enhancement of the

band electron mass. Well below J the material will be magnetic

with a low 7-value. With J close to J , there is no adequate

theory describing the ground-state that can either be magnetic

with reduced moments or non-magnetic due to the Kondo effect.

The existence of magnetic heavy-fermion systems, like NpBe...,,

UCd... U-Zn^ and also U(PtQ OcPd0 0 5 ) 3 . indicates that a high

7-value can not be excluded for J-values around or even below the

critical ./-value. In general one has to expect, however, a

lowering of -y at lowering J below J . For J-values somewhat

higher than J the Kondo fluctuations are stronger than the mag-

netic interactions and therefore a non-magnetic heavy-fermion

state may develop. Higher values of J will lead to an increase

of Tv and in the single-impurity picture will lead to a decrease

of the electronic term in the specific heat according to (2.23).

Eventually, as unfolded in point 1, the Kondo effect will be

suppressed and the heavy-fennion state is quickly destroyed. In

this very strong hybridization region one may expect itinerant

behaviour for the f-electrons and broad f-bands and, therefore,

low-f-electron density at the Fermi level. The susceptibility

will therefore display a Pauli-like temperature dependence in

this region.

The exchange coupling constant J depends on the hybridization

strength and on the position of the f-level, see (2.18). Both

parameters are affected by, for instance, chemical composition

and external pressure. Especially, for compounds that have

JtJ , changes in external parameters will lead to pronounced

changes in the ground-state behaviour. This is the motivation

for alloying experiments in which one of the elements (i.e. the

f-electron element or the non-f-electron element) of the compound

is (partly) replaced or the atomic-ratio of the constituents is

changed.
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2.4.2 Physical properties

The intersite interaction of Kondo clouds is an essential factor

for the low-temperature behaviour of Kondo lattices. Due to the

periodicity of the Kondo lattice, conduction electrons will form bands

below T . which are characterized by a dispersion relation and filled

up to the Fermi energy (Coleman 1983). In heavy-fermion systems, this

dispersion relation is characterized around £„, by a high value for

the quasi-particle effective mass. This is experimentally verified by

de Haas van Alphen experiments on heavy-fermion systems in which large

effective masses are observed (e.g. Taillefer et al. 1986 for UPt,).

At entering the coherent state physical properties change. Theoreti-

cal descriptions of the changed properties do not (yet) provide exact

results.

The specific heat of heavy-fermion compounds that do not order (like

CeAl.) shows a decrease of c/T at very low temperatures, that is

changed when the lattice order is destroyed by, for instance, alloying

(Bredl et al. 1984). The interpretation of these experimental results

is that at lowering the temperature below T , , a (pseudo) gap opens

at the Fermi energy thereby changing the density of states. The

existence of a gap is supported by several theoretical calculations

(e.g. Grewe 1984 and Lacroix 1986).

The resistivity behaviour of compounds that become coherent at low

temperatures is completely different from that of dilute Kondo sys-

tems. For heavy-fermion systems at lowering the temperature, first

incoherent Kondo screening takes place, leading to the characteristic

increase of the resistivity, but at further cooling and passing T , ,

the coherence between the Kondo screening leads to a drastic drop of

the resistivity. The resistivity drop is however not only observed in

coherent systems. Also in (incoherent) systems with Tt)1_rv>T mag-

netic interactions lead to a drop of the resistivity which is made

clear by calculations of Larsen (1978) (see fig. 2.9). For small

Tpj-jy/Tj.-values the resistivity curve resembles the resistivity curve

observed for single-impurity Kondo systems. Increasing the ratio of

the two characteristic temperatures, e.g. by decreasing J (see

fig. 2.8) or by increasing the amount of magnetic impurities, leads to

a decreased value of the resistivity per impurity. Further increase,
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Fig. 2.9 Functional dependence of the resistivity per (S -1/2)
impurity on the relative temperature T/TK and on the
relative RKKY interaction strength Tg^y/T^ according to
Larsen (1978).

so that TRKI(y
!iT

K. leads to a low-temperature maximum in the resis-

tivity.

Placing a coherent system in a magnetic field will be destructive for

the coherent state because the Kondo singlet state is destroyed in

magnetic fields. Resistivity experiments on coherent systems in mag-

netic fields will therefore show positive magnetoresistivity. In the

incoherent region the application of a magnetic field leads to a

decrease of the resistivity (see section 2.3.3).

A theory describing the Hall effect of heavy-fermions has been pro-

posed by Fert and Levy (1987). In their model, R^ consists of two

contributions: a background term, R , that is due to the ordinary Hall

effect and skew scattering by defects and impurities, and an anomalous

term, K^, that is due to skew scattering connected to the magnetic

moments. The background term will in general be weakly temperature

dependent since it is connected with the carrier concentration. Only

in compounds where the Fermi-surface topology is changed it might

change considerably. The intrinsic skew scattering is temperature

dependent since it reflects the interactions between magnetic moments.

For T > T
K
> > T

c o n >
 t h e anomalous part is due to the incoherent Kondo

scattering (see section 2.3.2) and is proportional to the product %p
m

where p^ is that part of the resistivity that is of magnetic origin.

For temperatures below T (but above T ), this proportionality is

still valid, but with a different proportionality constant. For
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T<T . , scattering becomes coherent and the anomalous Hall effect

drops to zero leading to a peaking behaviour of the Hall effect. In

the (single impurity) model of Fert and Levy one can write therefore:

*H ' Ro + *H<T> " Ro + K*'m ( 2 3 2 >

where R is the normal Hall effect (related to the density of car-

riers) . The proportionality constant K takes on different values

above and below Tv.

With this type of description is is possible to describe the Hall

effect of (e.g.) CeAl_ and CeCu- (Fert and Levy 1987).
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CHAPTER III: EXPERIMENTAL BACKGROUND

3.1 Sample preparation

Most of the samples (i.e. samples not containing transuranium

elements) used for the experiments have been made at the Natuurkundig

Laboratorium and their preparation will be discussed first.
235

Starting materials were U-depleted uranium (2N8 with respect to

metallic impurities), platinum and palladium (5N) supplied by Material

Research Corporation and boron (2N8) supplied by Johnson Matthey.

Polycrystalline samples were prepared by arc-melting the appropriate

amounts of the constituents in a titanium-gettered argon atmosphere.

Samples with low concentrations of one of the constituents were

prepared by means of master alloys to avoid the handling of (too)

small amounts of material. The buttons were turned over and remelted

several times to ensure homogeneity. The melt was cast into a water-

cooled copper crucible to obtain a particular shape, e.g. a cylinder.

This casting was usually quite satisfactory, but especially for

small-diameter cylinders (resistivity samples) it was found that small

voids and/or cracks can be present. Furthermore, it was observed that

although the polycrystalline material is homogeneous in composition,

preferential orientation of grains occurs, leading to non isotropic

samples. In some cases, the samples were annealed at 900°C for a

period of 7-10 days to reduce strains and improve the homogeneity.

Care was taken to prevent reactions of the sample material either with

air or container material. Hereto, the sample was wrapped in tantalum

foil and put in an evacuated quartz ampoule together with a piece of

uranium that served as a getter. Single-crystalline samples were

prepared by a Czochralski method (Menovsky and Franse 1983, Menovsky

1988). With this technique large cylindrical single-crystals could be

grown with sizes amounting to 8 mm diameter and 30mm length. The

cylinder axis is most often the c-axis of the crystal since this is

the easy-growth direction. X-ray diffraction was always used to check

whether the samples are single-crystalline.

Since for each type of experiment a particular sample shape is needed,

additional sample shaping was often required. This was done by means
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of spark erosion, which makes it possible to prepare simple geometri-

cal bodies like spheres, cylinders and cubes (with planparallel sides)

as well as more complicated shapes like the 6-contact Hall plate (see

section 3.3.3). Advantages of this technique are its flexibility and

the fact that no forces are exerted on the sample; a disadvantage is

that the surface layer is damaged so that attaching electrical con-

tacts on the sample can be difficult. The surface layer has to be

removed in this case, which is accomplished by etching in warm nitric

acid with a few volume percent of hydrochloric acid added to it. The

etching is very efficient when it is performed in an ultra-sonic bath

(fragile samples, like the Hall plates, should however not be sub-

jected to the ultrasonic waves).

The samples that contain transuranium elements IL An Pt_ withr 1-x x 3

An-Np,Pu were produced at the European Institute for Transuranium

Elements in Karlsruhe by J.C. Spirlet. A number of samples with dif-

ferent composition (x- 0.00, 0.01, 0.05, 0.10 and 1.00) were prepared

by arc-melting the appropriate amounts of the starting materials in an

argon atmosphere. The purities of the used U, Np and Pu are 99.9,

99,9 and 99 X respectively. The material was cast into the shape of a

half-cylinder with a typical length of 10 mm and a radius of 3 mm. To

avoid contamination, the samples were neither annealed nor subjected

to sample shaping processes. The samples were encapsulated in a

copper-cylinder with helium gas that served as heat exchanger during

the cryogenic experiments. The cylinder has several feedthroughs for

wires, in order to perform resistivity measurements on the samples.

An overview of the samples that have been prepared is presented in

table 3.1. Generally, there are more pieces of a particular compound

since different experiments require different shapes and/or masses.

In case that the dimensions of the single-crystalline samples are suf-

ficient, samples were cut along several principal crystallographic

directions.
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Table 3.1 Overview of the compounds that were used for the cryogenic
experiments. The s/p column indicates whether the
compounds are polycrystalline (p) or single-crystalline

compound

U(Pt, Pd ).
1-x x 3

Un Np Pt.
1-x rx 3

Ul-xPuxPt3

UPt3+x

UPt3Bx

upt3cx

s/p

P

s

p

p

p

p

s

s

nominal concentration x

0.001, 0.002, 0.05, 0.07, 0.10

0.05, 0.075, 0.10

0,00, 0.01, 0.05, 0.10, 1.00

0.00, 0.01, 0.05, 0.10, 1.00 '

-0.06, -0.03, 0.00, 0.03, 0.06

0, 0.02, 0.05, 0.07, 0.10, 0.15, 0.20, 0.30

0.11

0.10

3.2 Sample characterization

3.2.1 Substitution of uranium

X-ray analysis was performed to determine the lattice parameters

of the compounds U, Pu Pt- and U, Np Pt,. The structure of NpPt,

was determined to be of the double hexagonal Ni.Ti-type which is in

agreement with the reported structure (see table 1.2). Lattice param-

eters of this compound are given in table 3.2 and it can be seen that

both a and c are somewhat lower than the values reported by Erdmann

and Keller (1973). The X-ray analysis of PuPt, revealed that the sam-

ple either consists of a mixture of two phases (cubic AuCu, phase and

an unknown phase) or has a complex structure. Using the diffraction

peaks that can be attributed to the AuCu_ structure, the lattice

parameter nevertheless turns out to be close to the reported value

(Harvey et al. 1973). From table 3.2 it can be seen that the lattice

parameters of UPt_ are in good agreement with literature values.

The X-ray analyses performed on the pseudo-binary compounds (x-0.01,
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Table 3.2 Lattice parameters of AnPtj with An an actinide element.

compound

PaPt3

upt3

NpPt3

PuPt.

a (A)

5.704

5.764

5.760(1)

5.822

5.806(2)
4.103
4.107(1)

c (A)

4.957
4.899

4.9016(9)
9.575
9.530(5)

r e f

a

b

d

a

d

c

d

a) Erdmann and Keller 1973; b) Heal and Williams 1955;
c) Harvey et al. 1973; d) this work (Rebizant 1988).

0.05 and 0.10) showed that these partly substituted compounds have the

hexagonal MgCd, structure. The resulting a and c lattice parameters

are given in figs. 3.1 and 3.2, respectively.
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Fig. 3.1
The a lattice parameter vs. x.

Fig. 3.2
The c lattice parameter vs. x.

For the Pu-substituted compounds it can be seen that a and c decrease

up to x-0.05 and that the values for the 10 2 Pu compound are

increased. The initial decrease can be expected since the unit-cell

volume of PuPt, is smaller than that of UPt,, as follows from the lat-

tice parameters given in table 3.2; the increased values found for

x-0.10 are not compatible with this trend. Using the lattice



- 45 -

parameters of the 5 X compound we calculate a relative volume change of

-4.6x10 per at. X Pu and a relative c/a-ratio change of -1.5x10 per

at. X Pu. For the Np-substituted compounds it can be seen that the a-

parameter increases slightly with increasing Np content whereas the

c-parameter decreases at a higher rate. The trends observed in these

partly substituted samples are expected since the 100 Z substituted

NpPt.-compound has a higher a- and a lower (^)c-parameter, as compared

with the lattice parameters of UPt,. The volume changes relatively at

a rate of -0.7x10 per at. X Np and the c/a-ratio at a rate of

-1.7x10 per at. X Np (using the values of the 10 X Np compound).

3.2.2 Substitution of platinum

Substitutions of platinum by palladium have been reported by de

Visser et al. (1986a). By means of X-ray analysis on the pseudo-

binary compounds U(Pt. Pd )_ it was found that the MgCd.-structure is

maintained up to x-0.15. Samples with higher Pd-content showed addi-

tional lines, pointing to an additional phase.

Recently X-ray analyses have been performed on the group U(Pt1 Pd )_

over a wider range of diffraction angles (Kadowaki, private communica-

tion). Extra lines in the high-angle range, indicate lattice mismatch

for compounds with Pd contents as low as 0.07.

Within experimental accuracy, the a-lattice parameter remains

unchanged whereas the c-lattice parameter is decreased with increasing

Pd-content: 4.897±3A for pure UPt-, 4.892±3A for x-0.15 down to

4.886±3A for x-0.30. With these lattice parameters, we calculate the
-4

initial relative volume change to be -0.7x10 per at. X Pd. The rela-
-4tive change in the c/a-ratio amounts to the same value -0.7x10 per

at. X Pd.

According to table 3.1 a number of single-crystalline U(Pt1 Pd ),

samples has been prepared. The samples were investigated by

microprobe, X-ray and mass density analyses. The microprobe analyses

were employed along axial as well as radial directions. In principle,

the microprobe analyses allow determination of the absolute composi-

tion, but for these compounds the composition determination is rather

inaccurate due to overlapping of Pd and Pt lines. The compositions
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that resulted were systematically lower (less Pd) than the nominal

concentrations. Another result was that the samples are homogeneous:

the composition does not change as a function of the place on the sam-

ple. Especially the fact that the composition does not vary along the

axial direction (i.e. the grow direction) in combination with the fact

that almost 100 2 of the melt is used for the crystal, indicates that

the actual composition is close to the nominal one. The lattice

parameters, as resulting from the X-ray analyses, are listed in table

3.3.

Table 3.3 Characteristic parameters of as-grown single crystals, The
listed concentrations refer to nominal compositions.

Compound

upt3

U ( P tl-x Mx )3

UPd3

UPt3Bx

uPt3cx

X

0.05

0.075

0.10

0.11

0.10

a

(A)

5.752

5.761

5.757

5.759

5.765

5.761

5.759

4

4

4

4

9

4

4

c

(A)

.897

.905

.901

.900

.618

.906

.907

calc. dens.

(g/cm )

19.49

19.08

18.97

18.80

13.37

19.42

19.43

meas. dens.

(g/cm3)

19.45

19.17

19.05

18.88

-

19.35

19.32

ref

a

b

b

b

c

b

b

a) Menovsky and Franse 1983,
b) this work (Menovsky 1988),
c) Andres et al. 1978.

It can be seen that the data follow the trends given above (i.e. con-

stant a- and decreasing c-parameter) but especially the a-parameter

displays scatter. Table 3.3 also includes the density as calculated

by the measured lattice parameters and the density as measured. The

agreement between these two is satisfactory.

Recently, more information about the U(Pt- Pd ) 3 system became avail-

able. Arko et al. (1988) reported, on basis of X-ray measurements,

that the Ni.Ti-structure is present for x5 0.20 and is maintained up

to x-1.00. Around x-0.50 additional very weak superlattice lines

are present, indicating some additional periodicity for a narrow range
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of compositions. A possible explanation for these extra lines is

offered by McEwen et al. (1988) who found an intermediate phase for

the concentration range 0.33<x<0.58. It is characterized by a 10-

layer stacking sequence along the c-axis, possibly of the type ABACA-

BABCB which means that quasi-hexagonal and quasi-cubic sites are

present in a ratio of 3:2. The measured lattice parameters for the

whole concentration range are given in fig. 3.3 (McEwen et al. 1988).
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Fig. 3.3 Lattice constants for U(.Pti^j^dx)j. • : McEwen et al.
(1988); o : de Visser et al. (1986d); D : Dunlap (private
communication). For the dhcp and 10-layer structure, c/2
and c/10 are plotted, respectively {after McEwen et al.
1988).

As a result it can be concluded that the stacking sequence is very

easily changed thereby changing the structure of UPt.. In view of

these results it seems natural that the extra lines observed in our

samples with xfcG.07 are resulting from different stacking sequences,

most likely the one that leads to the dhcp structure since this struc-

ture is observed for x-0.20. Since the stacking sequence of the UPt

crystal structure is ABAB, replacement of any layer A or B by a dif-

ferent layer C, inevitably introduces quasi-cubic positions.
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3.2.3 Addition

As listed in table 3.1, a large number of polycrystalline UPt.B

J X

samples has been prepared and a single-crystalline sample too. X-ray

analyses on the polycrystalline samples indicated that the samples

have an identical crystal structure as UPt, when x£0.15 (Kadowaki et

al. 1988).

The single-crystalline sample was also checked by mass density meas-

urements (see table 3.3). The measured mass density agrees with the

one that is calculated on the basis of the lattice parameters. The
lattice parameters as determined for the x-0.11 compound indicate a

-4
relative volume change of 4.5x10 per at. X B and a relative change of

the c/a-ratio of 0.25x10~ per at. X B.

An important point at growing the single-crystals of UPt,B is that
•J X

boron can be bound by oxygen and that volatile B-0- is formed. This

was observed when heavily oxydized UPt, was used as starting material

and afterwards a white layer (B-0,) was deposited at the crucible sur-

face. The boron content had decreased by 40 X (Menovsky 1988). This

shows that under long heating conditions boron can be bound to oxygen

and be removed from the sample which implies that actual boron concen-

trations are somewhat lower than the nominal quoted concentrations.

Especially for the polycrystalline samples we do not expect, however,

a large deviation from the nominal concentration since the samples are

heated only for a short time.

3.2.4 Off-stoichiometry

A series of samples was prepared in which the ratio between pla-

tinum and uranium atoms deviates from the stoichioraetric ratio. The

samples with the largest deviation (UPt- g, and UPt, _g) were prepared

and used to make samples with Pt to U ratio 2.97, 3.00 and 3.03. The

samples were annealed as described in section 3.1.

Debye-Scherrer X-ray pictures were taken from the samples. It was

found that the X-ray patterns of the Pt-poor samples were identical to

the pattern of UPt_. The patterns of the Pt-rich samples showed, how-

ever, extra lines that could be fitted with patterns neither of UPtc
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nor of uraniumoxides and are probably connected with defects and

stacking errors of the hexagonal UPt, crystal structure. The mere

fact that extra lines are observed indicates that the stacking errors

are extended and therefore occupy a considerable volume fraction of

the sample.

3.3 Measuring techniques

3.3.1 Miscellaneous

This section briefly describes several experimental techniques

and facilities that were employed during the low-temperature measure-

ments. More detailed information can be found in the given refer-

ences .

Specific-heat measurements between 1.3K and 40 K and in magnetic

fields up to 5 T were performed in the calorimeter designed and

described by Elenbaas (1980). After cooling the sample down to the

lowest obtainable temperature, it is isolated from the main bath by

opening a mechanical heat switch. The sample is then stepwise heated

over a temperature interval AT, by supplying an energy AQ. The

specific heat at constant pressure, cp, can be calculated from the

ratio AT/AQ after correcting for the empty sample holder contribution.

To derive the specific heat at constant volume, c^, the thermodynamic

relation

9o2V T

can be used, where o is the linear thermal expansion coefficient and K

the isothermal compressibility. For UPt, the difference at T-35K

amounts to —0.1 J/molK which is about 0.3 X of the total specific heat

and is for most considerations only of minor importance. For the

interpretation of the Griineisen analyses, as presented in chapter 4,

this difference is not negligible so that the c_-data were transformed

into cv-data.
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Susceptibility experiments in the temperature interval 2 - 300 K

have been performed with a pendulum TP .^netometer in magnetic fields up

to 1.3 T. An extensive description of the measuring technique, equip-

ment, automation and temperature stabilization is given by Veenhuizen

(1988). Its principle is based on the determination of the force

exerted on the sample by an inhomogeneous magnetic field, by measuring

the period of oscillation of the pendulum to which the sample is

attached. From the force one can calculate the magnetic moment at the

applied field. This is repeated for different field strengths and the

resulting magnetization vs. magnetic field curve, usually (e.g.

paramagnetic systems) a straight line through the origin, yields the

susceptibility. During the measurement the temperature is kept stable

within 0.IX by a software temperature controller. A full susceptibil-

ity vs. temperature curve can be obtained by automatic operation of

the equipment controlled by a personal computer.

Thermal expansion was measured by means of a parallel-plate capa-

citance method described by de Visser (1986b). Dilatation of the sam-

ple can be measured by measuring the change in capacitance of two

parallel plates, one fixed in the cell and the other connected to the

sample. The expansion cell is machined out of OFHC (Oxygen Free High

Conductivity) copper. The measured change in capacitance that is the

result of a small change in temperature AT, can be directly related to

a change in gap distance since C-tA/d, where t — ct is the dielec-

tric constant of the medium between the plates, A is the area of the

plates and d is the gap distance. The coefficient of linear thermal

expansion a - L (dL/dT), with L the length of the sample, is approxi-

mated by:

CU
 Ki"i)

Here, the first term corresponds to the change in gap distance with

the sample mounted in the cell, the second term is the corresponding

change with a copper sample mounted in the cell, the so-called cell-

effect, and the third term is the necessary correction for the expan-

sion of the cell itself. It was found that the cell-effect reproduces

very well on a time scale of several months. At a larger time scale

it is necessary to remeasure the cell-effect. The corrections for the
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cell-effect are, however, of minor importance except at the lowest

temperatures.

The electrical resistivity above 1.4K has been measured with a

standard four-point ac-technique. The frequency is around 90 Hz and

the current amounts to 10mA. Since most resistivity samples have a

cylindrical shape with a diameter of 1.5mm the typical current density

amounts to 0.6 A/cm . To check the ac-resistivity (taken at slowly

changing temperatures) additional dc-values were measured at stabil-

ized temperatures. The resistivity measurements can be performed in

magnetic fields up to 10 T, produced by a superconducting solenoid, in

order to determine the magnetoresistance of the samples. The pressure

dependence of the resistance up to 5 kbar was measured in some cases.

Hereto, the sample with its four contacts is placed in a copper-

beryllium pressure cell that is pressurized by means of helium gas.

The current and voltage leads are embedded in epoxy and fed through

the pressure sealing. Since helium solidifies at high pressure and

low temperature (at a pressure of 5 kbar solidification occurs around

40 K) special attention has to be paid to the preparation of the

electrical contacts on the sample. These contacts were obtained by

clamping the sample onto an anodized aluminium sample holder and using

small pieces of razor blades welded to copper springs as contacts. At

solidification of the helium, a contact occasionally was lost, but

could be restored by thermal cycling due to the copper springs. Small

irreproducibilities can occur however at these temperatures. Another

technique to obtain reliable contacts on the sample (mainly used dur-

ing magnetoresistance measurements) is displayed in fig. 3.4. Two

not-isolated copper wires are glued on an anodized aluminium plate and

the sample is placed on top of it. A second plate, again with two

wires fixed to it, is pressed on the sample to establish the contacts.

By means of the two screws, that exert force on the plates via small

washer-springs, the contact resistances can be minimized.

Several types of experiments (magnetization, resistivity and Hall

effect) were performed in magnetic fields up to 40 T by using the

Amsterdam High Field Installation (Gersdorf et al. 1983,1988). This

magnet can generate magnetic fields up to 40T, constant within 1 part
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copper wires

SAMPLE
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Fig. 3.4 Cross-section of mounting device for making 4 electrical
contacts on the sample without soldering.

in 1000 for the duration of 0.1 sec. The current (max. 9000 A) is led

through a coil that consists of insulated windings of hard-drawn

copper wire. In order, to reduce the power consumption the magnet is

cooled to 27 K by liquid neon (supplied by a neon liquefier in a closed

circuit). A maximum pulse (required power is 6 MW) causes the magnet

to warm up to 120K. Recooling the magnet to 27 K takes about 2 hours.

The current is generated by a thyristor rectifier that is controlled

by a micro computer which allows the generation of all kinds of pulse

shapes possible within the constraints put by power and voltage.

Mostly, stepped pulses are used: after an initial fast rise to the

desired maximum field, the field is decreased stepwise and kept con-

stant at each step for 40 ms so that eddy currents have decayed and

induced voltages are absent. A second type of pulse that is often

used is the linear pulse: after a fast rise to the maximum field, the

field is decreased linearly with a rate of, for instance, 56T/s.

Pulses of the latter type yield more information but the data have to

be corrected for the induction voltage.

In order to obtain stable temperatures all experiments have been per-

formed with the sample immersed in a cryogenic fluid (helium or nitro-

gen) . By reducing the pressure of the helium bath, it is possible to

reduce the temperature down to 1.4K.

High-magnetic-field magnetization measurements are performed with an

inductive method. The sample is mounted in a teflon holder and then

placed in a pick-up coil in the center of the magnet. The resulting

signal has to be corrected for coil and sample-holder contributions.

High-magnetic field magnetoresistance is measured with a four-point dc
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method. The sample is clamped between current contacts while the vol-

tage contacts are pressed onto the sample; the sample can be mounted

either parallel or perpendicular to the field to measure the longitu-

dinal or the transversal magnetoresistance, respectively. Voltages

that are induced in the potential leads during field changes are com-

pensated by adding a signal that is generated by a pickup coil placed

around the sample holder. The exact size and phase of this signal is

determined by means of measurements without current through the sam-

ple, so that the only measured voltage is the induced voltage in the

potential leads.

High-magnetic field Hall effect measurements are described in more

detail in section 3.3.3.

3.3.2 Low-temperature resistance

Resistance measurements down to 0.3K have been performed in a He

cryostat. A schematic drawing of this cryostat, that is inserted in a

He-cryostat, is given in fig. 3.5. The lowest temperatures are

obtained by pumping on liquid He by means of an adsorption (cryo)

pump. The He-gas (~ 3 liter STP) is contained in a closed circuit to

avoid losses. At room temperature it is stored in a tank on top of

the cryostat. After precooling to 4.2 K, the He (boiling point at

normal pressure is 3.19K) is condensed into the He-pot by cooling
4 4

down the He-pot. Cooling down of the He-pot is realized by pumping

on the liquid helium in the pot; the helium is supplied through the

capillary that connects the pot to the main helium bath. The

impedance of the capillary has to meet two conflicting demands: 1) it

should be small so that the flow of helium is big enough to obtain

sufficient cooling power (necessary for removing the condensation heat

of the He-gas); 2) it should be large in order to keep the final tem-

perature of this pot as low as possible since this determines (part
3

of) the heat flow to the He-pot. The impedance can be changed by

putting a small wire with variable length and diameter into the capil-

lary; the value for the impedance that was used amounted to

3.8x10 cm which resulted in a cooling power of 60 mW and a minimum

temperature for the He-pot of 1.6 K. During the condensation of the
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Fig. 3.5 Schematic cross-section of the high-vacuum can that
contains the ̂ He~cooling system that is inserted into a
^He-cryostat. 1 : copper-wire thermometer, 2 and 4 :
heaters, 3 : germanium resistance thermometer.

3 3

He, the adsorption pump (filled with 30cm Zeolite 5A) is kept at a

high temperature (~40K) by means of the heater no. 2 while its tem-

perature is monitored by the copper-wire thermometer no. 1. After

complete condensation, the heater is switched off allowing the zeolite

to cool down. This cooling is obtained by a small heat link placed

between the main bath and the adsorption pump. The cooling down of

the zeolite initiates the adsorption-process of the He-gas, thereby
3

reducing the vapour pressure of the liquid in the He-pot. The forced

boil-off results in a lowering of the temperature (measured by the

germanium resistance thermometer no. 3) eventually down to 0.3K.
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Without external heat input (applied by means of heater no. 4) into

the He-pot, the lowest temperature can be maintained for several
4

hours which time is mainly limited by the amount of liquid He of the

main bath. Data have been taken either during the slow cooling pro-

cess or at stabilized temperatures. Stabilization of the temperature

within 1 mK over a considerable time interval (20 min) can be realized

by applying a heat load to the adsorption pump using heater no. 2.

Resistance was measured using a 4-point ac-technique with a frequency

around 90 Hz. The four contacts en the sample were made by pressing

(see fig. 3.4) or by soldering with tin using ZnCl. as flux. The

latter method was used in case of fragile or small samples. The typi-

cal current was 1mA resulting in a current density of 0.06 A/cm .

With typical sample resistances of 100 fid the voltage amounts to 100 nV

and the heat generated by the current is only 0.1 nW. However, the

contacts on the sample generally have higher resistances than the sam-

ple resistance and the associated generated heat can not be neglected.

In fact, placing the sample in heat transfer grease and pressing it on

the He-plate is necessary to prevent heating of the sample.

3.3.3 Hall effect

Hall effect has been measured both as function of temperature and

magnetic field strength. The Hall samples have been obtained from

large single-crystals by means of spark-erosion and have the shape of

small rectangular plates with 6 extrusions (see fig. 3.6). The perim-

eter of the plates is formed by removing the exterior sample material

from the single-crystal and the plates are cut by means of a copper

wire to obtain uniform thickness (~0.1mm). Surface material, damaged

by the sparks, is removed by etching and the Hall plate is glued with

varnish to an electrically non-conducting support plate. Voltage and

current wires are realized by soldering the leads on the sample with

tin and ZnCl. as flux. The supporting disk serves as a protection for

the fragile Hall plate. The Hall sample is oriented in such a way

that its normal and its length axis are along principal crystallo-

graphic directions, so that the Hall voltage is measured along the

third remaining crystaliographic direction. The magnetic field is
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Fig. 3.6 Picture of a 6-point Hall sample mounted on support disk.
I : current contacts; V : Hall voltage contacts; C :
contacts used for compensation. The magnetic field B is
applied perpendicular to the sample. The vertical bars,
at the bottom of the picture, denote distances of 1 nun.

applied perpendicular to the plate and the measuring current is

applied along the length axis.

In general, one can represent the Hall constant by a 3x3 matrix that

has only three independent components. For a hexagonal system further

symmetry reduces the number of independent terras to two: one with the

magnetic field parallel to the hexagonal axis and the other with the

magnetic field perpendicular to the hexagonal axis. To denote in com-

ing sections one of the components of the Hall constant, measured with

a particular geometry of magnetic field, current and voltage, we adopt

the convention to write R^ where x stands for the magnetic field

direction, y for the current direction and z for the direction along

which the Hall voltage is measured.

The measured voltage will in general consist of the Hall voltage and a
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resistive voltage. The resistive voltage is due to misalignment of

the voltage and current contacts (current and measuring direction are

not perfectly perpendicular). But also in case that the misalignment

is negligible there can be a resistive voltage if the resistivity is

anisotropic in the plane of the Hall plate and the orientation of the

plate with respect to the crystallographic axes is not perfect. Com-

pensation by means of the two contacts C is a way to eliminate the

resistive contribution (the measured voltage is made zero in zero

field). If there is anisotropy and if the anisotropy is temperature

dependent the compensation should be performed at each temperature

which makes this technique tedious to apply. Another way to eliminate

the resistive contribution relies on the fact that the Hall voltage is

an odd function of magnetic field whereas the resistive contribution

is an even function. Since only the contribution due to the Hall vol-

tage will change sign when the field polarity is changed the differ-

ence of the two measurements yields (twice) the Hall voltage. This

latter method was used since all investigated samples show a highly

anisotropic resistance.

The temperature dependence of the Hall effect between 2 K and 300 K is

determined in a magnetic field of 8 T produced by a superconducting

solenoid. The measuring dc-current amounted to 10mA which results in
2

a current density of 5.5 A/cm . Thermal voltages are eliminated by

reversing the current direction whereas the resistive contribution is

eliminated by means of a second experiment in the same temperature

interval but with reversed field direction. The sign of the Hall vol-

tage was determined by means of a measurement on a copper sample using

the same wiring.

The field dependence up to 38 T is determined in the high-field magnet

(described in section 3.3.1) at several fixed temperatures. In this

case the dc-current amounted to 500 mA (current density of 280 A/cm ).

Since the measurement is done within one second, it is assumed that a

(possibly present) thermal voltage is constant and that it can be

eliminated by subtracting the voltage present at zero field from the

voltage in non-zero field. For elimination of the resistive contribu-

tion, the sample-field parity has to be changed in the second measure-

ment. Since it is not convenient to change the field direction in the

high-field magnet, the sample was turned upside-down in a second
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measurement. The difference of the two measurements again yields

(twice) the Hall voltage. The sign of the Hall voltage was taken from

the temperature dependent measurements.

3.3.4 Resistance of transuranium compounds

Resistivity experiments on the samples containing transuranium

elements have been done at the Centre d'Etudes Nucleaires de Grenoble

since special facilities are required due to the much higher radioac-

tivity and toxicity of neptunium and plutonium in comparison to

uranium. The samples are encapsulated in a copper-cylinder and four

electrical contacts on the sample obtained by the pressing of not-

isolated wires (see section 3.3.1) are fed through the cylinder. The

resistance experiments between 1.5K and 300 K were performed with a

dc-current ranging between 10 and TOO mA resulting in a current density

between 0.28 and 2.8 A/cm . The accumulation of the error in the sam-

ple dimensions, the presence of voids and cracks and irregular shapes,

results in a large uncertainty (—50%) in the form factor and there-

fore also in the resistivity values. The relative accuracy is however

much higher. Two types of cryostats were used. For the Np-samples a

flow cryostat was used with a minimum temperature of 4.2 K. For the

Pu-samples a pumped-bath cryostat was used in which the temperature

could be lowered to about 1.5K. It was found that this minimum tem-

perature increased with increasing Pu-concentration due to selfheating

of the sample. This shows that, for normal current values, the ther-

mometer follows the temperature of the sample closely. Below 20-30K

datapoints are taken at stabilized temperature, whereas above 30K the

temperature was changed at a rate of typically 1 K/min. After finish-

ing a cryogenic experiment the sample is heated up in a compartment
i

that is separated from the environment. Before opening the compart- 5

ment, it is pumped through a filter and the filter is examined for the j

presence of radioactive particles. >
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CHAPTER IV: NORMAL-STATE : THERMAL PROPERTIES

4.1 UPt3

4.1.1. Specific heat

The normal-state specific heat of an unannealed single-

crystalline UPt^ sample is shown in fig. 4.1 (de Visser et al.

1984a,b). The data have been plotted as c/T vs. T to emphasize the

anomalous upturn at low temperatures and the large linear term in the

specific heat. The 0 K-limit of c/T (=7) amounts to the huge value of

422 mJ/molK , which illustrates the heavy-fermion behaviour. In the

measured temperature interval (up to 38K) c(T) increases smoothly and

monotonously.

U

0.0
0 100 200 300

T2 (K2)
400

Fig. 4.1 Specific heat of UPt3 (de Visser et a.1. 1984a,b) in a plot
of c/T vs. T2.

Detailed analyses by de Visser et al. (1984a,b) have shown that the

specific heat at low temperatures is well described by the following

expression:
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c - -yT + /3T3 + «T3ln(T/T*) (4.1)

It was found that this description is satisfying up to temperatures as

high as 20 K. The existence of the logarithmic term is believed to

support a description of the specific heat in terms of a spin fluctua-

tion model (Doniach and Engelsberg 1966 and Brinkman and Engelsberg

1968).

Felten (1987) and Renker et al. (1987) have proposed another interpre-

tation of the specific heat of UPt,. After subtracting the calculated

lattice specific heat, the remaining (electronic) part at low tempera-

tures is ascribed to a Kondo anomaly (1V - 20 K) with in addition a

crystal-field term (A-50K).

The specific heat has been measured as function of external pressure,

up to 9kbar (Brodale et al. 1986). It was found that the linear term

7 decreases with pressure according to dlny/dV --2b.3 Mbar . The

strong volume dependence of y that results from tbese measurements

will be addressed in section 4.1.3.

The effect on the specific hf.ai: of an applied magnetic field of

moderate strength is small: a magnetic field of 5T results in an

increase of e/T of about 1±1X at the lowest temperatures (de Visser

et al. 1984a,b). With increasing magnetic field strengths (and

applied perpendicular to the c-axis), the low-temperature increase of

7 becomes, however, considerable (Brodale et al. 1986). Recent

results show that 7 reaches values as high as 560mJ/molK in 19 T

(Stewart et al. to be published) and starts to decrease in even higher

fields (van der Meulen et al. to be published). This enhancement of

the linear term in the specific heat with magnetic field places UPt,

in a unique position since most of the other heavy-fermion systems

show decreasing 7-values at increasing magnetic field strengths

(Stewart et al. 1988).

4.1.2. Thermal expansion

Fig. 4.2 displays the results of thermal expansion experiments

performed on single-crystalline UPt_. In order to extend the thermal

expansion data over a wider temperature range, experiments have been

performed up to 300 K (results also shown in fig. 4.2). It must be
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Fig. 4.2 Coefficient of linear thermal expansion of single-
crystalline UPt3 (data below 100 K : de Visser et al.
1985a; data above 100 K : this work). The thermal
expansion along the b-axis (not shown) is within
experimental accuracy equal to aa. The line represents the
average linear thermal expansion coefficient

/

noted that the uncertainty in the high-temperature data is much larger

(~10X) than the one in the low-temperature data (~4X at 100 K). The

main reason is that the high-temperature data are taken continuously,

i.e. by slowly raising or decreasing T, in contrast with the data

below 100K that are taken stepwise, i.e. at stabilized temperature.

Small temperature gradients over the thermal expansion cell can r.ot be

excluded resulting in increased uncertainties in the experimental

data. In order to minimize the effects of temperature gradients, the

temperature is swept with a constant rate of ~10K/h.

The expansions along the a- and b-axis were found to be equal within

experimental accuracy (de Visser et al. 1985a), whereas a large

difference between the expansions along the a- and c-axis exists.

This difference is largest around 14 K and decreases continuously at

increasing temperature. Above 130 K, the anisotropy changes sign. The

linear thermal expansion coefficient is calculated according to

a - ( ° a
+ % + Q

c ) /
3 ~ w i t h P t h e volume expansion coefficient.
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For thermodynamic reasons, one expects that the low-temperature ther-

mal expansion follows (4.1) like the specific-heat does. It is found,

however, that a similar three-parameter fit of the thermal expansion

is not of the same quality as the one of the specific heat. Values

for the coefficients turned out to depend strongly on the chosen tem-

perature interval and only below 5K a satisfying fit was obtained. As

will be shown in the next section, this difference In quality of the

fit is due to the fact that both specific heat and thermal expansion

consist of several contributions of which only one contribution fol-

lows (4.1).

4.1.3. Analysis and discussion

Usually, the analysis of the specific heat of a compound starts

with eliminating the phonon contribution by subtracting the specific

heat measured on a system with identical crystal structure, but that

contains no magnetic atoms. As was shown in section 1.3, there exists

no non-magnetic analog system of UPt,. Therefore, the phonon contri-

bution has to be determined in another way. Inelastic neutron

scattering experiments provide one way, since a detailed study of the

phonon dispersion curves allows a calculation of the phonon density of

states and subsequently a calculation of the phonon contribution to

the specific heat; for UPt- this has been done by Renker et al.

(1986). Another way is combining c- and a-data and employing

Gruneisen relations that makes splitting of both c and a into two con-

tributions possible. In the following we show that in the case of

UPt_ three contributions are present so that the Gruneisen analysis is

more complex. One contribution is connected to the heavy-fermions and

is dominant at low temperatures so that it can, in fact, be determined

without detailed knowledge about the phonon contribution. In order to

perform our analysis in an as large as possible temperature interval,

we use high-temperature specific heat data of Felten (1987). These

data, shown in fig. 4.3, are in good agreement with our data

(fig. 4.1) in the overlapping temperature interval. At high tempera-

tures the relative error in the c-data is about 3X. Since in our

analysis we use specific heat measured at constant volume, and the
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High-temperature {constant-volume) specific heat of UPtj
(Felten 1987). The line represents the lattice
contribution to the specific heat (Renker et al. 1986).

specific heat is measured at constant pressure, we have accounted for

this difference according to (3.1) using the a-data of fig. 4.2. Also

shown in fig. 4.3 is the lattice contribution to the specific heat as

determined by Renker et al. (1986).

In order to relate the thermal expansion to the specific heat,

so-called Griineisen parameters are introduced (see, for instance,

Brommer 1982). Physically meaningful Griineisen parameters emerge in

the case that the entropy, or rather a part of the entropy, can be

written as S (T/T.(V)). S only depends upon volume through the
J J J ^

volume dependence of the characteristic temperature T.. The dimen-
sionless Gruneisen parameter is defined as:

V OS j/3V)T

T(dSj/3T)v (4.2)

(with /c--(i/V)(dV/3P)T the isothermal compressibility) or in terms of

the free energy F. as:
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V(32F
I\ - (4.3)

Since the volume expansion coefficient £. is given by:

\av \3S

'i - v | W j p " « [av,T 6V8T
(4.4)

and the specific heat at constant volume c. by:

c,-T 3T L
ah.

(4.5)

we derive the following expression:

j -.
(4.6)

where V stands for the molar volume since the quantities are calcu-

lated per mole. The assumption that both c. and 0. depend on the same
* J J

characteristic temperature T. is equivalent to the assumption that r.
J J

is temperature independent. The overall effective Griineisen parameter

defined as:

r - ^
ef f KC

with - S /9 and c - £ c , (4.7)

is a weighted average of all T .-values as becomes clear when (4.7) is

rewritten as:

(4.8)

T __ will be temperature dependent if the different c. have different

temperature dependences and different r.-values. On the other hand, a

temperature dependence of T ._ either indicates the presence of dif-

ferent contributions or the incorrectness of the temperature scaling

assumption which would render the Griineisen analysis impossible alto-

gether. In the case that two terms contribute to the specific heat

and thermal expansion, with the Griineisen parameters r. and P., we can

combine (4.7) and (4.8) to determine c. and c.:
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and c-
VJflLllc (4.9)

/?.. and p. can easily be obtained by using (4.6). The analysis by

means of (4.9) requires the a-priori knowledge of the values for r..

and F.. Sometimes, the contributions c. and c. dominate in different

temperature intervals, as for instance the electronic and phonon terms

of a normal metal. At the lowest temperatures the electronic term

dominates whereas at high temperatures the phonon term is the dominat-

ing one. In that case, values for r. and F_ can be deduced in good

approximation from the results for r „ in the different temperature

intervals. Such an analysis has previously been applied to PdMn

alloys (Brommer et al. 1981) in order to separate the ferromagnetic

and antiferromagnetic contribution, and to ErCu. (Luong et al. 1985)

in order to separate the exchange and crystal-field contribution.

Before applying this analysis to the specific heat and thermal expan-

sion data of UPt, one further comment has to be made. It will turn

out in the course of the analysis, that more than two contributions

exist. This does not necessarily imply that the determination of the

terms by means of (4.9) is incorrect. The third term is split up and

distributed over the two other terms according to

r - r r - r
H i - C i + C 3 i 7 r f and H 2 - C 2 + C 3 r 7 ^ ( 4 1 0 )

It is clear therefore that, for instance, in a case where

we have c.=c- and cLac. + c,. In this case

c. and c- are mixed and can not be separated.

we have c.=c- and cLac. + c,. In this case c. can be determined but

To start our analysis, we calculate V f~, as defined by (4.7), from

the c-data and a-data displayed in fig. 4.3 and 4.2, respectively.

The resulting T f f is displayed in fig. 4.4. Apparently, r f f is

strongly temperature dependent, indicating the existence of (at least)

two contributions. The low-temperature region is characterized by a

huge T value of about 70 whereas at high temperatures more normal

values are found of about 2. For our analysis we assume values for T-

and T2 such that T.. £ I" f- & I"2 since, as is clear from (4.7), V is

a weighted average of T^ and T- and we choose r^«sr_. Since at low

temperatures electronic contributions dominate specific heat and
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Fig. 4.4 Temperature dependence of the effective Gruneisen
parameter, Veff—3Vj,fx/KCy, as calculated for UPtj.

thermal expansion, we can obtain a good approximation for the T. value

by extrapolating I"eff to OK. In this way we obtain T f f-73 and we

take T 1-73. By choosing r..-liinr ~p(T) we implicitly choose
1 ' T-0 e r r

Iimc2/T-O. This is justified for phonon and crystal-field contribu-
T-»0
tions since these have at low temperatures a cubic and an exponential

temperature dependence, respectively. We can not exclude that a nor-

mal electronic contribution is present in c_. With our choice P.. -73,

we assume that all electrons at the Fermi surface participate in the

heavy-fennion state, an assumption that is consistent with the results

of de Haas-van Alphen studies on UPt. in which large mass enhancements

are found for all observed sheets of the Fermi surface (Taillefer et

al. 1986).

At the highest temperature investigated, we find a value for T f f of

about 2.3. Because of the small temperature dependence (negative

slope) that remains at this temperature, we take r.-2.2. Using

r.j-73 and T2-2.2 we split the specific h«at and the thermal expan-

sion into two contributions (figs. 4.5 and 4.6, respectively). Due to

the very large size of the c« contribution we show only the excess

specific heat of c~ with respect to the lattice contribution (shown in
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Fig. 4.5
Specific heat of UPtj split into
c_j (O) and C2 (+) using Fj - 73
and V2-2.2. Note that of c2
only that part is plotted that
is in addition to the calcula-
ted lattice contribution (fig.
4.3).

Fi%. 4.6
Linear thermal expansion coeffi-
cient cf VPtj split into aj (D)
and a_j K+) . Ti - 73 and V2-2.2
have been used.

fig. 4.3). The ^ contribution is that very part of the specific heat

that causes the high 7-value and is connected to the heavy-fermlons.

To get a better insight we plot this term in fig. 4.7 vs. logT and

include in this figure the result of the Bethe-Ansatz solution for a

Kondo-doublet (see section 2.3.2); TK«22.6K has been chosen in order

to get the Kondo-peak at the c.-peak position.

100

Fig. 4.7 The heavy-fermion contribution ci (o) of UPtj plotted vs.
the logarithm of T. The full line represents the Bethe-
Ansatz solution for a Kondo doublet with TK- 22.6 K.
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The overall shape of the c. vs. logT curve resembles the Kondo term

but it differs by its larger maximal value and its reduced width. The

entropy involved with c. is shown in fig. 4.8 and it can be seen that

its value at 300 K is close to Rln2 indicating that c. is connected to

a two-level system.
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Fig. 4.8 Entropy contained in ci of UPtj as function of T.
value Rln2 is denoted by the line.

The

It turns out that c. can be described at low temperatures with the

following expression:

c - 7T + «T3lnT/T* (4.11)

The temperature range for which a good fit is obtained is now much

more reduced. At the lowest temperatures (below 5 K) the following

values are deduced: 7 - 430 mJ/molK2, S - 5.55 mJ/molK4 and T*-13.1K.

Comparing the splitting of the specific heat data with that of the

thermal expansion it is clear that the I", contribution is dominating

in the thermal expansion up to 35 K whereas in the specific heat this

contribution is only dominant below 10K. This offers an explanation

for the difference in quality of the fit of the total specific heat

and thermal expansion to (4.11), as was mentioned in section 4.1.2.

The fact that the thermal expansion can be described by this expres-

sion only below 5K, indicates that the I", contribution can be

described by (4.11), since at low temperatures it is the dominating

contribution. That the total specific heat can be described by (4.11)
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over a larger temperature range (up to 20 K) has probably no physical

meaning but is due to the fact that the sum of the r.. contribution and

the lattice contribution happens to be describable by (4.11).

The c. contribution follows the lattice contribution very closely for

temperatures above ~ 30 K (average deviation of 41). At low tempera-

tures there is an extra contribution visible that causes the peak

around 25 K. In the interpretation scheme of Felten this is the

crystal-field contribution. The temperature dependence of this addi-

tional term, however, gives no convincing proof for this interpreta-

tion. At higher temperatures c_ shows an extra linear term (with
2 *

slope -y-21mJ/molK ) on top of the lattice specific heat. This 7

value is close to the values (expressed in mJ/molK ) that result from

electronic bandstructure calculations: 20.3 (Albers et al. 1986), 19.8

(Oguchi and Freeman 1986) and 14.9 (Strange 1986). The entropy of

that part of c, that is on top of the lattice contribution (shown in

fig. 4.5) amounts to 8.5J/molK at 300K. A linear contribution with
2

7-21mJ/molK contributes in the temperature range between 100 K and

300 K to the entropy with 4.U/molK so that 4.4j/molK (=• 0. 76 x Rln2)

is left for the temperature region below 100 K. The crystal-field

interpretation of the peak in the excess specific heat of c. is,

therefore, not supported by this entropy consideration.

It must be noted that the interpretation of c. for temperatures below

100 K depends critically upon the phonon contribution that is sub-

tracted. This is illustrated by the following procedure. If one

assumes that the c. term is completely originating from lattice exci-

tations, one can calculate the Debye temperature, 8 , from the c_

data. The resulting Debye-temperature values can be compared with the

ones calculated by Renker et al. (1986) on the basis of the neutron

scattering experiments. It comes out that for temperatures between

15 K and 50 K, 8D is about 10 K lower than the values as determined by

Renker. In other words: one can remove the peak in c, around 25K com-

pletely by taking a 8_ value of 185 «C instead of 195 K, a difference

not larger than the usual discrepancy between measured and calculated

8_-values (see f.i. Gopal 1966). Once more the interpretation of the

peak in c? in terms of a crystal-field peak is not supported.

At high temperatures, differences in 8 D of the same order will not

lead to large differences in the lattice term since the Debye-function
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is almost saturated for ©j}/T« 200/300. It means that the linear term

in c^ on top of the lattice contribution can not be easily accounted

for by a somewhat different 6^-value and must be intrinsic.

The sensitivity of the low-temperature c. to choices made for 8 , is

in sharp contrast with the results obtained for c. that can accurately

be derived without any assumption about the phonon contribution.

On the other hand, since c. is the sum of a lattice contribution and

another contribution c, with corresponding r_, we have to calculate

the effect of c, on c. according to (4.10). We check this at 290 K

since at this temperature c, is largest. From fig. 4.5 we see that

c3(T-290K) - 6.1 J/molK. Assuming an ordinary electron T-value of 2.5

for r, we can calculate by using (4.10) that part of c, that has been

put into c.j. In this way we find c-- c - 0.03 J/molK. It turns out

that this amount is not negligible since c.. =0.12 J/molK at this tem-

perature. However, the strong point of this analysis, i.e. the

entropy value connected to c. that is close to Rln2, is not weakened

since the entropy is already saturated around 150 K (see fig. 4.8).

By integrating the heavy-fermion part of the volume thermal-expansion

coefficient (3a.) we can calculate the change of volume that is con-

nected with the formation of the heavy-fermion state. The result is

shown in fig. 4.9.

Fig. 4.9

300

The temperature dependence of the volume anomaly connected
to ai of UPt3,
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The volume collapse AV/V - 1.15x10 can be understood as a consequence

of the loss of the localized uranium magnetic moment as temperature

decreases. In this view we interpret this volume anomaly as a magne-

tovolume effect. By comparing this volume anomaly with the forced

magnetostriction data of de Visser et al. (1985b) at low temperatures

we are, in principle, able to evaluate a value for the magnetic moment

that is associated with it. The low-field magnetostriction data at

4.2 K for the field perpendicular to the c-axis can be represented by:

-7 -2
with a value for the parameter a of 4.61x10 T . This expression can

be transformed into a relation between the relative volume change and

the field-induced moment per formula unit:

-4 -2

with a value for the parameter C of 5.81x10 /iR using the magnetiza-

tion data for fields perpendicular to the hexagonal axis (Frings and

Franse 1985). Applying (4.13) to the result of 1.15x1O~3 for the

relative volume change, we deduce a high-temperature moment

An interesting comparison can be made with forced magnetostriction

data as presented by de Visser et al. (1987a) that show that the rela-

tive volume change in 24 T at 4.2 K amounts to 0.31x10 . A similar

increase in volume is found in fig. 4.9 at a temperature of 25 K,

stressing the equivalent role of temperature and magnetic field in

depressing the heavy-fermion state. The picture that emerges from

this discussion points to a loss of the heavy-fermion state as local-

ized magnetic moments around 1.4/i_ develop on the uranium atoms, sug-

gesting a total suppression of the heavy-fermion state in applied mag-

netic fields exceeding 100 T. Direct verification of the total

suppression in this field range is not possible but recent results of

specific heat measurements in high magnetic fields indeed show that

very high magnetic fields are required. At T-2K, c/T increa. as fru
2 2

420mJ/molK up to a peak value of "SOmj/molK at a magnetic field of

19 T (Stewart et al. to be published, van der Meulen et al. to be pub-

lished) . Further increase of the magnetic field leads to a decrease

of c/T(2 K) but the decrease is not steep. At 24.5 T, the highest



- 72 -

field currently available for specific heat measurements, c/T(2 K) a

460 mJ/molK (van der Meulen et al. to be published) and is therefore

still higher than the OT-value. Total suppression of the high-7

requires therefore much higher magnetic field strengths.

The accuracy of the results obtained for c. and c. depends of

course on the accuracy of the initial data. At room temperature the

relative errors are: 3Z for the c-data and a higher value for the a-

data of 10 X due to the fact that the thermal expansion measurements

are performed with non-stabilized temperatures (see section 4.1.2).

The results for c. and c_ depend, furthermore, upon the particular

choices made for the two F-values. In this section, we will calculate

and discuss the differences that result from small changes in r.. and

iy
The sensitivity of c. to changes in F. can be expressed by their loga-

rithmic derivative (I,j — 1,2):

dinr

These four quantities can be directly calculated using (4.9):

d In c. -r. d In c. -r

The results (using I". - 73 and T.-2.2) calculated for several tempera-

tures are summarized in table 4.1. It can be seen that c. is almost

insensitive to a change in T_ and that the same holds to a lesser

degree for the dependence of c. on the choice of P.. This means that

these two terms do not add significantly to the total inaccuracy of c.

and c- as it is determined by the inaccuracy of the original c- and

a-data. This is not the case for the cross terms. At high tempera-

tures, c. depends strongly upon the choice of T_. This has its conse-

quences for the entropy connected to c- and, since c. and a. are

directly coupled, also for the relative volume change AV../V connected

to o.. Choosing T -2.25 instead of 2.2 (a relative change of 2 Z)

results in a relative change of S. of -2 X and a relative change in

AV-/V of -li: (both values calculated up to 290 K). Especially AV /V

depends strongly on r_. This dependence is not as strong as might be
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Table 4.2 Logarithmic derivatives of the two contributions to the
specific heat of UPtj with respect to Ti and Y2 as
calculated by (4.14).

dlnci

dlnT.

i-1 j-

1

2

2

.1

2

1

2

T - 3 K

-1.0

-0.0042

7.6

0.031

10K

-1.0

-0.028

1.1

0.031

30 K

-1.0

-0.65

0.049

0.031

100 K

- 1

- 5

0

0

. 0

.1

.0063

.031

270 K

- 1

-23

0

0

0

0014

031

suggested by the last column of table 4.1 since AV../V and S.. are

related to temperature integrals of c-. The total inaccuracy of these

quantities is averaged over all temperatures. The other cross-term,

d In c./d In r., reaches large values in case c^ becomes small, so at

low temperatures. We think, however, that T 1 - l i m r _-(T) - 73
T->0

represents the most likely physical situation as has been argued

above. The error in P.. is therefore determined by the extrapolation

of c- and o-data to T-0K.

Additional information can be obtained about the volume depen-

dence of the characteristic temperature of the heavy-fermion state

using the results of forced magnetostriction experiments as well as

high-pressure experiments on the magnetic susceptibility, resistivity

and specific heat. The relative pressure dependences of the concerned

quantities, converted to Griineisen parameters according to (4.2), are

summarized in table 4.2. In the bottom line of table 4.2 we have

included the revalue that is derived by our analysis. The conversion

of r_ to F ̂  in case that Q is not a temperature requires knowledge of

Q *

the dependence of quantity Q on the characteristic temperature T .

The quantities 7 as well as x a*e, within the Kondo model, propor-

tional to T,, (see section 2.3.2) therefore we take n - - 1 . We take

the same value for n for the forced magnetostriction data since these
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Table 4.2 Griineisen parameters of some properties of UPtj.

Quantity

yp>
A(P)

X(P)

T (P)

AV(B)/V

Q

1)

2)

3)

4)

temp.

range (K)

~6

<2

-4.2

-18

<2

~4.2

V

-138

-58

-57

-46

3
3
lnQ
lnV

± 6

± 3

n 5)

-2

-1

-1

-1

113

69

58

63

57

46

73

TQ

±

±

±

±

33

6

13

3

ref

a

a-d

e

e

f

g

h

a) de Visser et al. (1984c) b) Wire et al. (1984) c) Willis
et al. (1985) d) Ponchet et al. (1986) e) Franse et al.
(1985) f) Brodale et al. (1986) g) de Visser et al. (1985b)
h) this work (Franse et al. to be published),
1) temperature of maximum in dp^/dT
2) coefficient of quadratic term in p (listed value is

average of the values as reported by refs. a-d)
3) temperature of maximum in xj_
4) forced magnetostriction converted to d ln x±/dP
5) power dependence of Q on T*: Qa (T*)n

see the text for more details about n.

data can be transformed to the pressure dependence of the susceptibil-

ity. The coefficient A is, within a spin fluctuation model, propor-
_2

tional to Tc_ with Tc_ the spin fluctuation temperature (Kaiser and
SF SF

Doniach 1970 and Coqblin et al. 1982). It is interesting to note that

there is an universal relationship between the resistivity and the

specific heat: the quotient A/y has, among (nearly) heavy-fermion
2 2 2

compounds, the constant value lÔ ftcmK mol /J (Kadowaki and Woods

1986). Therefore we take n--2 for the quantity A.

One can see that the r-values all have large positive values which

means that the characteristic temperature increases rapidly with

decreasing volume. This establishes firmly the huge Griineisen parame-

ter of UPt,. Since the T-values are determined at various
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temperatures, comparison gives information about a possible tempera-

ture dependence. It can be seen, however, that there is no systematic

temperature dependence. In fact, r-values found at the highest tem-

peratures (originating from the maximum in Xi) a r e close to the ones

found at the lowest temperatures (originating from the pressure depen-

dence of 7). We conclude therefore that the Griineisen parameter con-

nected to the heavy-fermion does not display a clear temperature

dependence and can be taken constant.
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4.2

4.2.1. Specific heat

The normal-state specific heat of polycrystalline U(Pt Pd )-

has been measured by de Visser et al. (1986a,d). Results on single-

crystalline U(PtQ g5Pd0 0 5 ) 3 have been reported by van Sprang et al.

(1987b). Several remarkable features can be observed. The high 7-

value characteristic for UPt being a heavy-fennion system, is

increased with increasing Pd content for xSO.10. Although extrapola-

tion to zero temperature, needed for determination of 7, is not unam-

biguous, 7 might reach values as high as 700 mJ/molK . Fig. 4.10,

where c/T at 1.4K is plotted vs. x, shows this in a different way.
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Fig. 4.10 c/T values at 1AK vs. Pd concentration of U(Pti.xPdx)j in
a magnetic field of 51 and at zero field.

For concentrations higher than 10X the 7-value drops quickly. The

second interesting feature is the peak that appears at 3.6K, 5.8 K and

5.5K for x-0.02, 0.05 and 0.07, respectively (see fig. 4.11). This

peak is due to antiferromagnetic ordering that occurs in these samples

as was proved for the 5 X Pd sample by means of neutron scattering

experiments (more about these can be found in section 5.2.1). It is

assumed that the antiferromagnetic ordering is maximal, i.e. with the

highest ordering temperature and associated specific heat jump, for Pd

concentrations close to 5Z. A remarkable point is that the c/T-value

of the magnetically ordered samples is not substantially decreased at
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Fig. A.11 c/T vs. T of U(Pti-KPdx)3 compounds. The Pd contents are
indicated near the curves.

passing the transition temperature but that it still keeps increasing

at cooli.ng down below 3K. In fact, the upturn at low temperatures

that is observed for the 7 % Pd sample (see fig, 4.11) is more pro-

nounced than the upturn observed for UPt..

In order to see whether the U(PtQ gqPdg 0 1 ) , compound orders magneti-

cally, specific heat experiments have been performed down to 60 mK at

the Kamerlingh Onnes Laboratorium in Leiden. It was found that the

c/T-value increases gradually from a value of 466 mJ/molK up to
2

485 mJ/molK at decreasing the temperature from 1.1 K down to 0.16K.

There are no indications for magnetic orderering.

The effect of a magnetic field of 5 T on 7 is small, as is shown in

fig. 4.10. Noteworthy is that the field-effect changes sign between

x-0.07 and x-0.10 indicating that the specific heat below and above

this concentration is dominated by contributions originating from dif-

ferent physical processes. The field-effect on the antiferromagnetic

ordering has been studied in detail on single-crystalline

U(PtQ 95PdQ 0 5 ) 3 (van Sprang et al. 1987b). It was found that a mag-

netic field shifts the peak towards lower temperatures indicating a

lowering of T . This is illustrated in fig. 4.12 where the 0T data

are compared, for temperatures around TN, with the data that were

obtained during a specific-heat experiment with a magnetic field of 5 T

applied parallel to the a-axis. It can be seen that the peak is
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antiferromagnetically ordered
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erature region. The transition
to the ordered state is taken
from the peak position in the
specific heat. The lines serve
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shifted rigidly towards lower temperatures, the width is unchanged and

the height appears to be even larger but this is due to the fact that

the background of the specific heat connected to the heavy-fermions

increases at lowering temperatures. The size of the shift depends

strongly on the magnetic field strength and the direction of the mag-

netic field with respect to the crystallographic axes, as can be seen

in fig. 4.13. A magnetic field applied along the c-axis causes a much

smaller change of T,. in comparison with a magnetic field applied along

a basal plane direction. But there is also a significant difference

between the changes that result from B II a in comparison with B II b: the

latter field direction causes a larger AT...

A,2.2. Thermal expansion

Thermal expansion of some polycrystalline U(Pt. Pd ), samples

has been measured by de Visser et al. (1986b,1987b) in the temperature

range between 1.4 and 100 K. The results are shown in fig. 4.14. The

thermal expansion is anisotropic as can be seen from the single-

crystalline data of UPt, in section 4.1.2 and of the 5 X Pd compound
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Fig. 4.14 Linear thermal expansion coefficient vs. T for
polycrystalline U(Pti^xPdx)^ compounds (de Visser et al.
1986b,1987b).

that will be presented below. This in combination with the fact that

the samples are not isotropic (crystallites are not randomly oriented

along crystallographic directions) makes interpretation of these

polycrystalline data difficult. Therefore, the thermal expansion has

been measured on a single-crystalline U(PtQ 95Pd0 0 5 ) 3 sample along

the three different crystallographic directions (see fig. A.15). The

long-range antiferromagnetic ordering is clearly visible by huge peaks

that can be found for all three directions around 5.8 K. The thermal

expansion along the a- and b-axis are positive over the whole investi-

gated temperature range and have comparable magnitude. Since it is

expected that a, is isotropic, the small difference that occurs at

high temperatures, remains unexplained. Below 40K a has large nega-

tive values and the peak at T is towards negative values as well.

The size of this peak is about twice the size of the basal-plane peak,

indicating that the volume expansion fi-a +a,+o is relatively small

at the transition temperature. Indeed, from fig. 4.16, where a - 0/3

is plotted vs. T, it can be seen that ay has a small, although sharp

minimum at TN. At crossing TM from low to high temperatures, fl
-6-1increases almost discontinuously with about 10x10 K
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4.2.3. Analysis and discussion

As was found by the X-ray analyses, substitution of Pd for Pt
-4

results in a relative unit-cell volume decrease of -0.7x10 per at X

Pd and in a relative change in the c/a-ratio of -0.7x10 per at % Pd.

The fact that the volume change and the c/a-ratio change are equally

sized, indicates already that the changes of physical properties, that

occur at substitution, will probably not be describable by merely tak-

ing the volume change into account. This can be checked by relating

the change in 7 to the volume change. Combining the relative volume

change with the pressure dependence of 7, as determined for UPt,,
2

results in an expected change of 7 of -2 mJ/molK per at X Pd. On the

scale of fig. 4.10, this change represents an almost flat line and,

moreover, instead of increasing as the observed c/T-values do, it

predicts a decrease as function of the Pd content.

We conclude that the changes of the ground-state properties that occur

at going from UPt_ to UPd- can not be explained on the basis of

volume-change considerations, in agreement with the conclusion by

Koelling et al. (1985). In their study these authors compared the

ground-state properties of UX- systems where X is restricted to some

column of the periodic table. Starting at, for instance, either Rh,

Al or Si and moving down in such a column, it was found that the

ground-state properties change from itinerant behaviour towards local-

ized and magnetic behaviour. These compounds all crystallize in the

AuCu, type of structure (see table 1.2). Moving down in such a

column, means that the unit-cell volume is increased and that the

hybridization strength is decreased (see section 2.1). The column

formed by UPd. and UPt_ shows opposite behaviour: UPd. has localized

f-electrons whereas UPt,, with a larger unit-cell volume, has

itinerant f-electrons. This is attributed to tha difference in crys-

tallographic structure between these two compounds, which is also

expected to play a role in determining the hybridization strength (see

section 2.1).

The present results show that, even within a group of compounds that

all have the same type of structure like the group formed by our low-

Pd-content samples, one has to include the effects of changes in the

c/a-ratio on the hybridization strength.
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The increase of c/T at increasing Pd content (up to x-0.10), indi-

cates that T., decreases since yocT (see (2.23)). Turning to the

"phase diagram" of fig. 2.8, a decrease of Tv means that J decreases

too. If we consider UPt, to be a non-magnetic Kondo lattice system,

the J of UPt. must be larger than the critical value J . Decreasing

J, brings J closer towards the critical value and possibly beyond.

The magnetic ordering of the compounds with x between 0.02 and 0.07,

indicates that the critical value is passed. The magnetic ordering

temperature furthermore follows the expected temperature dependence

since it displays the peaking behaviour of fig. 2.8. For the com-

pounds with Pd concentrations above 0.10, the fast drop of y indicates

that the ground-state properties change dramatically. The very weak

hybridization in combination with a U-U distance that exceeds the Hill

limit, results in compounds with localized f-electrons. Magnetic

order does not occur.

In the coining section we will give a more quantitative analysis from

the results of the single-crystalline U(P-tg nc^n 05^3 c o m P o u n ^ using

Griine.isen relations.

Using the data on the single-crystalline U(Pt. QCP^Q 05)3 sample

as input for the Ehrenfest relation:

d l n T N V»A/J

-dP Ac" ( 4- 1 6 )

we are (in principle) able to calculate from the specific heat jump Ac

and the thermal expansion jump A/7 that occur at the transition tem-

perature, the relative pressure dependence of the transition tempera-

ture. The sizes of the jumps are, however, difficult to determine

exactly since both jumps are superimposed on backgrounds that show

considerable temperature dependence. Taking A/9-10x10 K and

Ac - -1.45 j/molK, we calculate d In Tjg/dP - -29 Mbar" . The pressure

dependence of TN has been directly measured by electrical resistivity

experiments under pressures up to 4.5kbar (see section 5.2.4.2) and

was found to be -55 Mbar . The agreement between calculated and meas-

ured d In T-VdP-values can not be called perfect. We will return to

this discrepancy in section 5.2.6 where the resistivity experiments

under pressure are discussed. The pressure d&pendence of !„ can be

used to calculate the related Griineisen parameter r.-,. For this,
Ar

according to (4.2), information about the compressibility of the 5X Pd
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compound is needed. We take /c-0.48Mbar , assuming that the compres-

sibility of UPt3 is not changed much by the substitution of 5 X Pt by

Pd. This seems justified since K of Pd is 0.53 Mbar , i.e. a value in

between the comprescibility values of U and Pt and close to the value

of With the above mentioned /c-value we calculate r p--60.

Returning to the expansion data of the polycrystalline samples we have

plotted the data of the (polycrystalline) 2 X sample together with the

calculated volume expansion coefficients of the 0 X and 5 X samples

(fig. 4.17).
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The similarity between the 2 Z Pd and the 5 X Pd curves suggests that

the 2 % Pd sample is nearly isotropic. Placing T at the location of

the minimum, like in the 5 X compound, we obtain for this 2 % compound:

T »3.3K, not far from the specific heat peak that is at 3.6 K. If we

consider this sample to be isotropic, we can see that the volume

expansion jumps of this 2 % Pd sample and the 5 X Pd sample are of

almost the same size. From fig. 4.11 it can be seen that the specific

heat jump of the 2 X sample is at least a factor of 2 smaller than the

jump of the 5 2 sample. This means that the relative TN pressure

dependence of the 2 X Pd compound is at least a factor of 2 higher than
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that of the 5 2 compound. Direct verification of this very large pres-

sure dependence of T^ by means of electrical resistivity experiments

under pressure is difficult since the anomaly in the resistivity that

indicates the antiferromagnetic ordering is hardly visible. On the

other hand, the pressure dependence of the Neel temperature of the 7 X

Pd sample has been determined (section 5.2.4.2) and was found to be

very small. Combining the data of the several compounds, we discern a

strong decrease of the pressure dependence of T\, with increasing Pd

content.

Having available the c- and a-data of single-crystalline

U(Pt_ Q5Pdo 05^3 w e c a n aPPlv t*le G*uneisen analysis like was done for

UPt,. As was already stressed in section 4.1.3, this analysis allows

splitting of c- and a-data into two contributions, provided that their

respective Gruneisen parameters are temperature independent. In case

more than two physical processes contribute to c and a, the analysis

becomes more complex. In section 4.1.3 it was demonstrated that for

UPt_ only the heavy-fermion term can be almost completely isolated due

to the fact that its Gruneisen parameter is much larger than other

involved Gruneisen parameters. For the 5X Pd sample the situation is

even more complicated because there is an additional contribution ori-

ginating from the antiferromagnetic ordering and its associated

Gruneisen parameter is found also to be large. Under these cir-

cumstances we have to make assumptions about the different contribu-

tions and their associated Gruneisen parameters. This of course

increases the uncertainties already present.

The specific heat is changed to c.. using the thermal expansion; the

results are shown in fig. 4.16. We start by subtracting both from c

and a the lattice contribution. For this term, the result for c^, as

determined for UPt,, is taken, with an additional correction for the

slight difference in molar-masses per formula unit. The total entropy

that is left in the specific heat of the 5 X Pd compound after this

subtraction and correction is for temperatures above 30 K close to the

entropy connected to the c. contribution of UPt~. The subtraction of

the corresponding term in the thermal expansion is carried out by tak-

ing a value for the Gruneisen parameter of 2.2. The effective

Gruneisen parameter, resulting from these lattice subtracted c- and
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Fig. 4.19 Temperature dependence of the effective Gruneisen parameter
(right) Teff as calculated for single-crystalline U(Pt0 g5PdQ 05)3.

In order to remove the lattice specific heat, c£ of Wtj
has been subtracted prior to the determination of Veff. An
additional correction for the slight difference in molar-
masses between UPtj and the 5 X Pd compound has been made
too. The lattice thermal expansion has been removed from
the thermal expansion by using a Gruneisen parameter of
2.2.

a-data, is shown in fig. 4.19. It can be seen that r -. is high for

temperatures above the ordering temperature. Below the ordering tem-

perature, rgff drops very steeply indicating the existence of a con-

tribution with a completely different Gruneisen parameter. For the

Gruneisen parameter, connected to the antiferromagnetic ordering and

therefore denoted by V we take such a value that the peak in the

specific heat is almost completely contained in c _. It turns out
AF

that r «-40 most perfectly allows such a splitting. This I* valuesAF
-1corresponds to a relative pressure dependence d In T /dP --19 Mbar" .

For T1 we take a value similar to the corresponding value of UPt,,

i.e. 73. Using 1^ - 73 and r --40 the two contributions are calcu-

lated and the results are shown in figs. 4.20 and 4.21. With these

values for the two Gruneisen parameters it can be seen that the peak

is almost absent in the high-r contribution and, moreover, that c is
AF

very small above TN. In fig. 4.22 the two contributions are replotted

but now vs. logT. For comparison, c. of UPt_ is also shown. It

becomes clear that, for temperatures above T , c. of the 5X alloy

behaves like c- of UPt, but shifted towards lower temperatures.

Speaking within the parameters of a Kondo-model, this means that T of
K
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Specific heat of V(PtQ.gsPdg.05)3
split into two contributions
using Vj - 73 and ri4F - -40 after
subtraction of the lattice con-
tributions in c and a. The con-
tributions cj and CAP are plotted
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Fig. 4.21
Linear thermal expansion of
U(PtQ,g$PdQ.05)3 split into two
contributions using Tj - 73 and
and rAF--40 after subtraction
of the lattice contributions in
c and a.
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Fig. 4.22 The contributions cj and c^p of U(PtQp
c vs. logT. The line represents the
4.5).

,05)3 plotted as
term of UPtj (fig.

the 5 X Pd compound Is lower than TR of UPt,, roughly with a factor of

3.3. The 5 X Pd compound has then T -6.8K. This decrease of T,, is

therefore in agreement with our more qualitative analysis at the

beginning of this section. The low T would lead to a very large 7

value of about 1.4j/molK , were it not that the antiferromagnetic ord-

ering reduces this 7-value. The entropy that is contained under the

magnetic ordering peak amounts to 1.2 J/molK which is only about 20 X

of Rln2, shewing the itinerant nature of the electrons involved in the

antiferromagnetic ordering. If the peak is attributed to excitations
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across a gap that is formed at the ordering temperature, and when the

gap is constant in temperature, it is expected that the peak follows

the Arrhenius law at the low-temperature side. The low-temperature

side of the peak, however, does not display this temperature depen-

dence, as becomes clear when ln(c „) is plotted vs. 1/T.
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4.3

4.3.1. Specific heat

The normal-state specific heat of unannealed polycrystalline

jB^ has been measured for temperatures between 1.3 and 38 K. The

results of the experiments are shown in fig. 4.23, plotted as c/T vs.

T, for temperatures below 15 K.

0.45

OJ

o
e

0.40 -

i- 0.35 -

u

0.30

Fig. 4.23 Specific heat of polycrystalline UPtjBx plotted as c/T vs.
T.

Interesting is the observation that the 7-value is increased for low B

concentrations with respect to UPt,. This increase is only observed

for the samples with x-0.02 and x-0.05. Especially for the x-0.02

sample it can be seen that the low-temperature upturn, characteristic

for UPt., becomes steeper. For higher concentrations 7 decreases more

or less linearly with x and the upturn becomes much weaker. The

changes in 7 that result from the B-additions are best visible when

c/T-values at T-1.4K are plotted versus the boron concentration

(fig. 4.24).

At higher temperatures the specific heat of the B-added compounds is

lower than the specific heat of UPt,. The difference becomes,
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Fig. 4.24 c/T values at 1.4 K vs. boron content of UPt3Bx. The
straight line represents the change of c/T that would
result if boron only changes the unit-cell volume of UPtj.
Ty-~57 is used (see table 4.2).

however, only appreciable for xSO.15. Fig. 4.25 shows the difference

between the specific heat of UPt, and UPt~BQ ._. Pig. 4.26 summarizes

the high-temperature specific heat of UPt,B by plotting c/T at T - 30K

versus the boron-concentration.
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Fig. 4.25
Specific heat of VPt^BQjg and

JPtj plotted as c/T vs. T.

io ao so

Fig. 4.26
c/T values at 30 K vs. boron con-
tent of

"he specific heat has also been measured in a magnetic field of 5 T for

emperatures up to 10 K. The field effect, that is already small for

Pt. (IX for B- 5 T ) , is even smaller for the B-added samples For

he sample with 30 X B added, the application of a magne .ic field of

T does not change the specific heat within experimental accuracy,

esides the global changes to the specific heat, caused by the addi-

ion of boron and described above, no additional phenomena (e.g. mag-

etic ordering) are observed.
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4.3.2. Analysis and discussion

As was observed by the X-ray analyses, addition of boron leads to

an expansion of the lattice of UPt, with a relative volume change of
i

4.5x10 per at. X B whereas the change in c/a-ratio is much smaller.

Because of the difference between the volume change and the c/a-ratio

change induced by the addition of boron, it is expected that the

changes induced by the addition of boron can be described in first

order by the related volume change. It is known that the 7-value of

UPt_ cb&nges as function of pressure (Brodale et al. 1986) with a

value f'.•(.' the relative volume derivative of -57 (see table 4.2) which

means that a decrease of the unit cell volume leads to a decrease of 7

and, in reverse, that a volume increase leads to an increase of 7.

Combination of T and AV/V(x), allows us to calculate the change of 7

connected to the volume change induced by the boron addition. This

change is represented in fig. 4.24 by a straight line. It can be seen

that the increase of the c/T-value at I-1.4K for x- 0.02 can be

explained on the basis of the volume increase induced by the addition

of B and, moreover, that there is also a quantitative agreement. This

confirms our expectation that in first order volume changes are most

important. For higher boron concentrations c/T is not further

increased although the volume still increases. This can be understood

on the basis of the "phase diagram" presented in fig. 2.8. If we con-

sider UPt- to be a concentrated Kondo system with T V«23K, we place

this system in the phase diagram just at the right side from J since

non-magnetic heavy-fermion behaviour is expected only for this region.

Increasing the volume leads to a decrease of the hybridization

strength and therefore also of J so that lv is reduced. The reduction
-1of T., will lead directly to an increase of 7 since 7 a T (see

(2.23)). A further reduction of J could eventually lead to magnetic

ordering when the critical value J is crossed. As was mentioned in

the preceding section there <.re no indications from the specific heat

experiments that magnetic ordering occurs in any of the boron doped

samples (at least up to ~40K) which is confirmed by susceptibility

experiments for temperatures up to 300 K (section 5.4.1). This indi-

cates therefore that J is larger than the critical value J for boron

concentrations up to 0.30. For this J region, however, it is expected



that 7 is reduced quickly when magnetic interactions become important

and freeze out the Kondo fluctuations that led to the high effective

mass.

The observed dependence of 7 as function of the boron content can

therefore be understood by taking into account the effect of the

volume increase on the hybridization strength.

For high temperatures (30 K) it was mentioned that the specific heat at

a fixed temperature decreases with increasing boron content

(fig. 4.26). If we attribute this to a change of the lattice contri-

bution it means that 8_ increases with increasing boron content. This

is expected since the addition of boron reduces the average mass M per
-1/2

atom and hence increases 6- that is proportional to M .
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4.4 Summary and conclusions

The combination of specific heat and thermal expansion data of

UPt- over a wide temperature range, allows the analysis of these ther-

mal properties via Griineisen relations. Both properties are split

into two contributions: one that is attributed to heavy-fermions and

the other attributed to phonons and normal (i.e. not-heavy) electrons.

The first specific-heat contribution, characterized by a Griineisen

parameter F —73, a maximum around 10K and an entropy content close to

Rln2, is derived without any assumption regarding the lattice part and

is therefore considered to be quite accurate. A similarity in shape

of this first contribution with the theoretical Kondo-contribution

over the whole temperature range, in combination with the entropy con-

tent and the huge F-value, support the interpretation of this contri-

bution in terms of the Kondo-effect with T -22.6K. This confirms
K.

partly the conjecture of Felten (1987) and Renker et al. (1987) in

which the specific heat of UPt,, after subtracting the lattice

specific heat, was interpreted as the sum of a Rondo peak (T..-20K)

and a crystal-field peak (A— 50 K). To verify the presence of this

crystal-field term, we have subtracted from our results for the second

contribution, characterized by an ordinary F-value of 2.2, the lattice

contribution as determined by Renker. The remaining part clearly

shows a linear term at high temperatures, originating from the conduc-

tion electrons. The size of this linear term is in good agreement

with results from bandstructure calculations. At low temperatures a

peak appears around 25 K. Interpretation of this peak as a crystal-

field term is, however, not supported by our analysis and we ascribe

this peak to an incorrect subtraction of the lattice term.

Again we stress here that the results of the first contribution, con-

nected to the heavy-fermions, do not depend on any assumption about

the lattice term. In coming sections, we will interpretate the pro-

perties of UPt, and UPt,-based compounds in terms of the Kondo effect.

It is of interest to remember that the description of the specific

heat of UPt, in terms of spin fluctuations is not excluded by our

analysis. In earlier analyses it was found that the (total) specific

heat can be described by the combination of the term T ln(T/T ) and a

linear term for temperatures up to 20 K. In contrast with these
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analyses, the current analysis shows that the heavy-fermion contribu-

tion follows this description, but only up to 5K.

The pseudo-binary compounds U(Pt. Pd ) , display new features.

The compounds with x between 0.02 and 0.07 order antiferromagnetlcally

but have an even larger 7 than UPt, has. Low-temperature specific

heat experiments on a x-0.01 sample gave no indications for magnetic

ordering. The occurrence of magnetic ordering for higher Pd content

and the increase of 7, can be understood on the basis of the interplay

between a tendency towards magnetic ordering and the Kondo effect.

The results indicate a decrease of the exchange parameter J (T.,

decreases) and consequently a reduction of the hybridization strength.

For Pd contents above 0.10, the hybridization strength is so weak that

localization of the f-electrons can not be prevented and the 7 value

drops dramatically. These changes that occur at substituting Pd for

Pt can not be described on the basis of volume changes only. One has

to include as well the changes in the c/a-ratio and, for samples with

high Pd content, the change of lattice structure.

Specific heat and thermal expansion data of single-crystalline

U(Pt_ ocPd. . , ) . were used for further analysis by using Griineisen

relations. The analysis is, however, more complicated than that of

UPt, since the data are only available in a narrow temperature range.

Moreover, the antiferromagnetic ordering gives an additional contribu-

tion. Therefore, we used some of the results from the analysis of

UPt_. We started by subtracting from the specific heat and thermal

expansion, the lattice term, obtained from the analysis of UPt.. The

remaining, electronic part is analyzed with r. - 73 (i.e. identical to

the one found for UPt_) and I* _,--40. With these values for the

Griineisen parameters, the magnetic ordering peak is contained in c

AT

only and is very small above the ordering temperature T... The entropy

content amounts to 20 X of Rln2, showing the itinerant nature of the

electrons involved in the magnetic ordering. Above the ordering tem-

perature, c. is similar to that of UPt~ but with T,. reduced (T.. -

6.8 K ) . This is in agreement with the phase diagram considerations,

mentioned above, that also indicate a decreasing T,. at substituting Pd

for Pt. The results furthermore indicate that, at T,., part of the

heavy-fermions participate in the magnetic ordering.
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The addition of boron to UPt, leads to an increase of the unit

cell whereas the c/a-ratio is almost constant. On the basis of the

volume increase, we expect an increase of 7. For low boron content

the increase occurs and is in quantitative agreement with our expecta-

tion. This shows that for low boron'content, the volume change is the

mechanism that determines the ground-state properties. The volume

increase leads to a decrease of the hybridization strength so that

magnetic ordering is expected. Magnetic ordering is not observed,

however, in the investigated samples. Further analysis, like was done

for the 5X Pd sample, is not possible without thermal expansion exper-

iments on single-crystalline samples; using the lattice contribution

of UPt, seems not appropriate since Q^ is changed by the addition of

boron.
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CHAPTER V: NORMAL-STATE : MAGNETIC AND TRANSPORT PROPERTIES

5.1 3

5.1.1. Microscopic information concerning magnetic interactions

Over the past years, detailed information has been obtained about

the magnetic interactions that are present in UPt. from neutron-

scattering experiments. The observed magnetic scattering, however, is

very weak and does not resemble the well-defined response observed in

localized 4f- or 5f-electron systems. The weakness of the magnetic

scattering combined with the broad extension in momentum and energy

space make the interpretation of the neutron scattering results not

straightforward.

The first polarized neutron scattering experiment performed on a

heavy-ferraion system (Aeppli et al. 1985) showed that low-energy

(characteristic energy is ~10meV) spin fluctuations exist in UPt_.

These spin fluctuations are associated with the 5f-electrons. Subse-

quent experiments on single-crystalline samples (Aeppli et al. 1987)

showed that at temperatures below ~ 30 K (i.e. around the temperature

T where the basal-plane susceptibility displays a maximum) the

scattering shows a q-dependence that points to antiferromagnetic

correlations with a characteristic energy of 5 meV. From the analysis

of the magnetic scattering it was concluded that each U-momsnt is

antiferromagnetically correlated with its six nearest neighbour U-

moments located in adjacent planes. Additionally observed q-

dependence of basal plane scattering, implies that ferromagnetic

correlations exist between U atoms located within the same basal plane

(i.e. next nearest neighbours). Goldman et al. (1987) showed that

these ferromagnetic correlations persist up to temperatures as high as

150K. Neutron scattering experiments performed by Frings et al.

(1988), however, do not confirm the existence of antiferromagnetic

correlations along the c-axis, although it could be proved by means of

polarized neutrons that the measured extra scattering intensity is of

magnetic origin. Instead it was found that antiferromagnetic correla-

tions exist along the b-axis, with a characteristic energy of 2meV.
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These correlations disappear upon heating to 30K. The temperature

scale and, in this case, also the energy scale at which these correla-

tions manifest themselves offer an explanation for the maximum in xi•

The most recent neutron-scattering experiments on UPt, have shown that

yet another facet exists. Aeppli efal. (1988), concluded from exper-

iments with small energy transfer (0.2 meV), that UPt- can be an anti-

ferromagnet with an ordered moment of (0.02 ± 0.01) p and T N ~ 5 K .

These results are in agreement with rauon spin-relaxation experiments

(Heffner et al. 1987) in which very slow spin fluctuations below 4K

were observed. The magnetic ordering leads to a doubling of the unit

cell along the b-axis and the ordered moments are aligned along this

direction. The occurrence of this ordering makes it more likely that

the above-mentioned antiferromagnetic correlations are along the b-

axis instead of along the c-axis. A temperature scan of one of the

magnetic Bragg reflections showed that the intensity increases

linearly down to the superconducting transition temperature, below

which it stays constant. This indicates that the electrons that give

rise to the magnetic scattering are involved with the superconducting

transition as well. Frings et al. (1988), who measured the antifer-

romagnetic correlations along the b-axis in two samples of different

sources, observed the antiferromagnetic ordering in only one of them.

This fact, in combination with the small size of the ordered moment,

makes it questionable whether the ordering is an intrinsic property of

UPt3.

5.1.2. Susceptibility

The magnetic susceptibility along the different crystallographic

directions of a single-crystalline sample of UPt_ is shown in

fig. 5.1. In comparison with previous published data on a single-

crystalline sample (Frings et al. 1983) there is an overall good

agreement. However, the recent (more accurate) data are slightly

higher (2 Z at 20 K) and the susceptibility in the basal plane shows a

small anisotropy.

In order to determine the effective moment p _f the data are fitted to

a Curie-Weiss (CW) behaviour:
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Fig. 5.1 Susceptibility of single-crystalline UPtj.

X(T) -

2
eff

r-ep)
(5.1)

-1Fitting x vs- T according to (5.1) results in the effective moment

per uranium atom and the paramagnetic Curie temperature 9 that are

listed in table 5.1.

Table 5.1 Magnetic parameters of VPtj.

sample

a-axis

b-axis

c-axis
poly

CW-fit

e
P

(K)

-54

-57

-206

-165

"erf

<VU>
2.70
2.71

2.76

2.86

MCW-fit

9X°3(10 m/mol)

2.5

1.2

3.5

1.8

6P
(K)

-44

-52

-165

-70

2

2

2

2

eff

l/U>

.57

.65

.45

.52

t High-temperature (up to 1160 K) x~<fata from Frings et al.
1983.

Above ~50K, the Curie-Weiss fit describes the data quite well: the

largest deviation with the measured data is about 2 1. A closer look,
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however, shows that the parameters of the fit depend on the tempera-

ture interval in which they are calculated. The temperature depen-

dence of, for instance, ft „- is best illustrated by using the tempera-

ture dependence of the slope of x which yields £ _ •

^eff

Ji -_ is constant and equal to

(X vs. T is not curved).

shown in fig. 5.2.

3kB

Vo
(5.2)

Ln case x follows a CW-behaviour

The results derived from x,, an(i X, are

3.5

2.0
101 103

Fig. 5.2 Temperature dependence of Jxeff as defined by (5.2) of UPtj.
Single-crystalline data (data below 300 K) are taken from
fig. 5.1, the high-temperature data is on a polycrystalline
sample (Frings et al. 1983).

High-temperature susceptibility data on a polycrystalline UPt. sample

(Frings et al. 1983) are used to calculate the effective moment above

room temperature. Clearly it can be seen that within a CW-fit the

effective moment gradually increases from about 2.5 to 3.1/J /U going

from 50 to H O O K .

It turns out that a fit to a modified Curie-Weiss behaviour:

X - X + C/(T-© ) allows a description of the data above 50 K with tem-

perature independent parameters. In case of this modified Curie-Weiss

(MCW) fit (results are also given in table 5.1) the largest deviation

is 0.7 X. It can be seen that x » averaged over the three crystallo-
° -9 3

graphic directions, has a value of about 2.4x10 m /mol which is about
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7 X of the basal plane susceptibility at 300 K. Such a constant term

in the susceptibility would be more prominent at higher temperatures

since its relative size with respect to the CW-term grows with tem-

perature. For this reason, the results of CW- and HCW-fits on the

high-temperature susceptibility data are listed as well in table 5.1.

The resulting value for x amounts to 1.8x10 m /mol, not far from the

averaged value of the single-crystalline sample. Within this analysis

it appears therefore that the susceptibility between 50 K and 1200 K

consists of a temperature-independent susceptibility in addition to a

Curie-Weiss contribution. If we interpret the temperature independent

part as a Paul! susceptibility, x is related to the density of elec-

tron states at the Fermi level: x D i-~/* A»nN(°) with N(0) the density
JraUXl. O D Q "3

of electron states at the Fermi level. Using the value 2.4x10~ m /mol

for x we obtain: N(0) - 5.9 states/eV-FU. This value for N(0) is close

to values that result from electronic bandstructure calculations: 6.3

(Strange 1986), 8.4 (Oguchi and Freeman 1986) and 8.6 (Albers et al.

1986).

OL-eying a Curie-Weiss behaviour indicates that the f-electrons of UPt.

are localized above ~50K. The effective moment can be compared with

the effective moments for several 5f-electronic states. Applying

Hund's rules, the n ff-value of UPt, is close to the value for a full

Sf1 <p e f f - 2.54 /* B/U), a quenched 5f2 (2.83^/U) or a full 5f4

(2.68 Pg/U) configuration. It is not clear, to what configuration /i „

of UPt. should be assigned. Moreover, it is expected that J is not a

good quantum number (due to comparable sizes of crystalline electric

fields and spin-orbit interaction) so that one has to use a different

coupling scheme, e.g. intermediate coupling.

The drop of Xi below 19 K is most probably due to the development of

short-range antiferromagnetic correlations in this temperature range

as was found by the neutron-scattering experiments. In fact, one can

use the neutron-scattering results to obtain more information on the

magnetic properties of UPt,. Integrating the scattering cross section

with respect to frequency yields an effective moment of 2.1±0.4/i per

U-atom (Aeppli et al. 1985) which value is not far from the value

obtained in the Curie-Weiss analysis. The zero-frequency susceptibil-

ity, as determined from the scattering cross sections (Aeppli et al.

1985,1987 and Goldman et al. 1987), shows a reasonable quantitative
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agreement with the low-temperature bulk susceptibility.

The pressure dependence of the susceptibility of single-crystalline

UPt, has been reported by Franse et al. (1985) and Louis et al.

(1986). It is found that the susceptibility is decreased at applying

pressure. The relative change dlnx/dP, as determined at 4.2K and

4.6kbar, yields -28 ± 3 and -5±3Mbar~ , for the basal plane and hex-
*

agonal axis, respectively. T the temperature at which the maximum of

X, occurs, is increased at applying pressure: 31nT /3P-30±6Mbar

5.1.3 High-field magnetization

High-field magnetization of single-crystalline UPt_ has first

been measured by Frings et al. (1983). At the lowest temperatures a.

shows an anomalous increase between 15 and 25 T in contrast with a

that is linear up to 35 T. This metamagnetic transition is due to the

suppression of the short-range antiferromagnetic correlations that

exist below ~ 20 K as is found by the susceptibility experiments. At

increased temperatures (20.3 K) the anomalous step is considerably

reduced in size and at 77 K it is absent (de Visser 1987b).

5.1.4 Resistivity

The electrical resistivity measured on single-crystalline UPt,-

samples, first measured by de Visser et al. (1984c), shows a large

anisotropy: p. is roughly a factor of two larger than p.. The type of

resistivity curve of UPt« is often found in actinide compounds: a

sharp rise at low temperatures (the maximum in dp/ST is at T -6.5 K)

is followed by a tendency towards saturation in the room-temperature

region. In actinides the large resistivity is ascribed to strong

scattering of conduction electrons by the spin fluctuations of the

5f-electrons. At low temperatures the resistivity is small, since

spin fluctuations are not excited; raising temperature excites the

spin fluctuations so that the scattering of conduction electrons

increases quickly and finally the resistivity saturates because the

mean free path of the electrons becomes of the order of the
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interatomic distances (Brodsky et al. 1974). At the lowest tempera-

tures (0.5 K < T < 1.5K) the resistivity of UPt, increases quadratically
2 2

with a proportionality constant A.. - 1.6 pficm/K and A - 0.7/iflcm/K .

Other heavy-fermion systems display a Kondo-lattice type of resis-

tivity: a negative slope of the resistivity vs. temperature curve at

higher temperatures, where Kondo-scattering is incoherent and a sharp

drop below the temperature that is characteristic for the coherence

effects. The combination of these two mechanisms leads to a peak in

the resistivity. UPt, is markedly different from these systems

because the (total) resistivity does not show a peak. It is, however,

possible that the electronic contribution to the resistivity shows a

broad peak that is masked by a lattice contribution. To what extent

coherence plays a role in the resistivity drop of UPt_ is unclear.

Resistivity experiments under external pressure revealed that the

coefficient.A decreases rapidly with pressure. Its relative pressure

dependence, 61nA/3P, varies in literature (de Visser et al. 1984c,

Wire et al. 1984, Willis et al. 1985 and Ponchet et al. 1986) between
-1 -1 *

-95 and -50Mbar , with an average value of -66 Mbar . T increases
at a rate of 0.35 ± 0.1 K/kbar which leads to 31nT /dP - 54 ± 16 Mbar"1.

P
Ponchet et al. (1986) have measured the resistivity of a UPt, whisker

(I K c-axis) with pressures up to 202kbar. It was found that the high

resistivity values, especially below TOOK are lost gradually but

l(300K) remains large.

From magnetoresistance (fill, I« a) experiments in the temperature

region where antiferromagnetic correlations exist, one finds that the

resistivity increases in field and passes through a maximum around 20 T

(de Visser 1986c). At higher temperatures the resistivity decreases

gradually at applying a magnetic field. For a constant field strength

(B - 5 T and 8 T have been investigated) the magnetoresistance reaches a

maximum value around 6 K, the same temperature where dp/dT reaches a

maximum. Since the current-field orientation is of little importance

(transverse and longitudinal magnetoresistance are almost equal), it

is believed that the main contribution to the magnetoresistance ori-

ginates from the field dependence of scattering processes. From the

high-field magnetization it was observed that around 20 T the
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antiferromagnetic correlations are suppressed and that the moments are

forced to align ferromagnetically which would imply a maximum in the

scattering of conduction electrons at this field.

5.1.5 Hall effect

5.1.5.1 Temperature dependence

The Hall effect of single-crystalline UPt. is displayed in

fig. 5.3. The measurements were performed in a field of 8 T along the

b-axis and with the current in the ac-plane and the measured Hall vol-

tage also in the ac-plane.

100 200
T (K)

300

Fig. 5.3
Hall constant of single-crystal-
line UPt^ vs. T, measured with a
magnetic field of S T along the
b-axis.

Fig. 5 A
Hall constant of single-crystal-
line UPtj vs. T for temperatures
below 20 K, measured with a mag-
netic field of 8 T along the b-
axis

We recall our convention of section 3.3.3 in which the Hall constant

is denoted by IL,̂  where x stands for the magnetic field direction, y

for the current direction and z for the direction along which the Hall

voltage is measured. In the present case, the current direction is,

however, not along a principal direction and, moreover, not accurately

known. We denote the Hall constant in this case by tL, where the

superscript (ac) means that the current as well as the Hall voltage

are within the ac-plane, not along the principal axes and mutually

perpendicular.
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The Hall effect has a large positive value and reaches a maximum value

around 28K below which temperature it drops quickly. At high tempera-

tures (above ~20K) our data are in good agreement with published data

(Schoenes and Franse 1986 and Had216-Leroux et al. 1986). At the

lowest temperatures, however, the three sets of data show some differ-

ences. Schoenes and Franse, who measured the Hall voltage along the

c-axis of a single-crystalline sample with B-4T parallel to b and I

parallel to a, observed that R^ drops quadratically below 10 K and
3

has a residual value lim R,,(T) a 0.6mm /As. Had2i6-Leroux measured
T-0 *

the initial Hall constant (low fields) on polycrystalline samples and

found a cubic temperature dependence and a residual value of

~0.5 mm /As. Our low-temperature data, see fig. 5.4, show a linear

temperature dependence below 6.5K and a residual value of —0.1 mm /As.

These differences must be attributed to differences in samples

(single- vs. polycrystalline) and moreover to different magnetic

field strengths. As will be shown in the following section, R^

depends on the magnetic field strength, especially at liquid helium

temperatures.

Recently, R^ a of single-crystalline UPt« has been measured (Schoenes

and Franse 1988 and HamziC et al. 1988), see fig. 5.5 that was taken

from HaraziC. The anisotropy of the Hall effect with respect to the

field direction is clearly visible: the maximum is around 50K and the

drop at low temperatures leads to negative values below ~13K. At

further cooling a minimum appears around 10 K and finally below 3 K R

again switches sign and attains very small positive values.

In contrast to the resistivity behaviour, it is found that the Hall

effect of UPt, behaves like other Kondo-lattice/heavy-fermion com-

pounds. The Hall constant R., is much larger than in normal metals,

has a positive sign and drops rapidly at low temperatures.

In order to analyze the Hall effect, we have fitted the data to

descriptions that originata from Kondo-effect theories (sections 2.3

and 2.4):

R u - R + K X (5.3)
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Fig. 5.5 Initial Hall constant of single-crystalline UPtj vs. T,
measured with the magnetic field along the c-axis {Hamzic
et al. 1988).

X is the magnetic susceptibility measured along the same field direc-

tion used for the Hall effect measurement and p is that part of the

resistivity that is of magnetic origin. The latter quantity is diffi-

cult to determine since no information is available how to split the

resistivity of UPt3 in, for instance, a lattice part and a magnetic

part. On the other hand, it is expected that the magnetic part is the

dominating contribution to the resistivity so that we can assume

/>«/>. It turns out that the fit of R^ to (5.4) is of less quality

than the fit to (5.3) so that only the results of the fits to (5.3)

are presented.

To see the quality of the fit of Rj/ a <^ to (5.3) we plot in fig. 5.6

Ry vs. x- Plotting the data in this way will result in a straight

line when (5.3) is followed for all temperatures. Indeed, R^ac^ can

be described quite well for temperatures above 47 K with (5.3) and
q

RQ--0.50 mm/As and K-0.025 mol/As. It is remarkable that at the

low-temperature side (below 11 K), i.e. in the temperature region where

coherence effects play a role, R^ vs. x can be described with a

straight line. We do not think that this bears much physical signifi-

cance both for a theoretical and an experimental reason. The theory

that leads to (5.3) does not account for interactions among Kondo
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50 100
X (10~9 m3/mol)

150

Fig. 5.6 Hall constant vs. susceptibility of UPtj (both quantities
measured with B II b). The Hall constant can be well
described with eg. 5.3 for T>47K. The straight line
represents the fit results.

impurities. Our experiments show that Ry depends at low temperatures

sensitively on the magnetic field strength.

From R Q we can obtain, within a one-band model, a carrier density of

-0.88 carriers per formula unit. The minus sign indicates that elec-

trons predominate the ordinary Hall effect. Comparing our result with

n- 1.1 el/f.u. that was obtained by Schoenes and Franse we note a small

difference. This possibly results from the fact that the latter

authors calculated the susceptibility on the basis of a Curie-Weiss

behaviour which is only approximately correct as is shown in section

5.1.2. The deviation of R^ below 47K from the behaviour predicted by

(5.3) indicates that coherence between the Kondo scattering begins to

develop. This temperature almost coincides with the temperature of

50K (section 5.1.2) where the susceptibility starts to deviate from

the (modified) Curie-Weiss behaviour.

In the same way we have fitted R5! a data from Hamzic" et al. (1988).

The RJj a vs. x curve can be found in fig. 5.45 (section 5.2.5) which

figure combines the results of f^ data of UPt3 and U(PtQ 95Pd0 ..) as

well. For this field direction we find that (5.3) describes the data

well for temperatures above 60 K and obtain R --0.41mm /As and

K - 0.040 mol/As. The normal term, R , is not far from the value that
o

was found for B II b but the proportionality constant, K, is much
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larger. This we can understand by using (5.4) that, although unable

to describe the temperature dependence of Rj,, predicts that the

anomalous term depends on the resistivity. The two different

geometries used for measuring the Hall effect with B II b and B II c, have

besides the different field direction also different current direc-

tions. For B II c the current is necessarily flowing in the basal plane

and therefore the resistivity is higher than in the case with B II b

with, in our setup, the current partly flowing along the hexagonal

axis so that the effective resistivity is between p. and p .

5.1.5.2 Magnetic field dependence

The Hall voltage of single-crystalline UPt_ has been measured at

fixed temperatures (1.4K, 4.2K and 78 K) while the magnetic field was

swept up to 38 T. The sample, on which these measurements have been

performed, is the same as used for the temperature dependence of the

Hall effect, so that the field and current orientations are idertical:

B II b and I in the ac-plane with a Hall constant denoted by R^ .

The results, converted to Hall resistivity, are displayed in fig. 5.7

(van Sprang et al. 1988a).

Fig. 5.7 Hall resistivity of VPtj vs. magnetic field strength (B II b)
measured at different temperatures. The open symbols are
data points that were taken at stabilized fields whereas
the small dots are taken with a linearly decreasing field.

At the highest temperature investigated, T-78K, p u increases almost
H
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linearly with increasing field, indicating an almost field-independent

Hall constant Rj-p /B. This is clearly not the case for the Hall

resistivity measured at T-1.4 and 4.2K. To study the field depen-

dence of pH at these temperatures, we present the differential Hall

constant 1L.& dp~/dB vs, B in fig. 5.8.

3 • i •

Fig. 5.8 Differential Hall constant of VPtj vs. magnetic field
strength (B II b) measured at different temperatures.

It can be seen that the differential Hall constant decreases slightly

for fields up to -14T whereas for higher fields it increases sharply.

The increase is weakened and !L reaches its maximum value just below

20 T; for higher fields it drops very fast and attains negative values

above ~21 T.

Before discussing the results, we present first the Hall constant

Ry-Pjj/B in fig. 5.9. The results for B-8T are compared with the

results obtained during the measurements in which the temperature

dependence of Ry was investigated (see figs. 5.3 and 5.4). We note a

good agreement. This shows that the much higher current density dur-

ing the field dependence experiment (see section 3.3.3) does not lead

to a noticeable temperature increase of the sample.

Another point is that IL, is field dependent at liquid helium tempera-

tures. The drop of R_, at cooling down from 4.2K to 1.4K, and meas-

ured in a field of 8T, is larger than when measured in a field of 4T.

This explains why our low-temperature R^-values, as presented in sec-

tion 5.1.5.1 on the temperature dependence of R^, are lower than the

values reported by Schoenes and Franse.
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Fig. 5.9 Hall constant of UPt3 vs. magnetic field strength (B II b)
measured at different temperatures. The open symbols are
data points that were taken at stabilized fields whereas
the small dots are taken with a linearly decreasing field.
The closed symbols at 8T represent data from fig. 5.3.

The local maximum of R^ that occurs around 20.5 T for the lowest tem-

peratures, is connected to the breaking of the short-range antifer-

romagnetic correlations that leads to anomalies in the magnetization

(section 5.1.3) and magnetoresistance (section 5.1.4) as well. The

sizes of the R^ anomaly and of the magnetoresistance ?(B) anomaly

display the same temperature dependence: both increase at increasing

the temperature from 1.4 to 4.2 K. This similarity between Ry and p(B)

holds more generally: for all investigated magnetic field strengths it

is observed that IL, and p(B) increase at increasing the temperature

from 1.4 to 4.2 K. Apart from the maximum around 20.5 T, IL, decreases

up to the highest fields where in case of the 1.4K-curve, R^ attains

negative values above 32 T and it seems possible that it eventually

reaches R that was determined to be -0.50mm /As (see section

5.1.5.1). This indicates that the field dependence of R^ is rtue to a

reduction of the anomalous term. The suppression of (short range)

antiferromagnetic correlations leads to a more coherent state and

hence to a smaller anomalous contribution to the Hall effect.

The same information is contained in the field dependence of the dif-

ferential Hall constant iL (fig. 5.8). Comparing FL-values above and

below the transition around 20 T as measured at 4.2 K, one can see that

the positive value of roughly 0.8mm3/As at the low-field side changes
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to a negative value of roughly -1 mm /As at the high-field side. This

change suggests that an extra contribution is removed by applying a

magnetic field of sufficient strength. It is interesting to note that

at the highest fields EL is close to R for 1.4 as well as 4.2 K, con-

firming that the anomalous term in the Hall effect is reduced at

applying a magnetic field whereas R stays constant.

5.1.6 Discussion

At temperatures above about 50K, UPt_ is thought to show local-

ized t"-electron behaviour since the susceptibility follows a (modi-

fied) Curie-Weiss law. The effective moment can not be ascribed, how-

ever, to a particular Hund's rule ground-state. The low-temperature

properties of UPt_ seem to be largely determined by the existence of

short-range antiferromagnetic correlations. The correlations emerge

around 50 K where the susceptibility starts to deviate from the (modi-

fied) Curie-Weiss behaviour and where the proportionality between the

Hall constant and the susceptibility is violated. At cooling down,

several other features indicate the importance of the correlations:

Rj, displays a maximum around 28 K, Xi displays a maximum around

19 K and high-field anomalies in a± and R ^ c ' occur below 20 K.

Applying external pressure increases the temperature at which the sus-

ceptibility peaks, which means that the short-range antiferromagnetic

correlations become stronger. Performing magnetization or magne-

toresistivi';v experiments under pressure would be very interesting
*

since the above susceptibility experiments suggest an increase of B .
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5.2 U<Pt1.xPdx)3

5.2.1. Microscopic information concerning magnetic interactions

As was done for UPt,, neutron-scattering experiments were per-

formed on U(Pt. Pd ). to obtain derailed information about the mag-

netic interactions. From speciftc-heat experiments (see section 4.2)

it is known that the magnetic ordering occurs for 0.02Sx<0.10 with a

maximum value for the transition temperature and peak height for

x—0.05. The neutron-scattering experiments were performed for that

reason on single-crystalline U(Pt,. ngPd-j 05)3- These experiments

(Frings et al. 1987) give the following results. At cooling below

5.8K satellites appear that were proved to be of magnetic origin by )

polarization analysis. The satellites correspond to antiferromagnetic

ordering along the b-axis with the ordered moment parallel to this

direction. The magnitude of the ordered moment amounts to 0.6±0.2fjn.
ft

On the basis of the neutron-scattering experiments, one can not dis-

tinguish between an ordering of local moments or a spin-density wave

involving itinerant f-electrons. Two other experimental results, how-

ever, strongly indicate the itinerant nature of the moment carriers:

the entropy, involved in the magnetic transition, amounts only to

~0.2Rln2 (section 4.2.3) and the size of the ordered moment is much

smaller than j» __-2.7 ;«„, a value that results from susceptibility

experiments (section 5.2.2).

The fact that the addition of a few percent Pd to UPt, leads to anti-

ferromagnetic order along the b-axis makes it more likely that the

antiferromagnetic correlations in UPt, are along the b-axis instead

along the c-axis (see section 5.1.1).

It is interesting to mention that replacement of few percent U by Th

leads to long-range antiferromagnetic ordering as well as was shown by

neutron-scattering experiments on UQ Q^-Q 05Pt3 (Goldman 1986). The

observed characteristics are quite similar to the ones of the Pd com-

pound: T..-6.5K and the ordered moment amounts to 0.65±0.1/J . More-

over, the magnetic structure is identical to the one of
U<Pt0.95Pd0.05>3-
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5.2.2. Susceptibility

The results of susceptibility experiments on polycrystalline

U(Pt 1 xPd x) 3 samples are displayed in figs. 5.10 and 5.11. Parts of

these results have been published before (de Visser et al. 1986a).

Not too much attention should be paid to the absolute sizes of the

susceptibility since the samples are not isotroplc but reveal pre-

ferential orientations.

en
E
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100 200
T (K)

300

Fig. 5.10 Susceptibility of polycrystalline V(Pti_^Pdx)3 vs. T with x
up to 0.05.

500

100 200 300
T (K)

Fig. 5.11 Susceptibility of polycrystalline V(Pti-xPdx}3 vs. T with x
above 0.10.

An interesting point is that alloying with Pd changes the susceptibil-

ity in a qualitative way: the location of the susceptibility maximum
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*
of I'Pt, (T -19K) shifts towards lower temperatures: U K and 7K for

the samples with x-0.02 x-0.05 respectively. This maximum is not

observed in samples with x-0.10 or higher Pd concentrations. The

maximum itself becomes more pronounced at alloying. Although the sam-

ples with small Pd concentrations show long-range antiferromagnetic

ordering, as evidenced by the specific heat experiments and for the

x-0.05 sample by neutron experiments, the susceptibility maximum is

not directly related to this ordering (the 2X sample has T -3.6K)

but must be attributed to short-range antiferromagnetic correlations.

The shift of the maximum towards lower temperatures indicates that

these correlations become weaker at alloying. For the x-0.05 com-

pound T ( - 7 K) and T,, (-5.8K) almost coincide leading to a compli-

cated susceptibility vs. temperature curve (see fig. 5.13 that will

be discussed when the single-crystalline data are presented).

The very large susceptibility (measured in a magnetic field up to

1.3T) of the compound with x-0.10 for temperatures below 50 K is con-

nected with the fact that this compound shows the metamagnetic transi-

tion at low fields (see section 5.2.3).

The susceptibility has been fitted in the temperature range 50 - 300 K

both to a Curie-Weiss behaviour and to a modified Curie-Weiss

behaviour. It was found for the samples with x-0.20 and x-0.30 that

the MCW-fit describes the experimental results better than the CW-fit.

For the other samples, the scatter is too large to show a significant

difference in quality of the two fits. The MCW-fit results in values
—9 3

for x of -3 and -5x10 m /mol for x-0.20 and x-0.30, respectively.

The physical meaning of these diamagnetic x -values is unclear; prob-

ably these values are resulting from the fact that the U(Pt. Pd ),

system is not single-phase for x>0.15. The effective moment is more

or less constant in the low concentration regime and starts to

increase around x-0.10 whereas 9 increases up to x-0.10 (i.e.

becomes less negative) and decreases above this concentration.

More detailed results can be obtained from susceptibility experiments

on single crystalline samples. Fig. 5.12 shows the susceptibility of

a single-crystalline sample x-0.05 along two different crystallo-

graphic axes (van Sprang et al. 1987a) in comparison with the suscep-

tibility of UPt_, The large anisotropy in the x-0.05 compound is

qualitatively the same as for pure UPt,: Xi is much larger than x»-
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Fig. 5.12 Susceptibility of single-crystalline UPt3 (a) and
U(.Pto.95Pdo.O5)3 (-line) vs. T. The two bottom curves
represent \^-data, the top curves represent %^-data.

Absolute sizes are, however, much larger for the Pd-substttuted sam-

ple. A maximum can be found in x< around 7K, to be compared with the

maximum at 19 K in UPtj. Fig. 5.13 shows this peak in more detail and

it can be seen that the peak is not symmetric but is much steeper at

the low-temperature side than at the high-temperature side which is

due to the long-range antiferromagnetic ordering.

230

s ao-

170

/X
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20
-10

Fig. 5.13
Susceptibility of single-crys-
talline U(Ptp.gsPdo,05)3 along a
basal-plane direction vs. T for
temperatures below 20K.

Fig. 5.14
Temperature derivative of basal-
plane susceptibility of single-
crystalline U(PtQ.95Pdo.O5>3-

The transition temperature can be determined from the position of the

inflection point in the x vs. I curve as was shown by Fisher (1962)
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for local-moment antlferromagnetism and later by Fedders and Martin

(1966) for itinerant antiferromagnetism. From fig. 5.14, where dx/dT

is shown vs. T, we derive Tj.-5.7K, i.e. very close to the temperature

at which the specific heat shows a peak.

The high-temperature data (above 50 K) are fitted with a MCW-behaviour.

For the basal-plane susceptiblllity, j» __-2.65/*„ and 9 --39K are
_q 3 srr a p

found (x -3.0x10 m /mol). For the hexagonal direction, these values
—9 3

are: 2.72 JIO, -174K and 1.0x10 m/mol, respectively. The v values
•B O

for this 5 X Pd compound are not significantly different from the

values that are found for UPt-.

Anisotropy of the basal-plane susceptibility of a single-

crystalline U(Pt. qcPd-j 05)3 spherical sample has been measured sensi-

tively by means of torque measurements. The results of an experiment

at 4.2 K are displayed in fig. 5.15.

100

0

100

-
o
o
0
o
o

t o
o
o
o

0
o
o
o
o
o

—Q
o

8

1

n,o

•

o

° i
V

1

A

/

o

t

1

o

o

0

o

\

§
g
g

8
0

8
f

1

fi
o

0

0

o

1

Aif
o

&

o
o
0
oo

o
0
o0

o
§

1

0

©

D

0

V

1

1
8
8
0

?

t

-

0

o

§
o $ _

o 8
o

o 8

—

1

m
1o

0 60 120 180 240 300 360
e (degree)

Fig. 5.15 Torque exerted on single-crystalline U(.Pt().95Pd0.05)3 at

4.2 K as function of the magnetic field angle. The
magnetic field (B - 4 T) is rotated in the ab-plane.

The magnetic field (4 T) is applied perpendicular to the hexagonal axis

and is rotated in the basal plane during the experiment. Besides a

small contribution that has two-fold symmetry and that is related to a

slight misorientatlon of the sample, a six-fold symmetry is clearly

visible indicating magnetic anisotropy within the basal plane at this

temperature. A fourier least squares fit was used to analyse the

data. The results for the 2©- and 68-terms are: L_-0.028 Nm/mol and

L,s- 0.060 Nm/mol. The 26-term, corresponding with a misorientation of
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the sample of about 1.7°, is subtracted from the data and, further-

more, the data are corrected for a small drift. The corrected data

are shown in fig. 5.16.

100

0

-100

—

c
0

-i

o
0°
0
o
o
o
0
o
o
o

l

o

0

0

0

o<

1

i
8
$0

0°
0
o
0

t

1

o

0

o

0

1

<
o

0
0

o°
0

es?
r

0

o

1

&
<5>

£>

s
o
o
0
s

o°,1

t

o

o

0

6 ,

g
o
0
o

p
?

—

0
o o ^

0 ?
o ^

-

1

m
io

0 60 120 1B0 240 300 360
9 (degree)

Fig. 5.16 Torque exerted on single-crystalline V(Pto,9sPdo,O5^3 At

4.2 K as function of the magnetic field angle. The
torque-values have been corrected for 26-terms.

The size of the 68-term is connected with a difference between x
-9 3 a

X^ of about 4.7xlG m /mol. The preferred direction in the basal

plane can not be determined unambiguously from this experiment alone

but from magnetization experiments (see next section) it follows that
a
3L
>a\t- This is what is expected from the neutron-scattering experi-

ments (section 5.2.1) since it was found that the long-range ordered

magnetic moments are aligned along the b-axis. From fig. 5.16 it can

be seen that the 6©-contribution is asymmetric. This could be due to

the fact that the torque is plotted as function of the magnetic field

angle instead of the magnetic moment angle (both with respect to the

crystallographic axes). A simple calculation shows, however, that the

difference between the above mentioned angles has a maximum value of

about 1.4°, which is too small to account for the observed asymmetry.

Therefore we conclude that this asymmetry is intrinsic and that higher

harmonics (126, 188, 248 etc.) are important.
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5.2.3. High-field magnetization

Results of high-field magnetization experiments, at a temperature

of 4.2 K, on polycrystalline IKPt^Pd^-samples are displayed in

fig. 5.17 (de Visser et al. 1986a). ,

1.0 -

0.0

Fig. 5.17 Magnetization of polycrystalline U(Pti.xPdx)j at T-4.2K
vs. magnetic field {data of the V{Pt090Pd0lQ)3 compound
represent a^-data as measured on a single-crystalline
sample). The data have been normalized to 1 at 35T. The
magnetization data at 35 T are: 0.806, 0.782, 0.882, 0.944
and 0.832 /»£,/£/, for the compounds with x- 0.00,' 0.02,
0.05, 0.10 and 0.15, respectively. The lines serve as
guides for the eye.

The magnetization has heen normalized to 1 at 35 T. Alloying with Pd

results in a decrease of the characteristic field strength (B*) where

the antiferromagnetic correlations are suppressed. B has a value of
o

20 T for UPt3, as determined by the position of the maximum in the dif-

ferential susceptibility, and decreases to 17 T and 11 T for the

x-0.02 and x-0.05 compounds, respectively. For compounds with

higher concentrations of Pd, the differential susceptibility does not

display a peak but, at lowering the field, increases gradually. Again

this shows that alloying with Pd leads to weakening of the short-range

antiferromagnetic correlations.

High-field magnetization experiments have been performed on single

crystalline samples vith 5 X and 10% Pd (van Sprang et al. 1987a).

Fig. 5.18 shows the results in comparison with the data of UPt . It

can be observed that the magnetization curves of the Pd-alloyed
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Fig. 5.18 Magnetization of single-crystalline V(Pt1_^'dx)j at
T-4.2K vs. magnetic field for x-0.00 (O) (Frings et al.
1983), x-0.05 (7) and x-0.10 (+). The lines serve as
guides for the eye.

samples show the same type of anisotropy as UPt,: o is linear with

field and is much smaller than o. . The different compounds have at

high field strength comparable values for o. although the metamagnetic

transition takes place at different fields. The difference between o

and a% at 35 T amounts to 0.5^/U, close to the value for the ordered

moment resulting from neutron experiments (Frings et al, 1987),

The initial slope of the magnetization curve of the 5 X Pd compound
-9 3

amounts to 188 (63)xl0 m /mol for the a (c)-direction. For the sample

with 10 X Pd the initial value of x( amounts to the large value of

410x10 m /mol. These initial susceptibility values of the 5 X and

10 X Pd compound are close to the susceptibility values at 4.2 K, as

obtained by the pendulum magnetometer (see fig. 5.12 and 5.11, respec-

tively). The initial susceptibility of the 10 X Pd compound is close

to the value that the differential susceptibility of UPt, reaches in a

field of 20 T.

Since the metamagnetic transition of U(PtQ 95PdQ O 5 ) 3 takes place at

much lower fields than the transition of UPt-, a more detailed study

on the temperature dependence of the metamagnetic transition is possi-

ble. These experiments have been performed at the Service National de

Champs Intenses in Grenoble, using a conventional extraction method in
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a Bitter magnet that Is capable of producing magnetic fields up to 18T

(de Visser et al. 1988b). The measurements have been performed for

temperatures between 1.3 and 20.IK and for two field directions:

B I a-axis and lib-axis. The results for B II b-axis are displayed in

fig. 5.19.

Fig. 5.19 Magnetization along the b-axis of single-crystalline
U(PtQ 9sPdQ 05)3 vs. magnetic field for different
temperatures.

In comparison with high-field data (T-4.2K) shown in fig. 5.18, we

note an excellent agreement. Magnetization curves with B H a-axis are

qualitatively the same, the magnetization is, however, somewhat

larger. The difference x ~ Xx. is for temperatures in the liquid
-9 3

helium range, of the order of 10x10 m /mol at low fields but

decreases quickly at increasing the magnetic field up to 10T. In com-

parison with the results of the torque measurements (that were per-

formed with T-4.2K and B-4T) the anisotropy in the basal plane sus-

ceptibility, as measured by these high-field magnetization experi-

ments, is somewhat higher. The field where the metamagnetic transi-
*

tion occurs (B ) differs for the two different field directions: at
* ° * *

4.2 K: B ~10.1T and B.-9.8T and at 1.3 K: B -12.6T and^ aa ob on
B C T^-11.8T. From the temperature dependence of the magnetization

curves it can be seen that the anomaly is still present above
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*
T N-5.8K, but weakens and disappears above ~15K. B . decreases from

11.3 to 10.5 T at warming up from 7.5 to 15 K.

The occurrence of the metamagnetic transition both for temperatures

above and below T.. is an interesting feature. It shows that antifer-

romagnetic correlations exist above TN> which is also the case for the

2 2 Fd sample, for which a metamagnetic transition is observed at 4.2K

(see fig. 5.17), i.e. above Tj.-3.6K. Also UPt,, that shows no long-

range antiferromagnetically ordered state as U(Pt_ gc^d^ nc)o does,

displays a very similar magnetization anomaly. The similarity of the

magnetization anomalies in the three mentioned compounds suggests a

common origin: the suppression of short-range antiferromagnetic corre-

lations. In the long-range ordered phase of U(Pt- g^^-n 05^3' t*ie

combination of the exchange interaction and the basal plane anisotropy

could lead to a spin flop transition that causes a step-like increase

of the magnetization. In a hexagonal system, however, one would

expect two spinflops with comparable magnetization jumps, not far

separated in field strength from each other, as is indicated by numer-

ical analyses that we performed. A second magnetization jump is

absent up to 38 T at T-4.2K as is seen in fig. 5.18. Furthermore,

the above mentioned difference in magnetization along the two dif-

ferent basal plane directions is maintained above the transition,

which would not be the case for a spinf lop. It seems therefore that

the magnetization anomaly is not caused by a simple reorientation of

antiferromagnetically ordered moments forced to align ferromagneti-

cally by the external magnetic field, but that the interaction leading

to the (short-range) ordering is destroyed itself by the magnetic

field.
* *

As is listed above, B > B , at the investigated temperatures, which

shows that a magnetic field applied along the b-axis is more effective

in breaking the antiferromagnetic correlations. From the specific-

heat experiments in field (see section 4.2.1) a similar anisotropy was

observed: BI b results in a larger decrease of T than BII a. This

indicates that the short-range antiferromagnetic correlations are

involved in the long-range ordered state. The above-mentioned data

for B i b are summarized in the phase diagram fig. 5.20. This figure

includes as well the data of fig. 4.13 on the field dependence of the

Neel temperature, as studied by specific-heat experiments. At low
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temperatures and low magnetic fields, U(Pt_ g5PdQ Q g ) , is in the

long-range antiferromagnetic state. At increasing the temperature,

the long-range ordered state is broken up but short-range antifer-

romagnetic correlations still exist up to 15 K, as evidenced by the

metamagnetic transition. For temperatures around 4K, the high-field

anomalies of the long-range ordered state and the short-range correla-

tions occur at adjacent field values. An observed asymmetry of the

high-field anomaly at 4.2 K indicates that the two transitions are very

close to each other so that they become indistinguishable in magneti-

zation experiments. As will be shown in the next section, high-field

magnetoresistivity experiments at 4.2K indicate that the short-range

correlations are suppressed around 13T whereas the long-range ordering

is depressed at a somewhat lower field.

5.2.4. Resistivity

5.2.4.1. Temperature dependence

The results of electrical resistivity experiments on polycrystal-

line U(Pt 1 xPd x) 3 samples (partly published by Verhoef et al. 1986)

are shown in fig. 5.21. In order to display the relative temperature

dependence, the resistivity has been normalized to 1 at room tempera-

ture. It can be seen that the residual resistivity ratio increases

very fast at substituting Pd for Pt, and furthermore, that the spin-

fluctuation-type of resistivity curve is gradually lost for x increas-

ing up to 0.07. The large increase of the resistivity is attributed

to the destruction of the coherent state of UPt,. A large qualitative
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Fig. 5.21 Resistivity of polycrystalline UCPti^d^j vs. T (Verhoef
et al. 1986). Pd contents are denoted near the curve. The
resistivity has been normalized to 1 at room temperature.

difference occurs at further Increasing the Pd content. The resis-

tivity curve of x-0.10 is changed to a Kondo-like resistivity curve,

i.e. it gradually increases at cooling down. For x-0.15 there is a

maximum in the resistivity around 4K.

The conpounds with x-0.02, 0.05 and 0.07 show anomalies in their

resistivity around the temperature where the specific heat indicates

the onset of magnetic ordering. Best visible is the anomaly in the

x-0.05 compound supporting the results of the specific heat experi-

ments that indicated that the ordering effects are most pronounced for

the 5 X compound.

The resistivity of single-crystalline U(PtQ 95Pd0 Q 5 ) 3 has been meas-

ured along two different crystallographic directions (fig. 5,22) (van

Sprang et al. 1987a). The resistivity is as anisotropic as in pure

UPt3 (de Visser et al. 1984c). At room temperature, p -140 /iJlcm

whereas p^- 287 /itlcm; the residual resistivity ratios are 3.7 and 2.4,

respectively. In the low-temperature region the antiferromagnetic

transition at 5.8 K is reflected in p. by a minimum in dp/dT

(fig. 5.23) at this temperature. The anomaly is less pronounced for

the c-axis.
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Resistivity of single-crystal-
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Fig. 5.23
Temperature derivative of the
resistivity of single-crystalline
V(.Pt0.95pd0.05)3 vs- T • PI (°)
and p| (+). The lines serve as
guides for the eye.

5.2.4.2 Pressure dependence

The very large low-T p-values, observed for the 5 X and 7 X Pd

compounds, are found to be decreased at applying external pressure

(see fig. 5.24-5.26) (partly published by Franse et al. 1987). At

1.4K, the logarithmic pressure derivative ainp./3p for the x-0.05

compound is -50Mbar , whereas at room temperature it is -6Mbar-1.

This very large pressure dependence of the low-temperature p indicates

that the scattering of electrons by lattice imperfections and impuri-

ties is not the main contribution to p . For the 5 2 Pd compound the

anomaly at TN shifts to lower temperatures with pressure at a rate of

-0.3K/kbar, as can be easily observed from p. since the anomaly is

best reflected for this direction, resulting in a relative pressure

dependence of TN of -55Mbar~ . This large pressure dependence of T

of the 5 X Pd compound is in sharp contrast with the almost pressure

independent TN of the 7 X Pd compound (see fig. 5.27).

5.2.4.3 Magnetic field dependence

The magnetoresistance of single-crystalline U(PtQ 95Pd0 „ ) , sam-

ples has been studied up to B - 38 T at 4.2 K and up to 8 T with the tem-

perature varied between 2K and 15 K (van Sprang et al. 1987b). Also
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v<-Pt0.95pd0.05)3 vs- T at diffe-
rent pressures.

S

3 2

-2

UtPto.g3Pdo.o7l3

_ o p=l bar
« 3.84 kbar

5
T (KJ

10

Fig. 5.27
Temperature derivative of the
resistivity of polycrystalline
u(pt0.93pd0.07)3 vs- T at diffe-
rent pressures. The lines serve
as guides for the eye.

polycrystalline 7X and 10 X Pd samples have been investigated up to 8 T

at temperatures below ~ 15 K. The data of the single-crystalline 5 X Pd

samples will be shown first. Fig. 5.28 shows the change in resis-

tivity at T-4.2K as a function of the magnetic field strength and as

a function of the orientation of the field with respect to the crys-

tallographic directions; in all cases the current was applied along

the a-axis. At high fields (above 10 T) the B l a and B i b curves are

similar: a broad maximum around 13T that is interpreted to reflect the

suppression of short-range antiferromagnetic correlations and a rapid

decrease with increasing fields that is due to the higher degree of

order in the magnetic system. Striking is the large difference

between the a- and b-axis curves below 10 T. This very clear basal-
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Fig. 5.28 Resistivity of single-crystalline U(Ptg g^PdQ 05)3 at
T-4.2K vs. magnetic field for different field directions
(I Ha).

plane anisotropy is connected with the fact that the long-range

ordered moments are aligned along the b-axis. We assume that in this

antiferromagnetic material a weak magnetic field tends to align the

moments perpendicular to the field and that stronger magnetic fields

bend the moments from the antiparallel configuration untill eventually

the moments flip towards a parallel configuration. In this case with

the b-axis as the preferred direction it means that a magnetic field,

not too strong, applied along the a-axis tends to align the moments

along the b-axis which enhances the already existing alignment of the

moments and therefore leads to a reduction of the resistance. With

the magnetic field applied along the b-axis the moments are pulled

away from the preferred direction and the less stable orientation of

the moments leads to an increased resistance. The double peak struc-

ture observed for the B II b curve results from the suppression of the

long-range ordered state in field (TR is decreased). It is, however,

not clear at what field the suppression is complete. The suppression

of the long-range ordered state is better visible in the temperature

dependence of the magnetoresistivity that will be discussed below.

Figs. 5.29-5.32 show p^ (current along a-axis) between 2K and 15K for

several magnetic field strengths and with the magnetic field applied

along the a-axis (fig. 5.29), b-axis (fig. 5.30) and c-axis

(fig. 5.32). The high-field data (T-4.2K and I I a) are in excellent
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Fig. 5.31
Temperature derivative of resis-
tivity of single-crystalline
v(Pt0.95*d0.05)3 for different
magnetic field strengths (III a,
B n b). The lines serve as guides
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Fig. 5.30
Resistivity of U(Pt0 95Pd0 0 5 ) 3

vs. T for different magnetic
field strengths (I II a, B II b).

Fig. 5.32
Resistivity of U{Pt0 95Pd0 Q 5 ) 3

vs. T for different magnetic
field strengths (I II a, B II c).

agreement with the data shown in figs. 5.29-5.32. To illustrate this,

we give some of the values of fig. 5.29: at 4.5K the resistivity at 0,

5 and 8T amounts to 130, 129 and 132/iDcm, respectively. The differ-

ences with respect to the zero-field value are in good agreement with

the values as shown in fig. 5.28 for the B l a curve. Returning to

fig. 5.29, it can be seen that at ~5.5K the 5T curve crosses the 0T

curve which shows that the negative magnetoresistance that occurs for

B l a is related to the long-range magnetic ordering. The anomaly

caused by the long-range ordering is shifted to lower fields and

becomes less pronounced. Just above T^ the magnetoresistance is posi-

tive for both investigated field strengths, due to the field effect on
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the short-range antiferromagnetlc correlations. Around ~ 1 5 K the mag-

netoresistance becomes negligible reflecting the fact that the short-

range antiferromagnetic correlations are thermally broken up (see

fig. 5.19). The data shown in fig. 5.30 explain the double-peak

structure in the B II b curve in fig. 5.28. At 4.2K, the application of

a magnetic field at first increases the electrical resistance of the

long-range ordered state. Further increase of the magnetic field

leads to a suppression of TL. below 4.2 K so that the anomaly in the

resistivity curve passes 4.2 K thereby causing the (local) minimum in

the resistivity vs. magnetic field curve. A remarkable result that is

revealed by the experiment with this configuration of the magnetic

field B i b in comparison with the B II a curve is the fact that the

resistivity anomaly is much more pronounced although the ordering tem-

perature is decreased more. This is clearly visible in fig. 5.31

where dp,/dT is plotted vs. temperature for three different magnetic

field strengths. When the magnetic field is applied along the c-axis

(fig. 5.32) the resistance is decreased below as well as above T .

The decrease is largest just below T,. and becomes very small around 2 K

whereas it is more or less constant above T».

Figs. 5.33-5.35 show the same set of data but now with the current

along the c-axis. As was seen before from the temperature dependence

of p. (fig. 5.23) the antiferromagnetic transition is not reflected.

Comparing figs. 5.33 (B I a) and 5.34 (Bib) one can see that for this

current orientation there is no basal-plane anisotropy as far as the

field direction is concerned. The dependence of the magnetoresistance

upon the strength of the magnetic field is not linear: with B - 5 T the

magnetoresistance is small except around T,. whereas with B - 8 T it is

large at all investigated temperatures. Fig. 5.35 contains the data

with the magnetic field applied along the hexagonal axis. The magne-

toresistance has in this case a small positive value: Ap = 1/jficm for

B - 8 T at the lowest temperatures and it decreases for higher tempera-

tures. The magnetoresistance is found to depend quadratically on the

magnetic field strength and is attributed to the ordinary (longitudi-

nal) magnetoresistance, originating from the Lorentz force on the

electrons.

Furthermore, it was found that cooling the sample through the
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Resistivity of U(PtQ 95Pd0 0 5 ) 3

vs. T for different magnetic
field strengths (lie, B II b).

antlferromagnetlc transition while a magnetic field is applied,

changes the resistivity, even when measured after the magnetic field

is removed. This is shown in figs. 5.36 and 5.37. Fig. 5.36 shows

two resistivity vs. T curves both measured in zero field, but with

different cooling histories. One curve represents the data of the

sample cooled down through the magnetic transition without a magnetic

field applied, whereas the other curve shows the data of the same sam-

ple but cooled down in a magnetic field of 8 T along the a-axis. It

can be seen that the field-cooled curve shows a lower resistivity

below TN which points to an enhanced magnetic ordering. This is just

opposite to the case where the sample was cooled down with a magnetic

field applied along the b-axis (fig. 5.37). In this case the field-

cooled data show a higher resistivity suggesting a state with partly
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the sample cooled down in B - 8 T
(B II b) by a dashed line.

inhibited order. Again, it is found that a magnetic field along the

b-axis is more destructive for the magnetic order than a magnetic

field along the a-axis.

The magnetoresistivity (I II B) of

U(PtQ 93Pd0 0 ? ) 3 is shown in fig. 5.38.

170

a polycrystalline sample

160 -

a

3 150 -

140

Fig. 5.38
Resistivity of polycrystalline
U(,PtQ 9$Pdo 07)3 vs. T for dif-
ferent magnetic field strengths

230

Fig. 5.39
Resistivity of polycrystalline
v(-Pt0.90pd0.10)3 vs- T for dif-
ferent magnetic field strengths
(IIB).

For 5 T the magnetoresistance is negative below T and for 8 T it is
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positive in the whole investigated temperature range. This is quali-

tatively the same field effect that is observed on p, of the 5 % Pd

compound with B I a (fig. 5.29) which shows that the low-temperature

states of the 5J and 7X Pd compounds are quite similar.

The polycrystalline 10X Pd sample shows a completely different

magetoresistance behaviour. The data as displayed in fig. 5.39 have

been measured with the applied field parallel to the current; a per-

pendicular field-current orientation yields qualitatively similar

results. The resistance is decreased in field at all investigated

temperatures. This again indicates the Kondo-type of resistivity

curve for this compound (see section 2.3.3).

5.2.5. Hall effect

5.2.5.1 Temperature dependence

The Hall effect of single-crystalline U(Ptg -.?d. Q5^3

investigated between 2 K and 300 K at magnetic field strengths up to 8 T

and for two different current-field orientations. Figs. 5.40 and 5.41
beA cb&

show VL, whereas figs. 5.42 and 5.43 contain R^ , both measured in a

magnetic field of 8T. The large positive values and the sharp drop at

the lowest temperatures for the Hall effect observed for both field-

current orientations are, as mentioned in section 5.1.5, characteris-

tic for heavy-fermion and Kondo lattice systems. A description of IL̂

by two contributions, an ordinary and an anomalous contribution, seems

therefore to be appropriate. A comparison of the IL, Hall data with

that of UPt, as displayed in fig. 5.9 (measured with the same field

orientation) shows that the drop of IL, in the Pd-alloyed compound at

low temperatures is much smaller than the drop in UPt. which illus-

trates the fact that coherence in the alloyed system is less

developed. The same follows from the lower position of the maximum in

IL, that signals the onset towards the coherent state. Besides a sud-

den increase below 6 K that is due to the long-range antiferromagnetic
order and that will be discussed later, Rj: behaves differently:

bca
is smaller than IL. (below ~ 140 K), the drop starts already around
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Fig. 5.42
Hall constant of single-crystal-
line U(PtQ g^PdQ 05)3 versus T
(B-8 T, B I 'C) .

Fig. 5.41
Hall constant of single-crystal-
line U(.Pto.95Pdo 05)3 versus T
below 15 K (B-8 T, Bib).

Fig. 5.43
Hall constant of single-crystal-
line V(Ptg 95Pd0 0 5 ) 3 versus T
below 15 K (B-8 T, B II c) .

~30K and is larger. In fact, as is visible in the inset of

fig. 5.43, it can be seen that an extrapolation of R^ -values above

6K towards low temperatures, leads to negative values of R*Jba below

~4K. The anisotropy of Ry of the 5 X Pd compound is therefore compar-

able with the anisotropy of Ry of UPt3 (section 5.1.5.1): R^ba is

smaller than RjjCa, the maximum is at a higher position for R^ba and,

if the extrapolation towards low temperatures is valid, R° b a becomes

negative.

An additional low-temperature anisotropy is observed for the 5 Z Pd

substituted system: the long-range antiferromagnetic ordering is only

visible in Ry , This could of course be attributed to the fact that

the Hall effect was measured in 8 T that possibly smeares out the tran-

sition. This can be checked by measuring the field-effect on the Hall
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resistance at T-4.73K. At this temperature and without an external

magnetic field, the sample is in the ordered state, but can be brought

into the not-ordered state by applying a magnetic field of 8 T (see

fig. 5.30). If there would be an anomaly at T then there would be an

anomaly at a magnetic field somewhere in between 0 and 8T, but this is

not the case as can be seen from fig. 5.44.

Fig. 5.44 Hall resistivity of single-crystalline U{PtQ psPdg 05)3 vs.
magnetic field at T-4.73K and T-6.33K. The lines serve
as guides for the eye.

In fact there is, besides a global size difference, no difference

between this curve and a curve measured entirely in the not-ordered

state. It seems therefore that the observability of the antiferromag-

netic ordering in electrical transport properties is not determined by

the magnetic field direction but by the electrical current direction:

p and Ry only reflect the ordering when the current is applied perpen-

dicular to the hexagonal axis.

In order to analyze the Hall effect, we have fitted R^ to (5,3) and

also to (5.4). The difference in quality of the two fits, that was

observed for UPt3> emerges again and is even enhanced: (5.3) describes

the R^ data of the 5 X Pd compound much better than (5.4) does. All

four sets of R^ data, two field directions for two compounds (UPt, and

U(PtQ 95PdQ 0 5 ) 3 ) . plotted vs. x are collected in fig. 5.45. In tablo

5.2 we list R and the one-band carrier density n deduced from it

according to R Q - 1/ne, the proportionality constant K and the tempera-

ture T above which the fit was used. The normal Hall contribution R
o

of the 5 X Pd compound is found to be independent on the field direc-

tion. The proportionality constant, K, is for Blc almost twice as

large as for Bib and the anisotropy is therefore similar as the one
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Fig. 5A5 Hall constant vs. susceptibility of l/Ptj (full lines) and
U(PtQ.gsPdo_05>3 (dashed lines) for a magnetic field along
the b- and along the c-axis (as indicated near the curves).
Hall constant data of UPtj with B II c is taken from Hamzic
et al. {1988).

Table 5.2 Fit results of RJJ-RO + KX for the compounds UPtj and
U(Pt().95pd0.05)3 which is denoted by 5X Pd. T* is the
temperature above which the fit was used and n is the
carrier density calculated according to Ro—1/ne.

compound

U P t 3

5X Pd

B along

b

c

b

c

R
,o

(mm /As)
-0.50

-0.41

-0.66

-0.70

K

(mol/As)

0.025

0.040

0.026
0.048

*
T

<K>

47

60

25

52

n

(el/f.u.)

0.88

1.07

0.66

0.63

ref.

a

b

a

a

a) this work
b) Hamzic et al. (1988)

observed in UPt_. Moreover, the values for K are quite similar as

those of UPt- as becomes clear from fig. 5.45 where the high-

temperature parts of the E^ vs. x curves are parallel.
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S.2.S.2 Magnetic field dependence

be aThe magnetic field dependence of Rj.ca of single-crystalline
U* P t0 95Pd0 05*3 has been measured UP t0 3 8 T at three different tem-

peratures (van Sprang et al. 1988a). The data converted to Hall

resistivity are displayed in fig. 5.46, the differential Hall constant

is shown in fig. 5.47 and the Hall constant in fig. 5.48.

Fig. 5.46 Hall resistivity of U(Pt0 95Pd0 0 5 ) 3 vs. magnetic field
strength (B I 6) measured at different temperatures. The
open symbols are data points that were taken at stabilized
fields vhereas Che small dots are taken with a linearly
decreasing field.

Comparing the R̂ j data with the values determined up to 8 T in the

course of the temperature dependence measurements, we notice that the

data of fig. 5.48 are larger than the data as shown in fig. 5.40.

This could in principle be due to a heating effect since a larger

current was used in the former experiments and the R-, vs. T curve has

a positive slope. This is, however, not likely since the identical

setup used for UPtj gave no indications for heating effects although

Rj, of UPt, should be more sensitive to temperature differences due to

its larger T-derivative (see section 5.1.5). A possible reason could

be that In the antiferromagnetic state R^ depends on the cooling his-

tory as was found for the magnetoresistivity of this 5 1 Pd alloy.

The behaviour of IL, as displayed in fig. 5.48 resembles the R^ vs. B

curve of UPt3. At high temperatures (78 K) IL. decreases steadily and

at liquid helium temperatures there appears a maximum around the field
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Fig. 5.47 Differential Hall constant of U(Pto.95FdO.O5)3 VS. magnetic
field strength (B II b) measured at different temperatures.
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where the antiferromagnetic correlations are suppressed. The location

of the peak of Ry is around 14 T which is higher than the field at

which the magnetization anomaly occurs. The field effect of the Hall

resistivity is best visible from the differential Hall constant R^

(fig. 5.47). The anomaly around 11 T in iL is for T-1.4K more
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pronounced than for T - 4.2 K which is in contrast to the anomaly found

for UPt_ that grows at increasing temperature from 1.4 to 4.2K

(fig. 5.8). The scaling of SL with the magnetoresistance p(B) (meas-

ured with the same field direction) is maintained. In section 5.1.4

it was noted that £L and f(B) of UPt- behave similarly in the sense

that both increase at increasing the temperature from 1.4 to 4.2 K.

For U(PtQ ncPd- 0 5 ) 3 the same similarity holds since IL and /?(B) (see

fig. 5.30) both decrease at increasing the temperature from 1.4 to

4.2K.

For fields above 25 T, R_. displays only a small field dependence and

assumes a value of -1mm /As. This value is close to R a-0.7 mm /As

as was found in section 5.2.5.1. As was observed for UPt-, we observe

that FL of the 5 X Pd compound assumes a value close to the normal Hall

constant R for fields well above the field where the antiferromag-

netic correlations are qu?r>ched.

A remarkable difference between the Hall effect of UPt- and that of

U(Pt. qcPd0 0 5 ) 3 is the fsot that p H of UPt, has a maximum at the

field where the antiferromagnetic correlations are suppressed (iL, is

zero at this field). In the U(Pt_ gcPd,. 05)3 compound the zero point

of Rj, is only at 21 T (for T-4.2K) i.e. much higher than the charac-

teristic field of ~ 1 1 T that resulted from the magnetization measure-

ments. For T - 1.4K it is observed too that the zero point of R^ is at

a much higher field. We attribute this different behaviour to the

fact that for the investigated temperatures U(Pt« nc^n 05^3 *s * n C^ e

long-range ordered antiferromagnetic state. The destruction of the

long-range ordered state in addition to the suppression of the short-

range antiferromagnetic correlations result in a more complicated

field dependence of p than in the case of UPt. that does not show

long-range order and only displays short-range correlations.

5.2.6 Discussion

The susceptibility and high-field magnetization experiments indi-

cate that the short-range antiferromagnetic correlations, that are

present in UPt,, become weaker at substituting a few percent Pd for

Pt. Nevertheless, for compounds with Pd contents between 0.02 and
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0.07 long-range antiferromagnetic ordering is observed. This is, we

believe, due to the fact that the Fd substitution leads to a decrease

of T as well and, in fact, this decrease is larger than the weakening

of the correlations, so that the correlations become more important

with respect to the Kondo effect (see the phase diagram in fig. 2.8).

As has been said in section 4.4, the weakening of the correlations and

the decrease of the Kondo temperature have first of all to be

explained by the combination of volume and c/a-ratio decrease due to

the Pd substitution.

The magnetic ordering as found for x-0.05 is most pronounced: this

compound has the highest ordering temperature, the highest peak in the

specific heat and the clearest resistivity anomaly. Therefore some

more detailed experiments on single-crystalline U(Pt_ g^^n 05^3 w e r e

performed in which the effect of external pressure or magnetic field

on the magnetic ordering was investigated. The application of exter-

nal pressure decreases the ordering temperature with a large relative

change of -55 Mbar . This change is larger than calculated by using

the Ehrenfest relation where a value of -19 Mbar is deduced. The

difference between these two values can result, in general, from non-

hydrostatic conditions in the high-pressure experiments. This, how-

ever, we can exclude in our case, because helium has been used as

pressure transmitting medium. Another explanation would be that the

ordering temperature is suppressed in a non-linear way. Our high-

pressure experiment was performed with a pressure of 4.4kbar whereas

the volume change, that results at going from OK up to T,., corresponds

to a pressure of 50bar.

The decrease of T,., caused by an external magnetic field, is found to

depend strongly on the field direction. Specific heat experiments

show that the decrease is largest when the magnetic field is applied

perpendicular to the hexagonal axis but within the basal plane there

is additional anisotropy: B i b results in a larger decrease than B H a

(section 4.2.1). Further manifestation of basal-plane anisotropy is

found by the torque, high-field magnetization, magnetoresistivity and,

of course, by the neutron-scattering experiments. The latter experi-

ments show that the moments are aligned along the b-axis. The results

of the magnetoresistivity experiments are in agreement with this.

Magnetization experiments show that B is larger for B I a than for
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Bib again indicating that a magnetic field along the b-axis is the

most destructive for the antiferroraagnetic correlations. Peculiar

features are the lack of a spin-flop transition in the basal plane

magnetization curves, and the lack of a clear effect on the magnetiza-

tion curves at passing the phase boundary shown in fig. 5.20.

Several features indicate that the ground-state properties of the

pseudo-binary compound U(Pt. Pd )_ change qualitatively at exceeding

a Pd content of 0,07. Among these are: the Kondo-like resistivity of

the x-0.10 compound and the negative tnagne tores is tance of this com-

pound as well; both are in clear contrast with what is observed in,

for instance, the x-0.05 compound. To understand this change of the

ground-state we recall from section 3.2.2 that for x£0.07 extra lines

are observed in the X-ray diffraction pattern and that these lines are

most likely connected to different stacking orders. The different

stacking introduces quasi-cubic sites. An important additional

feature is offered by photoemission studies on U(Pt. Pd ), and

U(Kh l xPd x) 3 by Arko et al. (1988). UPd3 is the central compound in

their studies since it is the only uranium-based intermetallic com-

pound for which clear experimental evidence exists for the localized

nature of the uranium f-electrons. It is also the only UX, compound

that crystallizes in the double hexagonal crystal structure (Ni,Ti
2

type, see table 1.2) with the U atom in the 5f -configuration in a LS

ground-state H, (Murray and Buyers 1980). These latter authors

investigated the delocalization of the f-electrons of UPd, by replac-

ing Pd by Pt or Rh; the binary compounds UPt_ and URh, crystallize in

the hexagonal Ni.Sn and the cubic AuCu. structure, respectively (see

table 1.2). It was found that the localization disappears as soon as

the double hexagonal structure disappears. Since the cubic and the

hexagonal crystal structures have either cubic or hexagonal positions

whereas the double hexagonal structure has both, it appears that the

localization of f-electrons requires the presence of both types of

position.

Using this knowledge, we attribute the low-temperature resistivity

increase of the x-0.10 Pd compound to the (single-impurity) Kondo

effect that originates from localized f-electrons on the quasi-cubic

sites, introduced by changes of the stacking order. An estimate of
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the Kondo temperature Tu of this x-0.10 compound can be made by

determining the position of the inflection point of the resistivity

vs. logT curve (see fig. 2.2). In this way we determine T -7K. At

further increasing the Pd content (x-0.15), the concentration of the

quasi-cubic sites is increased and interactions between the different

Kondo scattering centers become important. It is expected in this

situation that the resistivity drops at some temperature below Tv (see

fig. 2.9) which explains the resistivity drop of the x—0.15 compound

below 4K. The change of ground-state properties that occur at substi-

tuting Pd for Pt, in relation to the different crystal structures of

UPt_ and UPd_ have been mentioned before by Verhoef et al. (1986).
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5 3 U!-xAnxPt3

5.3.1 Resistivity

The results of resistivity experiments on the group of compounds

with An-Np and Pu can be found in figs. 5.49 and 5.50, respectively

(van Sprang et al. 1988b). Fig. 5.49 includes also resistivity data

of a not-annealed, polycrystalline sample of UPt_. Because of the

uncertainty in the absolute values (see section 3.3.4) the data are

normalized to 1 at room temperatures. Table 5.3 contains the room-

temperature values and the residual resistance ratio's (RRR).

1.0

0.5

0.0

-

• j^V""' o °
& / o

' g / °* / °
• : o

o; o

-

x=0.00 _
A 0 . 1 0
o 1 . 0 0

-

100 200
T (K)

300

Fig. 5A9 Resistivity of polycrystalline Ul-x^Px?^ v$- T- The
resistivity has been normalized to 1 at room temperature.

1.5

1.0
a
a

0.5 -

0.0

[
- •'
• f

r\

<&*

x=l

S3-

.00

1

• 1

1

=0.
0 .
0 .

-

01 '.
05
10

-

100 200 300
T (K)

Fig. 5.50 Resistivity of polycrystalline Vi^xPuxPtj vs. T. The
resistivity has been normalized to 1 at room temperature.



- 140 -

Table 5.3 Room-temperature resistivity value, the RRR-value, the
coefficient of the quadratic term (A), the same coefficient
A with pjyj, scaled to 240 fiiicm and the deviation temperature
T* of U^

compound

UPt_

U Np Pt«

U Pu Pto

X

0.00

0.10

1.00

0.01

0.05

0.10

1.00

PRT
(fiQcm)

240

420

80

200

315

60

200

RRR

38.3

2.1

21.5

13.2

4.5

3.4

1.8

A

(pncm/K2)

1.24

0.43

0.026

1.0

1.5

0.2

0.2

A

(Mflcm/K2)

1.24

0.25

0.078

1.2

1.1

0.80

0.24

*
T
(K)

2

9

21

2.6

2.4

3.0

2.8

The RRR-values of the pseudo-binary Pu samples decrease with increas-

ing Pu-concentration, as expected when the Pu atoms just act as

scattering centers for the conduction electrons. Except for PuPt_,

all the resistivity curves show a smoothly increasing behaviour with

increasing temperatures. All these curves resemble spin fluctuation

type of resistivity curves, as frequently found in actinide compounds
2

(see section 5.1.4). A T -behaviour of the resistivity at the lowest

temperatures is expected, for instance, for spin fluctuations (Kaiser

and Doniach 1970, Coqblin et al. 1982). The proportionality constant

(A-coefficient) and the temperature (T ) above which the resistivity
2

starts to deviate from the T -behaviour, are also listed in table 5.3.

It must be noted that A is subjected to the uncertainty in the

formfactor. To reduce the influence of this uncertainty we have

included in table 5.3 values for A with pD_ normalized to 240 fiQcm

(i.e. a value characteristic for UPt,); these values are denoted by A.

Theoretical calculations on the resistivity of spin fluctuation sys-
_2

terns predict that AocT _ with !„„ the temperature characteristic for

spin fluctuations. The decrease of A that occurs at substitution of U

by Np, indicates therefore an increase of Tcc,. In the same theoreti-
* S F *

cal model T is proportional to T,
SF'

The data of T as listed in

table 5.3 also indicate that T increases when U is replaced by Np.
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This means that spin fluctuations weaken. In the U. Pu Pt. compounds
A |—X X j

the changes of A and T are less clear than in the Np substituted sam-

ples. The changes, however, that can be observed and especially the

change of A as a function of x, point to an increased value of Tor,,

indicating a weakening of spin fluctuations for these compounds too.

For the partly substituted samples, the resistivity experiments give

no indications of magnetic ordering as is the case when small amounts

of either Pt or U are replaced by Pd and Th, respectively. The resis-

tivity vs. T curve of NpPt_ does not give a clear indication for mag-

netic ordering but when the derivative of this curve is examined (see

fig. 5.51) a large drop of dp/dT setting in below 17 K, becomes

apparent.
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It is believed that this drop is indicating the antiferromagnetic ord-

ering observed around 22 K by susceptibility measurements (Erdmann and

Keller 1973). Moreover, recent Hbssbauer experiments on NpPt. at 4.2K

show a hyperfine splitting (Rossat-Mignod, private communication).

The resistivity curve of PuPt. clearly indicates antiferroaagnetic

ordering by the maximum that suddenly emerges at cooling below ~60K.

In fact, this type of resistivity curve is found for other antifer-

romagnetically ordered AnX.-compounds (Harvey et al. 1973 and Brodsky

et al. 1974). One puts the Neel temperature at the temperature where

a slope discontinuity occurs. This procedure yields: T - 56 K. The

resistivity increase for temperatures between 38K and 56K is possibly
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due to a magnetic periodicity incommensurate with the lattice. At 38 K

the periodicity becomes commensurate and leads to a decrease of the

resistivity for lower temperatures. The value for T., is different

from the value reported by Harvey et al. (1973), but is quite close

to the value T - 59 K reported by Nellis et al. (1971). The latter one

was measured by susceptibility experiments on a sample that contained

a second phase. A second phase in our sample can not be excluded as

is indicated by the X-ray analysis (see section 3.2.1).

The residual resistance of the PuPt,-sample is extremely high which is

probably due to the self-damaging effect of the sample. It is known

that the resistivity of pure Pu increases initially with 1 /iOcm/day

(Long 1976).

5.3.2 Discussion

We found for the series U, Np Pt, as well as for the series

U- Pu Pt, that the spin fluctuations are weakened with increasing x

and that the 100X substituted samples show magnetic ordering. This

shift from itinerant behaviour to more localized and finally magnetic

behaviour suggests a decrease of the hybridization strength when UPt.

is alloyed with Np or Pu. As came out from the X-ray analyses men-

tioned in section 3.2.1, both types of substitutions lead to a

decrease of the unit cell volume. In principle this will lead to an

increased hybridization (see section 2.1). However, the replacement

of U by Np or by Pu also influences the hybridization even if the

volume would be unchanged. This is because of the difference in

extension of f orbitals. The larger nuclear charge of Np and Pu lead

to a decrease of the f orbital extension (Freeman and Koelling 1974)

and therefore the overlap of the f orbital with the f-ligand electrons

is diminished. The size of this effect can be estimated by calculat-

ing the ratio of the f orbital-radius expectation value and the inter-

nuclear separation. For the pure actinide metals one finds that Np

and Pu have a ratio 20 X smaller than that of U, clearly indicating

that the f orbitals of these materials are more localized than that of

U (Freeman and Koelling 1974). The decrease of the separation between

the actinide atom and the Pt atom, due to the replacement of U by Np
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-4
or Pu, is of the order of 10 (see section 3.2.1) and therefore much

smaller than the decrease of the f orbital extension. Taking both

effects into account it is expected that the overlap of the f orbitals

and the non-f orbitals of Ft is reduced when U is replaced by Np or Pu

which will lead to a decreased hybridization strength. This is in

agreement with the experimental observations.

The same arguments play a role in comparing the hybridization

strengths of the binary compounds UPt_, NpPt. and PuPt, and therefore

the transition from itinerant spin fluctuation effects in UPt, towards

magnetic ordering in NpPt, and PuPt, can be explained on the basis of

the f orbital extension argument. The difference in crystallographic

structure, that can be important for the hybridization strength (see

section 2.1), seems therefore to be of minor importance in this case.
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5.4 UPtjB

5.4.1 Susceptibility

The magnetic susceptibility of UPtgB is shown in fig. 5.52.

This figure contains data of the single-crystalline sample with the

nominal boron content x-0.11 (x. and x ) and of polycrystalline

x-0.17 and x-0.30 samples. It furthermore includes susceptibility

data of single-crystalline UPt- (taken from fig. 5.1). The suscepti-

bility data above 50 K have been fitted to a modified Curie-Weiss

behaviour. The resulting parameters, collected in table 5.4, turn out

to be quite similar to the parameters of UPt. (listed as well).
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Fig. 5.52 Susceptibility of UPtjBx. The samples with x-0.17 and
x-0.30 are polycrystalline, the others are single-
crystalline.

The compounds with boron concentrations above x-0.11 show a suscepti-

bility that is qualitatively different in the low-temperature region:

the position of the maximum in the susceptibility (T ) shifts as func-
* X

tlon of the boron content. The values for T are included in table

5.4. Since the susceptibility of the polycrystalline samples has been

measured with the magnetic field parallel to the cylindrical sample

axis we expect that the susceptibility represents the basal-plane sus-

ceptibility. The polycrystalline results have therefore to be
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Table 5.4 Magnetic parameters of UPtjBx as determined by fitting
susceptibility data to a modified Curie-Weiss behaviour.

X

0.00

0.00

o.n
0.11

0.17

0.30

direction

a

c

a

c

poly

poly

*o
(10 9 m3/mol)

3

4

2

3

3

5

e
(K)

-44

-165

-59

-166

-54

-61

<v°>
2.57

2.45

2.69

2.51

2.60

2.47

*
T
(K)

19

-

19

-

8

14

compared with the a-axis results of the single-crystalline samples.

It appears that T changes in a non-monotonous way as function of the

boron content. This could be due to the fact that the x-0.17 and

0.30 samples are polycrystalline in contrast to the x-0.00 and 0.11

samples that are single-crystalline. This, however, is not so likely

since x, of the x—0.11 sample is smooth and has no large temperature

dependence so that mixing of x. and Xi will not lead to a large shift

of the susceptibility maximum. Another explanation could be that the

x-0.30 sample contains a large amount of a second phase in contrast

to the other samples. This is supported by the X-ray analyses that

indicate that only samples with x below 0.15 are single-phase. If the

second phase, present in the x-0.30 sample, has a completely dif-

ferent susceptibility behaviour, the observed maximum in the suscepti-

bility might not be representative for the strength of the magnetic

correlations in the UPt,-phase. Still a highly non-linear change of

T as function of the boron content remains since AT is very small

for x-0.11 but -11 K for x-0.17.
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5.4.2 Discussion

The specific heat results of section 4.3 do not indicate magnetic

ordering of UPt«B up to 40 K. The susceptibility experiments confirm

this and furthermore indicate that there are no anomalies up to 300K.

In section 4.3 we explained the change of the specific heat connected

to the addition of boron on the basis of the resulting unit-cell

volume increase. The volume increase leads to a decrease of the

hybridization strength and to a decrease of the exchange-interaction

constant J. Decreasing J weakens the magnetic interactions but the

magnetic interactions become relatively more important than the Kondo

compensation process since the Kondo temperature is decreased faster.

If we attribute the maximum in ths susceptibility to the magnetic
*

correlations we expect a decrease of T at adding boron to UPt,.

Indeed, we see from table 5.4 that T of the boron doped samples is

lower than that of pure UPt,, although a monotonous trend is absent.

From susceptibility experiments on UP!:, under pressure it is known
*

that T increases when the volume is decreased: r *-63 (see table
X T

X
4.2). In combination with the volume increase that results from the

addition of boron (AV/V-4.5x10~ per at.X B) we calculate
* . * *

AlnT /x--0.03. With T «20K we get AT --0.6K per at.X B. This is
X X X *

a quite fast decrease; for the x-0.17 sample we calculate T -9K, a
*X

value close to the measured one. The measured values of T for the

x-0,11 and 0.30 sample are, however, higher than what we expect on

the basis of volume considerations only. The interpretation of the

x—0.30 results are hampered by the presence of a considerable amount

of a second phase, as mentioned in the preceding section. The origin

of the discrepancy of the x-0.11 compound is unclear.



- 147 -

5 5

5.5.1 Susceptibility

Susceptibility experiments have been performed on UPt- and on the

samples with the largest deviation from stoichionetry in this study:

UPt2 g^ and UPt3 0,. The low-temperature results of the pendulum mag-

netometer experiments are displayed in fig. 5.53.
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The experiments were performed on cylinders that were placed parallel

to the magnetic field. The susceptibility-curves of the three com-

pounds shown in fig. 5.53 are very close to each other over the whole

temperature range: the differences do not exceed 6X. Furthermore it

is found that characteristic parameters like the location of the max-

imum, that indicates the onset of antiferronagnetic correlations, and

the effective moment and the paramagnetic Curie temperature, as deter-

mined by a Curie-Weiss fit (see table 5.5), do not depend signifi-

cantly on the Pt to U ratio. In comparison with the susceptibility of

single-crystalline UPt, (see fig. 5.1) the data of these polycrystal-

line off-stoichiometric samples are close to the Xi~values. This

shows that the samples are not isotropic. If we assume that the

polycrystalline sample consists of small single-crystals that are
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Table 5.5 Magnetic parameters of UPt^+x as determined by a Curie-
Weiss fit, the resistivity at room temperature and the
anisotropy parameters ax and ap.

X

-0.06

-0.03

0.00

0.03

0.06

e
p

(K)

-64

-61

-65

"eff

<VU)

2.70

2.75

2.77

a
X

0.94

0.99

0.90

p(294 K)

(pilcra)

214

237

225

217

209

a
P

0.77

0.99

0.88

0.80

0.73

aligned with their c-axis either parallel or orthogonal to the field

direction, we can write the susceptibility as x~<* Xi + (1-«* )x,< where

a is the volume fraction of the sample that contains crystallites

perpendicularly aligned to the hexagonal axis. Together with the

single-crystalline data of the UPt. we derive the results at 4.2 K as

given in table 5.5. It can be seen that indeed small changes in the

anisotropy parameter a are able to explain the differences in the

susceptibility.

5.5.2 Resistivity

Resistivity experiments have been performed between 0.3K and

300 K (van Sprang et al. 1988c). It appeared that except for the

lowest temperature, where the superconducting transition occurs, that

the small deviations from stoichiometry do not lead to a different

kind of resistivity behaviour. The absolute size of the resistivity

changes, however, as listed in table 5.5. But again, the differences

have to be attributed to from sample to sample differing amounts of

basal plane- and hexagonal axis-oriented crystallites. A similar

analysis, as is done for x. results in the values for the anisotropy

parameter a as listed in table 5.5. That a and a are not identical
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is probably due to the fact that the experiments were not performed on

exactly the same pieces of material.

5.5.3 Discussion

We found on the basis of the susceptibility and the resistivity

experiments, that small deviations from stoichiometry do not lead to

different normal-state behaviour of UPt..

The low temperature resistivity, that will involve the superconducting

transition, will be discussed in section 6.3.
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S.6 Summary and conclusions

Short-range antiferromagnetic correlations are important for the

low-temperature properties of UPt_. The effect of chemical modifica-

tions of UPt, on these correlations 'and on the degree of localization

of the f-electrons has been studied. Modifications that have been

employed are: replacement of Pt by Pd, replacement of U by either Np

or Pu, addition of B and small deviations from stoichiometry.

We found that magnetic ordering occurs when Pt is substituted by Pd,

with a Pd/Pt-ratio between 0.02 and 0.07. The resulting pseudo-binary

system has been studied in detail on single-crystalline

U(Ptfl o5Pd0 0 5 ) , that has the highest ordering temperature, the

highest associated jump in the specific heat and the most pronounced

anomalies in the resistivity. The occurrence of long-range antifer-

romagnetic ordering in combination with the experimental results that

indicate a weakening of the antiferromagnetic correlations seem con-

tradictory. The contradiction can be solved by regarding UPt, as a

system with two opposing tendencies: magnetic interactions tempting to

cause magnetic ordering whereas the Kondo effect screens the magnetic

moments thereby suppressing magnetic ordering. Returning to the phase

diagram of fig. 2.8, in which T» as well as the magnetic ordering tem-

perature T N depend on the exchange coupling constant J, UPt. is placed

at the right side of the critical J value. Pd substitution leads to

a decrease of J via the volume and c/a-ratio change connected with the

substitution. The magnetic interactions become weaker but the Kondo

effect is suppressed even more so that the magnetic interactions

become relatively more important and magnetic ordering can occur.

For Pd contents larger than 0.07, remarkable changes of the ground-

state properties are suggesting that the Kondo effect becomes dominant

again since magnetic ordering disappears. This phenomenon we attri-

bute to quasi-cubic sites that are introduced by stacking errors. The

uranium f-electrons are localized at these sites and give rise to the

(single-impurity) Kondo-effeco.

Replacing U by either Np or Pu results in weakening of the spin-

fluctuation effects that are characteristic for the resistivity curve
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of UPt_. The 100 X substituted systems order magnetically, as is sug-

gested by anomalies in the resistivity curves, whereas our resistivity

experiments provide no hints for magnetic ordering in the partially

substituted systems. The shift from itinerant behaviour to more

localized and finally magnetic behaviour can be expected on the basis

of the phase diagram of fig. 2.6. The replacement of U by Np or Fu

results in more localized f-electrons so that hybridization with Pt

conduction electrons is decreased substantially. This decrease is so

large that the hybridization increase, due to the volume decrease that

results from the substitution, is totally overwhelmed. A decreasing

hybridization means a decreasing exchange-interaction constant and

therefore a shift in fig. 2.8 towards the magnetic region.

As was found by susceptibility experiments up to 300 K on UPt-B sam-

ples with a maximum boron content of 0.30, boron addition to UPt. does

not lead to magnetic order. The location of the maximum in the sus-

ceptibility is decreased, albeit not in a monotonous way, as function

of the boron content. Since the susceptibility maximum of UPt, is

shifted towards higher temperatures when external pressure is applied,

it is expected that the the volume increase, induced by the boron

addition, leads to a decrease of the maximum position. This shows

that the volume change is the mechanism that determines the ground-

state properties of these boron-doped compounds. The expected change

agrees quantitatively with the measured change only for the x-0.17

compound. For the compound with x-0.30 we attribute the discrepancy

to the presence of an appreciable amount of a second phase.

Small deviations from stoichiometry do not cause significant changes

of the low-temperature norsal-state properties of UPt,.

In order to summarize the results in connection to the lattice

parameter changes, as found for the several types of chemical modifi-

cations, we have combined the characteristics in table 5.5. In this

table we also included some results on other types of substitutions:

Th for U (Ramirez et al. 1986) and Au or Ir for Pt (Batlogg et al.

1987). It is clear from the results of table 5.5 that the occurrence

of antiferromagnetic ordering is not directly related to the volume
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Table 5.5 Changes of lattice parameters by chemical modifications of
All listed results are for 5X modifications.

Modification

(5 3!)

Pt-» Pd

Au

Ir

U-» Th

Np

Pu

B

AlnV

(io~4)

-3.5

19

-3.5

-23

22.5

Aln(c/a)

(10"4)

-3.5

<0

>0

-3.5

-8.5

-7.5

1.25

TN
(K)

5.8

6.5

6.5

-

ref.

a

a

b

a) Batlogg et al. (.1987), b) Ramirez et al. (.1986).

change. On the other hand, one can see that the ordering only occurs

when the c/a-ratio is decreased (Batlogg et al. 1987). But a decrease

of the c/a-ratio does not lead always to magnetic ordering as is clear

from the Np and Pu substitutions.
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CHAPTER VI: SOFERCONDDCTIVITY

6.1

A number of U(Pt. Pd )_ samples with small amounts of Pd were

examined for superconductivity. Ac-susceptibility measurements showed

that annealed, polycrystalline samples with x-0.001 and x-0.002

enter the superconducting state at 0.460K and 0.357K, respectively,

as was determined from the midpoint of the diamagnetic susceptibility

step (van Sprang et al. 1987b). Low-temperature resistivity experi-

ments on these samples (de Visser et al. 1988a) reveal a somewhat

higher transition temperature: 0.512K and 0.420 K, respectively. A

sample with x-0.005 did not show superconductivity above 40 mK (de

Visser et al. 1986a) and a sample with x-0.01 not above 16 mK (de

Visser et al. 1988a). On the other hand, no sign of antiferromagnetic

order has been observed for the x-0.01 compound (section 4.2.1) so

that there is a concentration range around x-0.01 in which, according

to our measurements, neither superconductivity nor magnetic order is

present.

The decrease of T that occurs at alloying with Pd is extremely rapid:

the initial relative change dlnT /dx amounts to -0.34 per at.%Pd,

which is about 100 times what is expected on the basis of volume con-

siderations. The strong suppression can neither be ascribed to an

impurity effect since the residual resistivity of the x-0.005 sample

has an estimated value of about 7 pftcm whereas an annealed single-

crystalline piece of UPt, with p — 6 /iftcm became superconducting around

0.5 K (de Visser et al. 1984b).

6.2 UPtjB^ and DPtjC

Electrical resistivity experiments down to 0.3 K have been per-

formed on a number of polycrystalline UPt,B samples (xS0.30) and on

single-crystalline UPt,B- .. and UPt_C0 -Q samples. Some of the

polycrystalline boron-added samples have been measured at the Centre

de Recherches sur les Tres Basses Temperatures in Grenoble (Vorenkamp

et al. 1988) and in Amsterdam as well. In this work we will refer to

the results performed in Amsterdam only since the 'Amsterdam'- and
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'Grenoble'-results are in agreement with each other except for a sys-

tematic temperature difference of about 20 mK in the superconducting

transition temperatures.

Fig. 6.1 shows the low-temperature part of the resistivity curve of

the annealed polycrystalline UPt.B- 'Q sample.

6

S 4

— I "

a 2

0

—

UPt3B0.10

-

~ ~ ~ /
: /

•.... t

1 i

i

i i i i i

-

• . . i i •

0.0 0.5 1.0 1.5
T (K)

Fig. 6.1 Resistivitity of polycrystalline annealed UPt^BQ IQ. The
large filled symbols represent datapoints taken at
stabilized temperatures whereas the small dots were taken
with slcmly changing temperature. The continuous line
represents a fit of the data between 0.6 and 1.4K to a
po + AX

2 behaviour.

The superconducting transition around 0.5K can be clearly seen.

Another feature is the quadratic temperature behaviour that is fol-

lowed by the resistivity between 0.6 and 1.4K as indicated by the con-

tinuous line. Fitting the resistivity in this temperature interval to

P - po + AT results in pQ - 2.18 ptlcm and A - 1.45 pQcm/K
2. The res is-

tivity value p^ where the resistivity starts to deviate from this qua-

dratic behaviour is used to determine the transition temperature T

and the transition width ATc. Tc is taken from the midpoint of the

transition (/>-0.50xj>n) whereas AT is taken from the temperature

difference between the points where p-0.90xp and ^-0.10x>s . The

values that are derived for the resistivity curve of UPt,Bn 1n are

listed in table 6.1, together with the results obtained from the



- 155 -

resistivity curves of the other samples. The room-temperature resis-

tivity values p__ are listed as well.

Table 6.1 Several quantities of UPt^}Xx with X - B,C as determined by
resistivity experiments. The 'sample condition' column
specifies whether the sample is polycrystalline {indicated:
p) or single-crystalline (indicated: either a or c standing
for the a- and c-axis direction, resp.). This column
furthermore specifies whether the sample Is annealed (+) or
not (-). A '-' in the columns Tc and LTC means that
superconductivity is not observed down to 0.3 K. See the
text for explanation of other columns.

X

B

B

C

0

0

0

0

0

0

0

0

0

0

0

0

0

0

X

.03

.05

.11

.11

.11

.00

.05

.10

.11

.15

.17

.20

.30

.10

sample

condition

P

P

P
a

c

P +

P +

P +

c +

P +

P +

P +

P +

c

Tc
(mK)

409

408

-

539

549

510

514

521

554

502

554

539

557

394

ATc

<««)

60

58

-

34

29

32

41

54

26

66

42

36

40

42

"o
(pOcm)

10.7

15.0

19.0

1.23

0.46

1.99

1.54

2.18

0.32

2.18

1.16

1.27

1.30

1.34

1

2

1

1

0

1

1

1

0

1

1

1

1

0

A

:m/K2)

.66

.05

.20

.75

.52

.44

.48

.45

.89

.47

.16

.21

.20

.62

PRT
Gam)

198

239

226

243

162

237

240

266

197

128

176

211

209

126

Some remarkable features can be observed. Before annealing of the

polycrystalline boron samples, superconductivity is observed in a sam-

ple with x-0.05 but not in a sample with x-0.11. The residual

resistivity p increases rapidly with increasing boron content. In

contrast to this, annealed samples with a boron content as high as

0.30 show a superconducting transition and the residual resistivity is
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more or less constant. On the other hand, T and p of the single-

crystalline x-0.11 c-axis sample have been changed only slightly by

the annealing procedure.

To study the effect of boron addition in more detail we plot the quan-

tities as listed in table 6.1 of the annealed polycrystalline samples

as function of the boron content, see figs. 6.2-6.7. From fig. 6.2 it

appears that T increases when the boron content is increased at a

rate of roughly 1.5 mK per at. X B. The samples with x - 0.15 and

x - 0.17 have a value for T that deviates from this trend. The tran-
c

sition width increases up to x-0.15 and for higher concentrations is

more or less constant and close to the value observed for pure UPt,.

From figs. 6.4-6.7 it can be seen that other properties change drasti-

cally around x-0.15 as well. As given in section 3.2.3, X-ray ana-

lyses indicate that UPt-B has the UPt- structure only below x-0.15.

For boron contents higher than x—0.15 extra lines are observed. The

changes that occur around x-0.15 seem therefore to be related with

the occurrence of a second phase for higher boron contents. In the

remaining part of this section we will discuss several possible expla-

nations for the observed behaviour.

First explanations for the increase of T , that occurs at adding

boron, one can think of are:

a) the volume effect

b) a purification effect or

c) electronic state changes.

Possibility a) is attractive since the transition temperature of pure

UPt, is decreased when external pressure is applied:

dlnT /dP --26 tibav'^ (Willis et al. 1985). If small amounts of boron,

distributed homogeneously in the material, would merely expand the ;

lattice, then an increase of T would result of about 12 mK per at.ZB |

(as can be calculated by combining the pressure dependence of T and |

the volume effect of boron). The observed increase of T is much *
C :!

smaller but the predicted trend at least is correct. When boron is f

added in such an amount that x exceeds 0.15, extra boron might be '*.

stored in small areas that consist of a different (high-boron concen-

tration) phase. In this case one would expect a constant transition

temperature for x>0.15, which is, however, not the case.

Possibility b) is suggested by the observation that boron addition to
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Fig. 6.2
Superconducting transition tem-
perature of polycrystalline an-
nealed UPtjBx vs. boron content.

Fig. 6.3
Superconducting transition width
of polycrystalline annealed
VPtjBx vs. boron content.
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heavily oxydized UPt. leads to binding of the oxygen when the sample

material is melted for a long time (section 3.2.3). The oxygen forms

volatile B?0. and is removed from the sample. In general, one may

expect therefore that boron addition can lead to sample purification

thereby increasing the superconducting transition temperature. For

the same reason, one also expects that the transition width reduces.

This is, however, in contradiction with the observed betaviour: AT is
c

doubled at increasing the boron content from 0.00 to 0.15.

Possibility c) includes all kinds of changes that result from the

boron addition. Not only the volume increase but c/a-ratio changes

might be important as well for the superconducting transition.

Another proces that might be important for the superconducting transi-

tion, is transfer of electrons between boron and the conduction band

of UPt-. This transfer of electrons might change the electonic state

of UPt. drastically via changes of the topology of the Fermi surface.

But even in the case of rigid bands, electron transfer will shift the

Fermi energy so that sheets of the Fermi surface either grow or

shrink. Without detailed knowledge of the effects of boron addition

on the Fermi surface of UPt., it is not possible to specify whether

the observed T increase is due to electronic state changes or not.

The single-crystalline carbon-added sample has a lower T value than

the corresponding single-crystalline boron-added sample. This places

the boron-added samples in a unique position: only boron addition

leads to an increase of T of UPt.. Combining the results from the

boron- and carbon-samples, possibility b) in explaining the increase

of T of the boron-added samples, is made further unlikely since car-

bon is also capable of capturing oxygen from the sample by the forma-

tion of carbon-oxides. This means that probably the (main) cause for

the T increase is the change of the electronic state.

6.3

Electrical resistivity experiments down to 0.3K have been per-

formed on the samples with deviations from stoichiometry to examine

the superconducting transition (van Sprang et al. 1988c). An example

of the resistivity curve between 0.3K and 4.2K for the UPt. g ? sample
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is given in fig. 6.8.
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Fig. 6.8 Resistivity of polycrystalline I/Pt? 97 vs. T. The
continuous line indicates a quadratic dependence of the
resistivity on temperature between 0.6 and 1.6K.

The resistivity of the other investigated samples is qualitatively

similar with only small differences in the absolute size that will be

addressed below. A closeup of the superconducting transition is given

in fig. 6.9. The superconducting transition temperature T is deter-

mined from the midpoint to be 0.52 K and the width AT is 35 mK. It

was found that all samples become superconducting below about 0.53K;

their transition temperatures are listed in table 6.2. The error in

Tc is about 10 mK mainly due to scatter in the resistance values that

blur the transition. All transitions take place within 40 mK and don't

show special features (e.g. tails). From table 6.2 it can be seen

that the transition temperatures for the different compounds are close

together and that a systematic trend with respect to deviation from

stoichiometry is absent. Therefore it can be concluded that T is not
c

influenced by a small deviation from stoichiometry.

The resistivity curves of all compounds show a quadratic temperature

dependence above Tc up to roughly 1.6K (indicated by the continuous

line in fig. 6.8 for UPt2 g ? ) . A fit to a *>O+AT
2 behaviour within

the temperature interval between 0.6K and 1.6K results in the values
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Table 6.2 Several quantities of UPt^+x as determined by resistivity
experiments. The relative error in both po and A amounts to
5X. po and A are the values of po and A with the room
temperature values p__ scaled to 238 pfacm.

-0

-0

0

0

0

X

.06

.03

.00

.03

.06

Tc
(K)

0.54

0.52

0.53

0.54

0.54

Po

0.94

1.10

1.09

1.15

1.19

A

(pOcm/K2)

1.06

1.37

1.30

1.30

1.26

pRT

(/iftcm)

214

237

225

217
209

po

(MOcm)

1.04

1.11

1.16

1.26

1.35

A

(pCJcm/K2)

1.18

1.37

1.37

1.42

1.44

of p and A listed in table 6.2.

Since UPt, is an anisotropic system, direct comparison of the p - and

A-values is difficult. All samples are polycrystalline, but due to

the way of preparation, are not isotropic (see section 5.5). By scal-

ing for each sample separately the room temperature value to the a-

axis value 238 jiflcm (see the last two colomns of table 6.2 for the

scaled values of p and A) one can account for the anisotropy effects.

It can be seen that the Pt-rich samples have an increased p -value as

compared to UPt,. This is consistent with the fact that these samples

show in their X-ray patterns extra lines. The increase of p is, how-
o

ever, not large which indicates that the distortions caused by the

extra Pt-atoms do not destroy the lattice periodicity significantly.

A shortage of Pt-atoms, equivalent with U-atom excess, does not lead

to a lattice distortion.

6.4 Summary and conclusions

The superconducting transition that occurs in UPt, around 0.5 K is

easily influenced by chemical modifications. It was found that Pd for

Pt substitution leads to a rapid decrease of the transition
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temperature whereas boron addition leads to an increase. The volume

changes associated with the chemical modifications are different: Pd

substitution decreases the unit-cell volume whereas boron addition

increases it. Since pressure experiments show that T of UPt_ is

decreased when the unit-cell volume is decreased, one can see that the

above mentioned changes of T are in qualitative agreement with the

volume changes. There is, however, no quantitative agreement since,

for instance, the calculated and measured T volume dependence of the

Pd compounds differ by a factor of 100. We ascribe the large effect

of alloying on the superconducting transition temperature to changes

of the electronic state of UPt

Small deviations from stcichiometry (maximum deviation is 2 X) do not

lead to changes of the superconducting transition temperature of UPt..
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SUMMARY

This work presents experimental results on the heavy-fermion

superconductor UPt_ and some related compounds. One of the goals is

to achieve more knowledge on UPt- by measuring new properties or

extending the variation of external parameters. The concerned com-

pounds are obtained by chemical modification of UPt,; employed modifi-

cations are replacement of uranium by either neptunium or plutonium,

replacement of platinum by palladium, addition of boron or carbon and

deviations from stoichiometry (U to Pt ratio is changed). The study

of these UPt--based compounds is a goal on itself but we hope, of

course, that more knowledge on closely related systems, eventually

leads to a better understanding of UPt,. In chapter I we have

presented information, as obtained from literature, on compounds that

could be candidates for the alloying experiments. The search for sys-

tems of which one might expect the same structure as UPt, over a large

composition range, turned out to be unfruitful: the crystallographic

structure of UPt, is quite unique. The modifications are therefore

limited to narrow concentration ranges.

The experimental results were mainly discussed in terms of the Kondo

effect in combination with the presence of magnetic interactions. The

Kondo effect, when fully developed, results in complete screening of

magnetic moments and therefore to non-magnetic behaviour whereas mag-

netic interactions strive for magnetic order. The simultaneous pres-

ence of both yields interesting features. Chapter II contains some

details of the theory behind the Kondo effect and its interplay with

magnetic interactions.

Background information on sample preparation, sample characterization

and the several types of experiments that have been used in the course

of this study, can be found in chapter III.

The experimental results indicate that the Kondo effect is dominant in

UPt, whereas in some of the allayed systems (e.g. U(PtQ ncPd.. O 5) 3)

the magnetic interactions are the most important since magnetic order

is observed.

The discussion of thermodynamic properties, as presented in chapter

IV, combines specific heat and thermal expansion results. On the

basis of thermodynamic relations (Griineisen relations) we succeeded in
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splitting specific heat and thermal expansion of UPt, both in two con-

tributions. One contribution we attribute to the lattice and the

other to the Kondo effect, due to the similarities with theoretical

curves. Results on the compound U(Pt- nc^d- 0 5 ) 3 suggest that the

characteristic Kondo temperature is drastically reduced since magnetic

order is observed for this compound. Indeed, the application of the

Griineisen analysis on this compound shows that the Kondo temperature

is reduced, roughly by a factor of three. This change of properties

implies a decrease of the hybridization strength between the uranium

f-electrons and the Pt s- and d-electrons, that can not be accounted

for on the basis of volume changes since the volume decrease induced

by the Pd alloying would lead to a hybridization increase. This means

that c/a-ratio changes are important as well. In contrast to this

result we found that the addition of boron leads to changes of the

low-temperature specific heat that can be described by only taking the

volume change into account, at least for the lowest boron content.

In chapter V, normal-state transport and magnetic properties are

presented. The Hall effect of UPt., has been measured both as function

of field and temperature. Detailed results on single-crystalline

U(Pt_ qcPd_ O c ) 3 samples were obtained. A large anisotropy can be

observed in all properties. As an example we mention that the anti-

ferromagnetic ordering is shifted towards lower temperatures in mag-

netic field, but the size of the shift depends sensitively upon the

magnetic field direction. Another interesting feature is the magneti-

zation anomaly that occurs around 11 T and that is similar to the one

observed in UPt. around 20 T. A remarkable point is that it is

observed above as well as below the magnetic ordering temperature.

The replacement of U by Np or Pu results in more localized f-electrons

and therefore we expect magnetic order. There are, indeed, indica-

tions that NpPt, and PuPt, order magnetically. Partly substituted Np-

or Pu-samples are not magnetically ordered, at least as is indicated

by our resistivity experiments, but an increase of the spin-

fluctuation temperature indicates that the spin fluctuations are

suppressed.

Chapter VI deals with superconductivity as studied by resistivity

experiments. It was found that superconductivity is extremely quick

depressed by Pd substitution but on the other hand can be enhanced by
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the addition of boron. The increase of the superconducting transition

temperature of UPt., that results from the addition of boron, deserves

certainly further investigation. Most of the results concerning the

superconducting state of the UPt-B system, were obtained on polycry-

stalline samples and it would be of much value to measure the super-

conducting properties on a series of single-crystalline samples.

Further study on the increase of the superconducting transition tem-

perature of UPt,, that results from the addition of boron, requires

detailed knowledge of the involved metallurgical processes. Another

point that deserves attention is the determination of the position of

the boron atom in the crystal structure of UPt,, which can, in princi-

ple, be done by neutron-scattering experiments on a single-crystalline

sample containing a suitable boron isotope.

Off-stoichiometry samples (UPt- ) did not show a clear dependence of

the transition temperature on the deviation x. It was found that pla-

tinum excess, i.e. a positive x value, is more destructive for the

UPt, structure, since these samples show increased residual resistance

values.



- 172 -

SAMENVATTING

Dit werk handelt over de resultaten verkregen door metingen aan

de zware-fermion supergeleider UPt_ en een aantal verwante verbin-

dingen. Het doel van het onderzoek is het verkrijgen van kennis over

UPt, door het meten van fysische eigenschappen in parameter gebieden

die nog niet betreden zijn. De verwante verbindingen zijn alle door

chemische veranderingen van UPt- verkregen: uraan is (gedeeltelijk)

vervangen door neptunium of plutonium, platina is (gedeeltelijk) ver-

vangen door palladium, boor of koolstof is toegevoegd en de atomaire

verhouding tussen uraan en platina is gevarieerd. Er zijn oneindig

veel meer mogelijkheden om UPt. chemisch te veranderen maar de wens om

de kristal structuur van UPt, ongewijzigd te laten door de verander-

ing, bleek het aantal kandidaten drastisch te reduceren. Hoofdstuk I

bevat een overzicht van de informatie, zoals die gevonden kan worden

in de literatuur, over kristal structuren van relevante verbindingen.

Het blijkt dat de kristal structuur van UPt„ vrij zeldzaam is en dat

er geen goede kandidaat-legeringen zijn, d.w.z. legeringen waarvan mag

worden verwacht dat de kristal structuur over een groot

samenstellings-gebied niet verandert. Dit houdt in dat de verander-

ingen qua grootte beperkt dienen te blijven.

Bij de behandeling van de meetresultaten wordt veelvuldig over het

Rondo effect in combinatie met de aanwezigheid van magnetische

interacties gesproken. Kort gezegd leidt het Kondo effect tot af-

scherming van magnetische momenten, zodat magnetische ordening wordt

bemoeilijkt, terwijl magnetische interacties juist ordening proberen

te creëren. Deze tegenstrijdigheid leidt tot interessant gedrag.

Hoofdstuk II handelt over de theorie van het Kondo effect en wat er

kan gebeuren als ook magnetische interacties aanwezig zijn.

Achtergrond informatie over preparaat bereiding, karakterisering en de

diverse typen metingen, die in de loop van dit onderzoek zijn

gebruikt, kan gevonden worden in hoofdstuk III.

Uit de analyse van de thermodynamische eigenschappen (soortelijke

warmte en thermische uitzetting) blijkt dat het Kondo effect in UPt_

overheerst terwijl in verscheidene andere systemen (U(Pt„ qcPd- „).)

juist de magnetische interacties het belangrijkst zijn omdat rond 6 K

magnetische ordening optreedt. De analyse, gepresenteerd in hoofdstuk
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IV, combineert de soortelijke warmte en thermische uitzetting metingen

aan de hand van Grüneisen relaties en maakt het, onder bepaalde

voorwaarden, mogelijk een onderscheid te maken tussen twee bijdragen

die beide in de soortelijke warmte en thermische uitzetting aanwezig

zijn. Voor UPt, resulteert dit in de afsplitsing van de Kondo

bijdrage die bij lage temperaturen de belangrijkste is en ook tot de

grote soortelijke warmte leidt die karakteristiek is voor zware-

fermion verbindingen. D..* andere bijdrage is vrijwel geheel bepaald

door het metaal rooster. Voor U(Ptfl «s^n n^i •'•s dezelfde analyse

veel gecompliceerder omdat er een extra bijdrage is afkomstig van de

magnetische ordening. Gebruik makend van de roosterbijdrage van UPt.

kan toch een splitsing bewerkstelligd worden. Het blijkt dat de Kondo

bijdrage verschoven is naar lagere temperaturen, hetgeen een lagere

Kondo temperatuur impliceert, of, anders gezegd, het Kondo effect is

verzwakt. Op grond van de theorie kan de optredende magnetische

ordening ook verwacht worden. Al deze veranderingen kunnen het resul-

taat zijn van een afgenomen hybridisatie tussen de uraan f-electronen

en Pt s- en d-electronen. Op grond van louter volume argumenten zou

een toename verwacht mogen worden, hetgeen betekent dat vorm verander-

ingen van het kristalrooster ook een rol spelen. Dit in tegenstelling

tot het resultaat van de metingen aan de preparaten waaraan boor is

toegevoegd, dat beschreven kan worden door alleen naar de volume

verandering te kijken die het gevolg is van de toegevoegde boor atomen

(althans voor de laagste boor concentratie).

Hoofdstuk V bevat transport en magnetische eigenschappen van de nor-

male toestand (d.w.z niet-supergeleidend). Magnetische susceptibili-

teit, magnetisatie, electrische geleidbaarheid en het Hall effect wor-

den besproken. Het Hall effect van UPt. is gemeten als functie van

temperatuur en magneet veld. Ook zijn gedetailleerde resultaten ver-

kregen aan één-kristallijne U(Pt- gcPd« 05)3 P r eP a r a t e n- Alle eigen-

schappen zijn uitgesproken anisotroop. Een mooi voorbeeld komt van de

magnetische ordenings temperatuur die in een uitwendig magneet veld

altijd omlaag gaat, maar waarvan de verschuiving sterk afhangt van de

oriëntatie van het veld ten opzichte van de assen van het kristal.

Een ander interessant punt is de magnetisatie anomalie die rond 11T

plaats vindt en die overeenkomt met de anomalie van UPt. rond 20 T.

Opmerkelijk genoeg wordt de anomalie zowel beneden als boven de
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ordenings temperatuur waargenomen.

De vervanging van uraan door neptunium of plutonium leidt tot meer

gelocaliseerd gedrag van de f-electronen zodat magnetische ordening

mag worden verwacht. Inderdaad wijzen anomalieën in de electrische

weerstand van NpPt, en PuPt, op magnetische ordening. De data afkom-

stig van preparaten met gedeeltelijk vervangen uraan, vertonen geen

duidelijke aanwijzingen voor ordening.

Hoofdstuk VI gaat over supergeleiding bestudeerd door electrische

geleidbaarheids metingen. Het vervangen van platina door palladium

geeft een snelle daling van de supergeleidende overgangs temperatuur

hetgeen betekent dat palladium zeer destructief is voor de super-

geleidende toestand. Aan de andere kant verhoogt boor toevoeging de

overgangs temperatuur. Deze verhoging is interessant en verdient

zeker verdere bestudering. De meerderheid van de meetresultaten, die

betrekking hebben op de supergeleiding van UPt-B , is verkregen door

metingen aan polykristallijne preparaten en het is van belang de

supergeleidende eigenschappen te meten aan één-kristallijne prepara-

ten. Verdere studie vereist ook gedetailleerde kennis van de

betrokken metallurgische processen. Tot slot verdient ook de positie

van het boor atoom in de kristal structuur van UPt« de nodige aan-

dacht. De positie zou, in principe, bepaald kunnen worden door neu-

tronen verstrooiing aan één-kristallijne preparaten die een geschikte

boor isotoop bevatten.

Kleine veranderingen in de atomaire uraan-platina verhouding leiden

niet tot een duidelijke verandering van de supergeleidende overgangs

temperatuur. Een overschot van platina blijkt de kristal structuur

van UPt, meer te verstoren dan een platina tekort, vanwege de toename

van de restweerstand.
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