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HEAVY FERMIONS AND SUPERCONDUCTIVITY



STELLINGEN

1. Een eenvoudige bepaling van de richting van het magneetveld met behulp

van een kompasnaald kan voorkomen dat er een tekenfout gemaakt wordt

bij het meten van de Hall spanning.

Datars W.R., Kadowaki K., Ali N. en Woods S.B. 1986 J.Phys.F 16 L63.

2. Het is aannemelijk dat kristal-veld effecten een niet te verwaarlozen

bijdrage leveren tot de soortelijke warmte van URu Si in het tempera-

tuur gebied vlak boven de Nêelteraperatuur. De hoge y-vaarie van

180mJ/K mol, die werd verkregen door middel van extrapolatie naar OK

van c/T in het voornoemde temperatuurgebied en die mede tot de veron-

derstelling leidde dat dit materiaal van het zware-fermion type is, kan

derhalve aanleiding geven tot discussie.

Palstra T.T.M., Menovsky A.A., van den Berg J., Dirkmaat A.J., Kes

P.H., Nieuwenhuys G.J. en Mydosh J.A. 1985 Phys.Rev.Lett. 55 2727

Maple M.B., Chen J.W., Dalichaouch Y., Kohara T., Rossel C , Torikach-

vili M.S., McElfresh M.W. en Thompson J.D. 1986 Phys.Rev.Lett. 56 185

3. Bij hun verklaring van de anomalie in de soortelijke warmte van Ulr Si

bij 5.5 K, gaan Sulpice et al. voorbij aan de mogelijkheid dat er bij

deze temperatuur een magnetische fase-overgang plaats vindt.

Sulpice A., Tournier R., Ranninger J., Chaussy J., Lejay P., Odin J.,

Peyrard J. , Buffat B., Chevalier B., Czeka B. en Etourneau J., Poster

BP8O ICAREA (Grenoble, 1986).

4. Bij de interpretatie van magnetostrictie gegevens van magnetisch aniso-

trope systemen, experimenteel bepaald aan polycrystallijne preparaten,

dient men zich te realiseren dat de veldrichting niet gedefinieerd is.

Zieglowski J., Hafner H.U. en Wohlieben D. 1986 Phys.Rev.Lett. 56 193

5. Het valt te betreuren dat het uitlenen van preparaten aan collega's

niet in alle gevallen leidt tot de beoogde samenwerking.



6. Gezien de gevoeligheid van de magnetische eigenschappen van UPt voor de

wijze van preparaatbereiding, zouden de neutronendiffractiemetingen aan

dit materiaal aan betekenis gewonnen hebben indien aan hetzelfde

preparaat ook magnetisatie- en transportmetingen verricht waren.

Lawson A.C., Williams A., Huber J.G. en Roof R.B. 1986 J.Less Coram.Met.

120 113

7. De veelgehoorde opvatting dat de "onvoltooid tegenwoordige tijdvorm"

het door de werkwoordstam betekende in het heden van de spreker

situeert, verheldert weinig als men het gevarieerde gebruik van deze

taalvorm bekijkt; zij dient dus verworpen te worden.

8. Het is aannemelijk dat organismen welke een generatiecyclus vertonen

die langer duurt dan hun voorplantingsperiode en die bovendien gekop-

peld is aan een bepaald opgelegd lichtreglem dat meerdere malen doorlo-

pen wordt, meerdere populaties vertonen, welke door de chronologische

afstand, ondanks hun sympaLrisch voorkomen, verschillende soorten

opleveren.

9. De juistheid van een wetenschappelijke publicatie behoort niet onder-

geschikt te zijn aan haar wetenschappelijk belang.

Buyers W.J.L., Kjems J.K. en Garrett J.D. 1985 Phys.Rev.Lett. 55 1223

Buyers W.J.L., Kjems J.K. en Garrett J.D. 1986 Phys.Rev.Lett. 56 996

10. Het literaire oeuvre van de componist Paul Bowles wordt onderschat.

11. Aangezien de gastoevoerknoppen van gasfornuizen e.d. zodanig zijn

ontworpen dat bij het aan- en uitzetten vaak geheel overbodig de stand

"hoog" gepasseerd wordt, lijkt het zinvol dergelijke apparaten te voor-

zien van gastoevoerknoppen met standen in de volgorde: uit, laag, hoog.

3 december 1986 A. de Visser
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CHAPTER 1 GENERAL INTRODUCTION

1.1 Introduction

The recent discovery of a class of intermetallic compounds, the so-

called heavy-fermion systems, has caused a great deal of excitement among

solid-state physicists. On cooling these materials to liquid helium tem-

peratures the coefficient, y, of the electronic term in the specific heat,

i.e. the term linear in temperature, attains a giant value. For an ordi-
2

nary metal the y-value is of the order of 1-10 mJ/K mol. For a heavy-
2

fermion system the y-value amounts to 400-1000 mJ/K mol, i.e. roughly a fac-
2 3

tor 10 -10 larger. Such a large y-value is usually explained by the

existence of heavy electrons or quasiparticles at the Fermi surface. The
2 3

effective mass of these heavy electrons amounts up to 10 -10 times the

free electron mass. Hence the name heavy fermions. Of course we have to

bear in mind that this definition of a heavy-fermion system is a somewhat

arbitrary one. Systems with intermediate y-values are found as well, and

it is not precisely clear where to draw the border-line.

After the discovery of the first heavy-fermion system CeAl in 1975 by

Andres, Graebner and Ott, extensive research programs have been carried out

in order to look for equivalent systems. Fortunately, CeAl was not a

singularity In nature, and, up to date, about ten other heavy-fermion com-

pounds are known, among which the most prominent ones are CeCu Si , CeCu,,
2 2 6

UBe ., UPt,, U Zn 7 and UCd . . Each system has Its own exciting low-

temperature properties and a variety of ground states are observed: super-

conductivity In CeCu Si , UBe , and UPt , antlferromagnetic order In U Zr. _
and UCd , and no order at all in CeAl and CeCu , at least not down to

1 I 3 6

temperatures as low as ~10mK. In particular, the discovery of supercon-

ductivity in some of the heavy-fermion systems was quite unexpected.

Recent speculations about a non-conventional pairing mechanism (odd parity)

have attracted much attention to this class of matt-ials.

At present, heavy-fermion behaviour is mainly found in intermetallic

cerium and uranium-based compounds, which suggests the formation of a nar-

row 4f (Ce) or 5f (U) band near the Fermi surface, resulting in a strongly

interacting electron system. In this vjrk we focus on one of the uranium-

based heavy-fermion superconductors: UPt .
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1 .2 Localized versus itinerant electrons

The heavy-fermion systems have in common that their behaviour near

room temperature resembles that of a normal metal, with localized f-

electrons, whereas at low temperatures the f-electrons have a more

itinerant character. Apparently, understanding the nature of the electrons

plays a crucial role in the knowledge of heavy-fermion behaviour.

In fig. 1.1 we have plotted the t. omic volumes of the 3d, 4d and 5d

transition metals, the lanthanides and the actinides. In the d-metals the

d-electrons are largely delocalized in space and contribute to the metallic

Ac Th Pa U NpPu AmCmBh Ct Es Fm Md No Lr

LQ Ce Pr Nd Pm 5m Eu Gd Tb Dy Ho Er Tm Yb Lu

Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn
Sr Y 2r Nb Mo Tc Ru Rh Pd Ag Cd
Yb Lu Hf Ta W Re Os Ir Pt Au Hg

Fig. 1.1 The experimental equilibrium atomic volumes of the 3d, 4d
and 5d transition metals, the lanthanides and the actinides (after
Brooks et al. 1984).



bonding; superconductivity and itinerant magnetism frequently occur. In

the lanthanides the 4f—electrons are strongly localized. Magnetic order

occurs for the whole series (the exception La -a superconductor- has no 4f

electrons).

The actinides seem to be intermediate between the d-metals and the

lanthanides, as follows from fig. 1.1. In the first half of the actinide

series, i.e. the light actinides, the 5f-electrons are delocalized and con-

tribute to the metallic bonding. This can be understood from a relatively

strong screening of the positive charge of the nucleus by the electrons in

the inner orbitals. In Th, Pa and U superconductivity occurs. Spin-

fluctuation effects are found in Np and Pu. In the second half of the

actinide series, i.e. the heavy actinides, localized moment behaviour is

observed. Am is supposed to be in a non-magnetic ground state. Magnetic

order is reported for Cm and Bk.

The trend towards localization with increasing f-occupatior number can

also be inferred from the ratio of the intra-atomic Coulomb repulsion and

the hopping energy. We estimate the repulsive energy for the hopping pro-

cess of an f-electron under the assumption of charge neutrality. From op-

tical data on the neutral gas—phase actinides the energies of the atomic

levels can be determined (see for instance van der Marel(1985), and refer-

ences therein). As can be seen in table 1.1 atomic uranium is trivalent,

with the configuration

[Rn] Sf^d^s 2 (1.1).

Atomic Pa and Np are found to be trivalent as well. Th is tetravalent, and

Pu and Am are divalent. Hopping of an 5f-electron for an Initially

trivalent state costs the effective Coulomb interaction

U6ff = E(fn-Ys2) + E(fn+V) - 2E(fVs2) (1.2),

that is the energy involved in the reaction:

„ n 1 2 ,n+1 2 ,n-1 2 2 ,, ..
2f d s •* f s + f d s 0 .3).

In a first approximation U can be calculated from the energies of the

atomic levels, under the assumptions that (i) the hybridization between the

5f and the 6d and 7s-electrons can be neglected, and (ii) the 5f-occupancy

is an integral value. The results are listed in table 1.2. The trend of
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Table 1.1 Energies In eV of the Indicated configurations (after van der
Marel 1985).

Element f° f1 f2 f3 f4 f5 f6 f7

Th 0.00 0.97 3.47 - - - - -

(d 2 s 2 ) (ds2) ( f 2 s 2 )

Pa 2.73 0.25 0.00 1 .42 -

(d 4 s ) ( fd 2 s 2 ) ( f 2 ds 2 ) ( f 3 s 2 )

U 3.47 2.73 1.43 0.00 0.87 -
•5 4 ? 0 "> "\ 1 42

(d s) (fd%) (f d 8 ) (f dS^) (f S )

Np - - 4.34 2.42 0.00 0.12
24 3 2 2 4 2 52

(f d s) (f d s ) (f ds ) (f s )

Pu - - - - 4.47 0.78 0.00

(fVs
2) (fV) (fV)

Am - - 6.94 2.11 0.00

(f d s ) (f ds ) (f s }

Table 1.2 VP** In eV for the actinldes and corresponding reactions. (after
van der Marel 1985). For tetra and pentavalent U the resulting Ueff is
negative, which might give rise to charge fluctuations.

Element

Th

Pa

U

u
u
Np

Pu

Am

Valency

III

III

III

IV

V

III

III

III

2fds2

2f2ds2

2fV
2fVs2

2fd4s

2f4ds2

2f5ds2

2f6ds2

Reaction

. f 2 s 2 -,

>f 3s 2 -,

• «V +
3 2

->• fds 4
* f2d2s2

 +

• fV +
,6 2 .

•»• i s 4
,7 2 _,_

•» f s +

.2 2
• d s

,,2 2
- fd s
.2 2 2

• f d s

• fd4s

d5s

f3d2s2

,4,2 2
f d s
,5^2 2
f d s

u e f f

1.

1.

2.

-0.

-0.

2.

2.

2.

(eV)

,53

67

30

13

56

64

91

72
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increasing U towards the end of the series is accompanied !?y a decreas-

ing hopping energy, that may be considered of equal magnitude as the 5f-

band width, W . Band structure calculations (Brooks et al. 1984) result in

values for W between 2.5 and 4.3 eV. For the light actinides a more delo-
eff

calized nature of the f-electrons is expected (U < W ) , whereas for Am
eff

and the other heavy actinides local-moment behaviour occurs (U > W ) .

In uranium compounds the situation is much more complicated. In general,

the degree of delocalization of the f-electrons strongly depends on the

electronegativity of the element(s) uranium is alloyed with. For more than

one decade the Hill criterion served to distinguish between localized and

itinerant electron nature in uranium compounds. In the so-called Hill plot

(Hill 1970) the ordering temperature is plotted versus the nearest uranium-

uranium distance, d , which may be considered as a measure of the direct

f-f overlap. For d < 3.5 A direct overlap of the 5f-wave functions

prevents localization of the 5f-electrons and hence superconductivity and

band magnetism were found to occur. For larger d -values local moment

behaviour was observed. At present, the Hill criterion is violated by

several compounds, among which the heavy-fermion systems. Therefore, we

have to realize that the overlap of the 5f-orbital with a s , p or d-orbital

of a non-uranium neighbour may considerably contribute in delocalization of

the 5f-electrons.

1 .3 A brief history

The existence of the intermetallic compound UPt has been reported in

1955 by Heal and Williams. These authors established its crystal structure

as D019 (hexagonal). In 1960 Park and Fickle determined the full phase

diagram of the uranium-platinum system. UPt, was reported to melt

congruently at 1700 C.

Only in 1981 the first experiments on UPt were reported by Schneider and

Laubschat. From their XPS-study on uranium-platinum, uranium-gold and

thorium-platinum compounds these authors concluded that a band description

of the 5f-electrons in the uranium-based compounds seemed to be appropri-

ate. In addition, these authors measured the magnetic susceptibility, x»

of the U-Pt system in the temperature range 2.5-210 K. Ferromagnetism was

reported for UPt, consistent with earlier work of Matthias et al. (1969),

and for UPt . No order had been found for UPt . For UPt., however, they



observed a weak maximum In % at 15 K, which they attributed to antifer-

romagnetism.

In 1978 P.H. Frings started a Ph.D. program at the "Natuurkundig

Laboratorium", in cooperation with J.J.M. Franse and A. Menovsky, entitled

"Magnetic properties of intermetallic uranium compounds". Part of the pro-

gram dealt with the Laves phases compounds: UNi , UFe , UCo and UA1 . In

addition Frings studied some other 1:2 compounds as well:

UGe , UGa and UPt . In contrast to the findings of Schneider and Laub-

schat magnetization measurements on UPt revealed that this compound did

not order magnetically. Since the ferromagnet UPt had shown an interesting

pressure dependence (Huber et al.1975), Frings, Franse and Menovsky decided

to study the entire U-Pt series. It then soon turned out that UPt was a

most intriguing material. Specific heat measurements on UPt revealed an

anomalous low-temperature upturn in c/T, resulting in a huge y~value of
2

422 mj/K molU. No sign of antiferromagnetic order was observed. Instead

the data suggested strong spin-fluctuation phenomena. Single-crystalline

samples were prepared. Susceptibility and high-field magnetization meas-

urements on these samples revealed a strong magnetic anisotropy. These

remarkable data (Frings et al. 1983) suggested a new field of Interesting

physics.

In 1982 the author joined the group of J.J-M. Franse as a Ph.D. student. A

part of the program dealt with the continuation of the low-temperature

research on UPt • One of the key-questions was how the low-temperature

upturn in c/T would develop at very low-temperatures: would it keep rising,

or pass through a maximum? Since, at that time, we had no facility to

reach temperatures below 1.2K, we urged several colleagues, among whom G.R.

Stewart, who just paid a visit to our laboratory, to participate in such a

study. Subsequently, in September 1983, Stewart, Fisk, Willis and Smith

(1984a) discovered superconductivity in UPt at T equals 0.5 K. A detailed

report of their discovery has been laid down in Los Alamos Science (Stewart

et al. 1984b). In cooperation with the Leiden group, T.T.M. Palstra, P.H.

Kes and J.A. Mydosh, we performed a profound study of the superconducting

properties, which resulted in the demonstration of bulk superconductivity

via the Meissner effect (de Visser et al. 1984a&b, Palstra et al. 1984).

The discovery of superconductivity In OPt. makes clear that UPt

belongs to the small class of heavy-fennion superconductors. The unusual

coexistence of spin fluctuations and superconductivity has given rise to
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speculations about a non-conventional superconducting ground state. There-

fore, UPt attracts much attention. This is, among other things, reflected

in a huge number of publications (and preprints): over 100 since 1984.

1.4 Related compounds and systematics

In order to present a background for the unusual properties of UPt.,

we shall In the following sections briefly review a number of compounds

related to UPt - Successively we shall consider the uranium-platinum com-

pounds, the heavy-fermion compounds and the intermetallic UX compounds.

1.4.1 The uranium-platinum compounds

Four uranium-platinum compounds do exist (Park and Fickle 1960): UPt,

t , UPt and UPt..

pertles is listed in tables 1.3 and 1.4, respectively. Since the nearest

uranium-uranium distance, d , varies from 3.61 A in UPt, up to 5.25 A in

UPt , one would expect, at least according to the Hill plot, an increasing

localization with Increasing Pt content. However, the systematics of the

Hill plot are not followed in the U-Pt system. Ferromagnetism, possibly of

itinerant nature, is observed for UPt, superconductivity for UPt,. UPt

and UPt do not order.

As we shall describe in detail in chapter 4, the compound UPt shows pro-

nounced spin-fluctuation phenomena. Evidence hereto mainly arises from a
3 *
T ln(T/T )-contributlon to the specific heat. This low-temperature upturn

results in the anomalously large y-value of 422 mJ/K molU. It is noteworthy

that also for UPt, UPt and UPt rather enhanced y-values are found:
2 2 5

~100mJ/K molU. In the case of UPt and UPt this can also be ascribed to

spin-fluctuation effects, although not as pronounced as In UPt . Such a

picture is supported by resistivity measurements (de Visser et al. 1984c).

Curie-Weiss analyses of the high-temperature susceptibility data show in

all cases small deviations from linearity in the x vs T curves. Neverthe-

less, for UPt and UPt an effective moment, \i ,., of 3.5 (L/U-atom can be
2 3

deduced. This is consistent with a 5f or 5f -configuration in an

LS-coupling scheme. The \i f,-values for UPt,, 3.0 (L/U-atom, and UPt ,

4.3 Ug/U-atom, can not easily be interpreted in the LS-coupling scheme,
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Table 1.3 Some crystallographic parameters of uranium-platinum alloys.

Ccmpound Structure
U-U
(A)

Reference

UPt

UPt

UPt

UPt_

orthorhombic CrB

orthorhombic InNi (dist) 3.81

hexagonal

cubic

MgCd.

AuBe,

3.
3.

4.

5.

61
81

12

25

26.61

33.62

42.43

61.53

Kutaitsev

Hatt and

Heal and

Kutaitsev

et al. 1965

Williams 1959

Williams 1955

et al. 1965

Table 1.4 Magnetic properties of uranium-platinum alloys.
Frings et al. (1983) and Frings (1984).

Data taken from

Compound Type
order
00

Y X

(mJ/K2molU) (m3/molU)

UPt

UPt

UPtr

ferrom.

param.

superc.

param.

27

-

0.

-

5

3.5

3.5

2.8

4.3

~0.5 114

89

422

95

45

51

103

34

which suggests the importance of crystal-field effects at high temperatures

or, perhaps, the need for a more elaborate coupling scheme.

1.4.2 The heavy-fermion compounds

As mentioned in section 1.1 it is not clear-cut which compounds belong

to the class of the heavy-fermion systems. In table 1.5 a number of com-

pounds with large Y^al"68 have been listed. Given a somewhat arbitrary
2

choice of y > 400mJ/K mol, at present, 8 heavy-feraion systems are known.

The Y~values enumerated in table 1.5 have been derived from the low-
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Table 1.5 Materials having y > 200mj/K^mol. For ordered materials, y has
been obtained by extrapolation to zero temperature from temperatures just
above T o r d e r.

Compound Structure
f-f

(A)

Type

(mJ/K mol)

Torder R e f e r e n c e

CeAl

CeCu,

U B e 13

ucdn

U2Zni7

hexagonal

orthorhombic

tetragonal

cubic

cubic

cubic

rhombohedral

hexagonal

4.43

4.83

4.10

5.13

5.13

6.56

4.39

4.12

1620

1600

1100

1100

900

//
840

535

422

no order

no order

superc.

superc.

antif.

antif.

antif.

superc.

-0.6

0.9

3.4

5.0

9.7

0.5

a

b,c

d

e

f

g

h

CeRu2Si2

YbCuAl

UCu

NpSn3

Nplr2

CePb3

tetragonal

hexagonal

cubic

cubic

cubic

cubic

4.20

3.65

4.96

4.63

3.25

4.87

350

260

250

242

234

>200

no order

no order

antif.

antif.

antif.

antif.

-

-

15.0

9.5

6.6

1.1

1

m

n,o

P

q

r

*Per mole U.
a) Andres et al. 1975; b) Stewart et al. 1984c; c) Fujlta et al. 1985;
d) Steglich et al. 1979; e) Ott et al. 1983; f) Stewart et al. 1984d; g) Fisk
et al. 1984; h) Ott et al. 1984a; i) Frings et al. 1983; j) Stewart et
al. 1984a; k) de Visser et al. 1984b; 1) Steglich et al. 1985; m) Mattens et
al. 1977; n) van Daal et al. 1975; o) Ott et al. 1985; p) Trainor et al. 1976;
q) Brodsky and Trainor 1978; r) Lin et al. 1985.

temperature limit of the term in the specific heat linear in temperature:

y « lim (£) (1.4).
T+0

For ordering materials y has been obtained by extrapolation Co zero tem-

perature from temperatures just above T . The resulting y-values are
A n otuer

enhanced with a factor 10-10 with respect to ordinary metals. The origin

of the enhancement is one of the key-questions in understanding the heavy-



- 18 -

fermion systems. We shall return to this point in the next chapter.

At present a substantial number of materials with intermediate y-values is
2

known. Some of them having y > 200mJ/K mol are listed in table 1.5 as

well. Since their properties are quite similar to those of the heavy-

fermion systems, these materials may likely serve as a link between the

ordinary metals and the heavy metals. It is interesting to note that

diluted materials can have huge y-values as well, albeit per mole impurity.
2

For instance, dilute Ce in Y has a y-value of 3500mJ/K molCe (Sugawara and

Yoshida 1971). However, we shall confine ourselves to (pseudo)intermetallic

compounds.

A more elaborate introduction to the heavy-fermion systems can be found in

the review paper by Stewart (1984).

From table 1.5 it follows that heavy-fermion behaviour is not directly

correlated with a particular crystal structure. The same holds for the

various ground states: superconductivity, magnetic order or no order at

all. A common feature in these materials is the large f-atom spacing,

larger than the Hill limit (~3.5fl). Several attempts have been trade in

order to find some systematics in the occurrence of heavy-fermion

behaviour. Below we present an overview of these attempts, available to us

at the moment.

Meisner et al. (1984) have plotted the -y-values of a number of compounds as

function of the f-atom spacing, and find a smooth variation (fig. 1.2).

These authors discern two regimes: (i) at sufficiently short spacing direct

f-atom interaction prevails, leading to roughly an exponential dependence

of -y on spacing, and (ii) at larger spacing indirect f-atom interaction

prevails, with delocalization of the f-electrons accomplished by interven-

ing atoms.

A significant correlation factor is thought to be the ratio of the meas-

ured susceptibility to the one calculated from the observed (enhanced) y-

value:

2 2

Note that since we use rationalized molar units a factor u appears in the

denominator of eq.(1.5). With the molar susceptibility in units of m /mol
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Fig. 1.2 The specific heat coefficient y vs f—atom spacing plotted
on logarithmic scales, for superconducting (circles), magnetic
(squares) and non-ordering (triangles) (nearly) heavy-fermion
compounds (after Meisner et al. 1984).

2
and y in J/K mol e q . ( 1 . 5 ) reads as :

5.80xl06 (1.6).

R eq 'i Is 1 if the density of states probed by x a n d Y have the same

enhancement factor. The use of the ratio R has the advantage that it can

be obtained directly from the experimental values of x a n d Y- DeLong et

al. (1985) have evaluated R for a large number of heavy and "nearly" heavy-

fermion compounds. The correlation they found formulates as follows:

superconductors exhibit values of R < 2.0, whereas other systems have

R > 2.0. Another correlation factor put forward is the "Wilson ratio":

(1.7)

Weft

Here p ., " g^,(J(J + 1))2 is the effective moment as follows from a

Curie-Weiss analysis of the high-temperature susceptibility. With x an<* Y
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in the same units as above, and p. ,, in units of JL, eq.(1.7) reads as:

J y1.74x10 (1 .8).

YM-,leff

Stewart (1984) has evaluated R for the class of heavy-fermion systems. The

trend noticed by Stewart suggests that for the superconducting compounds R

is roughly a factor 2 smaller than for the non-superconducting ones.

Kadowaki and Woods (1986) have stressed the importance of an universal

relationship between the resistivity and the specific heat. They noted

that the ratio of the coefficient, A, of the T -term in the resistivity and
2 2 - 5 2 2 2

Y , A/y , has a common value of 1.0x10 jxQcmK mol /(mj) (fig. 1.3).

10'

10

u

10'

10*:

10f3
10'

UAI2

"W.UPt

100 J 0 p
V (mJ-mol • K 2)

104

Fig. 1.3 The coefficient A of the T2-term in the resistivity
plotted versus the Y~value for a number of (nearly) heavy-fermion
compounds (after Kadowaki and Woods 1986).
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These studies have failed, however, to reveal any satisfying criterion for

the occurrence of heavy-fermion behaviour. Besides, the meaning of these

correlations is not always clear. Furthermore, we have to remind that it

is not in all cases obvious how to distract the proper physical parameters

from the data, especially when a strong sample dependence and/or anisotro-

pies are present.

1.4.3 The UX compounds

Most of the compounds UX,,, with X a 4d or 5d-metal or an element from

group III or group IV, crystallize in the cubic AuCu structure. There-

fore, a direct comparison with UPt (hexagonal structure) is substantially

hampered. Nevertheless, a qualitative consideration of the hybridization

mechanisms in these compounds has revealed some interesting systematics

(Koelling et al. 1985). For the UX compounds, discussed here, the f-atom

spacing ranges from ~4A up to ~4.8A. Since these values exceed the Hill

limit (~3.5A), one would expect local f-electron behaviour, due to the

absence of direct f-f overlap. However, Koelling et al. have pointed out

that the degree of delocalization of the f-electrons is mainly governed by

the hybridization of the f-electrons with s, p and d-orbitals on neighbour-

ing non f-atom sites. Assuming that the f-ligand hybridization decreases

with increasing UX-distance, the systematics in the occurrence of the elec-

tronic and magnetic properties of the UX compounds (see fig. 1.4) can be

understood. For small X-atoms (strong hybridization) one then expects

Paul! paramagnetism, and for large X-atoms local moment behaviour. Inter-

mediate hybridization would result in a large density of states, hence

heavy-fermion behaviour and/or spin-fluctuation phenomena' This trend is

nicely followed for the group III and group IV elements, moving down along

the column in the periodic table (fig. 1.4). For the 4d and 5d-metals the

systematic is not so clear. UPd is the only system that exhibits local-

ized 5f-electrons, it has, however, a dhcp structure. Although URu and

Ulr are superconductors with transition temperatures of 0.2 K (Chen et

al. 1985) and 3.OK (Crabtree et al. 1986), respectively, these compounds do

not show any sign of heavy-fermion behaviour, which is illustrated by the

y-values of 13.5 and 17.0 mJ/K~molU, respectively.
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250 r

Fig. 1 .4 Rough overview of the electronic and magnetic properties
of UX3 compounds, where X is indicated in the figure (after
Koelling et al. 1985). Vertical bars give the y-value.
Horizontal hatching indicates Paull paramagnetism. Diagonal
hatching indicates spin-fluctuation behaviour. Cross hatching
indicates local-moment behaviour. Superconductivity is observed
in UIr3, URU3 and

1.5 Scope

The heavy-fermion superconductor UPt , is the unquestionable topic of

this thesis. Since this compound appeared to be most intriguing, we

decided to perform an extensive study of its low-temperature properties.

The kernel of this study is formed by a collection of experiments and ana-

lyses. We have to bear in mind that the field of heavy-fermlons is rapidly

evolving. Therefore, it will be Impossible to present a fully up to date

insight into the properties of UPt . However, we hope that this booklet

may serve as an introduction to the interesting physics of the heavy-

ferfflion systems in general, and to the physics of UPt. in particular.

The outline of this thesis is as follows. In chapter 2 we present a

theoretical background for the physics in UPt . For that purpose we

briefly discuss some elements of the models that are appropriate to UPt :

successively we discuss the origin of the heavy-fermion behaviour, the con-

cept of spin fluctuations, some elements of the Fermi liquid theory and

some aspects of odd-parity superconductivity. In chapter 3 we discuss the
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experimental boundary-conditions: the sample preparation and the various

measuring techniques. In chapter 4 we present and analyse the bulk of

experiments performed on UPt in its normal-state: magnetic, thermal, elas-

tic and transport properties will be discussed, as well as the outcome of

high-magnetic field (35 tesla) and high pressure studies (5kbar). Chapter 5

deals with the superconducting state of UPt . After a discussion whether

superconductivity in UPt is a bulk property (studied by the Meissner

effect), we describe a number of experiments that have been performed in

order to characterize the superconducting ground state. Another way to

study the anomalous properties of UPt, is by performing alloying experi-

ments- In chapter 6 the first results of such experiments on a series of

U(Pt Pd ) compounds are presented. In chapter 7 we review a series of
1 —x x 3

remaining experiments and, subsequently, present the concluding remarks

concerning the normal and superconducting phase of UPt •

Most of the experimental results presented in this thesis have been pub-

lished in various journals. Although it would have been possible to merely

copy this collection of papers, we chose a different set up and rearranged

most of the earlier published text. We hope that this choice facilitates

further reading.
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CHAPTER 2 OUTLINE OF RELEVANT THEORIES

2.1 Introduction

In general, experiments are performed to ascertain the validity of

hypotheses. However, this is only partly the case in material research,

as, for instance, was the case in our investigations of the he^vy-fermion

superconductor UPt,. Here we ran across many unusual properties for which

no satisfactory explanation could be offered, within the existing theories.

As a result, its low-temperature properties are rather well defined, exper-

imentally. Still, the theoretical understanding of these unusual proper-

ties, or more generally of the heavy-fermion behaviour, is, to put it

mildly, poor. Fortunately, the interest in the heavy-fermion systems from

a theoretical point of view is growing, and new models that attack the

encountered difficulties come to light, albeit parsimoniously.

In this chapter we present a theoretical background for the peculiar pro-

parties of UPt . We start with a rather general meditation about the

heavy-fermion state. In the next sections we shall briefly introduce the

concepts of spin fluctuations and those of Fermi liquid theory. In the

last section we shall deal with some aspects of odd-parity superconduc-

tivity.

In discussing the physics of the lanthanide and actinide compounds,

terms like local-moment magnetism, band magnetism, mixed valence, inter-

mediate valence, spin fluctuations, Kondo effect and Kondo-lattlce effect

are frequently used. To this series one now may add heavy-fermion

behaviour. Unfortunately, it is not always clear how one should discrim-

inate between these terms, at least, certainly not from an experimental

point of view. For example, materials labeled as spin-fluctuation or

valence-fluctuation compounds might display quite similar low-temperature

properties. Consequently, a label is assigned more or less on historical

grounds.

In order to look, in some more detail, Into the term heavy-fermion

behaviour, we first have to spend a few words on the three indispensable

ingredients that bring about the interesting physics of the lanthanides and

actinides. The first ingredient is given by the 4f and 5f-electrons. The
1 2 3

proper configuration of the f-atom, say f , f or f , depends in general on

the relative position of the f-level with respect to the Fermi energy. The
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energy difference between the successive f-states is given by an effective

Coulomb energy, wich has a magnitude of several eV in the solid (see sec-

tion 1.2). The second ingredient is given by the conduction electrons of

the f and non f-atoms that constitute the metal. The Fermi level, E , is

defined as the chemical potential of the thus formed conduction band.

Assuming the relevant f-level to lie well below E , we deal with local f-

moments. However, a third important ingredient, given by the hybridization

of the f-level with the conduction band, may result in a broadening of the

f-level. Due to the hybridization the f-electron loses its infinite life-

time and may leak to the conduction band, in other words it delocalizes.

. From the experimental data it follows that the situation in the

heavy-fermion systems is rather complex. The localized character of the

f-electrons at high temperatures crosses over to a delocalized one at low

temperatures. The high y~ v al u e s point to pronounced f-denslty of states,

and, hence, to a strongly interacting electron liquid, assuring the pres-

ence of many-body effects. Moreover, electrical resistivity measurements

have revealed that most of the heavy-fermion systems exhibit the Kondo

effect. The latter feature is often taken as a starting point for theore-

tical models.

The Kondo Hamiltonian (Kondo 1964) was originally written down to

describe the exchange interaction of a single magnetic impurity, with spin

S (=i), with a conduction electron, having spin s:

K R - - 2J s.S (2.1).

For a negative coupling parameter J, the impurity spin is completely com-

pensated at low temperatures, giving rise to a Kondo singlet. This is

accompanied by a logarithmic increase, with decreasing temperature, of the

resistivity, proportional to ln(T/T ) • It can be shown that the Kondo Ham-
K

iltonian can be generated from the more general Anderson Hamiltonian

(Anderson 1961). The latter Hamiltonian has extensively been applied to the

lanthanide and actinide compounds, as it just incorporates the three impor-

tant ingredients we discussed above. Most attempts to model the properties

of the heavy-fermion systems on microscopic grounds make use of a somewhat

modified version of the Anderson Hamiltonian. Hereto, the solid is thought

to consist of a periodic array of magnetic impurities, the Kondo lattice.

Although the formation of the Kondo lattice seems physically reasonable,

its low-temperature properties differ rather drastically from the single-
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Ion Kondo case. In the latter, the resistivity shows the characteristic

upturn, whereas In the former coherence sets In at low temperatures,
2

resulting in a T -temperature dependence at approaching T = 0K. At present,

it is not clear how the coherence should be incorporated in the model.

A further complication in describing, in particular the actinide heavy-

fermlon systems, arises from the uncertainty in the number of f-electrons

per atom. Whereas a free U-atom has a f -configuration, this needs not to

be the case in the solid. Apart from the possibility of a mixed or inter-

mediate valence state, different configurations must be considered: f

(J = 5/2), f2 (J = 4) and f3 (J = 9/2). Furthermore, the groundstate might

not be a pure Hund's rule state. For a free atom, the separation between

equal J-components of different LS-multiplets is of the order of 6000 K. A

certain admixture might occur due to spin-orbit interaction. For the con-
2 3

figurations f and f this results In a groundstate that consists for only

85% of the Hund's rule component (Chan and Lain 1974). In addition, in the

solid, crystal-field splitting of the J-multiplet should be taken into

account. Little is known about its strength in the heavy-fermion systems.

It would be illuminating if we could present a density of states pic-

ture for the heavy-fermion case. In order to do so, it is tempting to plot

a narrow f-band near the Fermi-level. However, it is more likely that we

have to deal with an induced many-body band originating from the admixture

of the relevant electron states. A very tentative and sketchy density of

states plot, partly adapted from a paper of Koyama and Tachiki (1986), Is

shown in fig. 2.1 . In principle, such a plot can account for the observed

properties In the heavy-fermion systems. At low temperatures a very narrow

many-body band of width ~10-100K Is present, causing the characteristic

Fermi-liquid behaviour. Due to the number of degrees of freedom in the

liquid the entropy, and hence the electronic specific heat is strongly

enhanced. In some of the heavy-fermion systems the high density of states

is decreased by ordering phenomena, therewith decreasing the symmetry and

degrees of freedom. This seems to be the case in the heavy-fermion super-

conductors and magnets. When the temperature is raised, the many-body band

disappears, and a broad Kondo resonance is formed. At high temperatures

the characteristics of the system are determined by the broad f-peak below

E , hence a more localized picture results. XPS and BIS spectroscopy have

been used to shed some more light on the f-density of states. The experi-

mental resolution, in best cases about 300 K, is, however, not sufficient to
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Fig. 2.1 A tentative and sketchy density ox states plot at low (a)
and high (b) temperatures. Figures not drawn to scale.

resolve the expected narrow structures in the density of states.

The discussion presented above can be summarized by stating that a

microscopic picture of the heavy-fermion systems is far from being settled.

For a more comprehensive overview of the recent developments in attacking

the heavy-fermion problem, we refer to the papers of Varma (1985) and Lee et

al. (1986).

2.2 Spin fluctuations

The concept of spin fluctuations finds its roots in the theory of

itinerant electron magnetism (Stoner 1938). In this model the electron

states are divided into two subbands, one for spin up and one for spin down

electrons. The energy levels of the subbands are filled according to the

Fauli exclusion principle. Depending on the, sometimes teetering, balance

between the kinetic energy of the electrons and the exchange interaction

between them, the groundstate of the system may be either ferromagnetic, if

a net count of electrons with spin up (or down) results, or paramagnetic.

The criterion for the occurrence of ferromagnetism is given by the well-

known relationship
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I = IN(Ep) > 1 (2.2),

where the Stoner Interaction parameter, I, represents the exchange energy,

and N(E ) gives the density of states at the Fermi energy for one spin

direction. I is called the effective Stoner interaction parameter. Now

consider a system in a nearly ferromagnetic state, for instance, a metal on

the verge of ordering at T = OK. Experimentally, a susceptibility \,

enhanced with respect to the Pauli susceptibility, x > i s observed,

Here S = (l-i) is the Stoner enhancement factor. Note that as I reaches

the ferromagnetic instability (1=1). % diverges.

The enhancement of the susceptibility of such a so-called exchange

enhanced paramagnet points to the existence of low-energy excitations in

the electron gas. A single particle excitation of the gas is defined as a

removal of an electron from inside the Fermi sphere to the outside, leaving

a hole behind. If the electron removal is accompanied with a spin rever-

sal, we deal with a Stoner excitation. The excited state of a non-

interacting electron gas can be represented by the Fermi sphere and a

number of such single particle excitations, the electron-hole pairs. An

interacting electron system can be described if we follow the evolution of

a pair. The interaction between the electron and the hole leads to their

mutual scattering, which results in another excited state of the system.

Momentum conservation causes the overall momentum of the initial and final

states to be equal. By repeated particle-hole scattering the system can be

brought in a quasi-stationary state, which can be described as a superposi-

tion of a great number of pair excitations, all having the same momentum.

Such excitations are referred to as collective excitations, better known as

paramagnons or spin fluctuations.

A theoretical approach to study spin fluctuations can be found in the

dynamical susceptibility x(5>u) (see, for instance, Coqblin et al.1978).

This complex function describes the response of the interacting system to a

small electromagnetic field of wavevector <f and frequency to. Just as the

static susceptibility (eq.(2.3)), the dynamical susceptibility is enhanced:

Here x ($»w) is the dynamical susceptibility of the non-interacting system.
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Fig. 2.2 Imaginary part of the dynamical susceptibility for q « kp
and to« Ep/n-

For |$|-u-0, eq.(2.4) reduces to eq.(2.3), since U-IN(EF)/X£). Eq.(2.4)

has been derived in the random-phase approximation, which implies that the

collective modes are seen as superpositions of pair excitations, as

described above, thus neglecting any possible components with more than one

pair. Imx(q*,u>) represents the excitation spectrum. In fig. 2.2 it is plot-

ted versus w, for small wave numbers (q « k ). A broad peak occurs for

small S-values. As S increases towards the ferromagnetic instability, the

peak becomes more and more pronounced, and narrows, implying a longer life-

time of the spin fluctuation. The position of the maximum of Imx(<f, u) is

roughly given by u • (v^/S)q. This pseudo-dispersion law is used to define
m F

the spin-fluctuation velocity, v „ -v /S, and the corresponding spin-

fluctuation temperature, T «T /S. Here v and T are the Fermi velocity

and temperature, respectively.

In summary, we conclude that spin fluctuations or paramagnons are collec-

tive low-frequency (long-wavelength) excitations of the electron gas.

These fluctuations persist long enough to have measurable consequences.

We are now left with the question how one experimentally discerns a

spin-fluctuation system. In other words, how do the paramagnons affect the

measurable quantities. Elaborate theories exist to account for the effect

of paramagnons on the temperature dependence of the susceptibility,

specific heat and resistivity. Be'al-Monod (1982, and references therein)

has calculated the temperature dependence of the paramagnon contribution to
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the susceptibility:

V

Here N1 and N1 ' are the first and second derivatives of the density of

states, N»N(E ), with respect to the energy, evaluated at E . The sign of
F , F

the characteristic T -term depends on N, N« and N " . If N>'(EF) < 0, X(
T>

decreases continuously, when T Increases. N M(E ) > 0 is a necessary con-

dition for x to first increase with T, and thus to exhibit a maximum, since

at higher temperatures x ought to reach a Curie-Weiss law.

The paramagnou contribution to the specific heat has been evaluated by

Doniach and Engelsberg (1966), and Brinkman and Engelsberg (1968), who first

applied it to He. Its characteristics are two-fold: (i) an enhancement of

the linear electronic term, which can be seen as an enhancement of the

effective mass of the electrons, and (ii) a negative T lnT-correction to

this linear term. The combination of these two terms results in a low-

temperature upturn In c/T. The enhanced linear term is given by

c " yo T T " yo ( 1 + Xsf ) T (2-6),

where m represents the effective electron mass, and \ . is called the

spin-fluctuation enhancement factor. Here y represents the unenhanced

electronic coefficient. The unenhanced electronic term in the molar

specific heat is given by

2NN(E )n\Z

c - Y O T « — j - T (2.7),

with N(E ) per atom per spin direction. Including the T inT-contrlbutlon,
F

the ratio of the enhanced to the unenhanced electronic specific heat can be

written as (Brinkman and Engelsberg, 1968):

o m 2 5S >p jr j?
c e *F P^ F

where
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PF / 2 m (2.10),

and

Here T° Is the Fermi temperature, and p a cut-off momentum in the model.

The paramagnon contribution to the resistivity has been evaluated by

several groups (see, for instance, Kaiser and Doniach 1970, and Coqblin et

al. 1982). Their models predict a T -law at low temperatures,

p = A T 2 (2.12),

_2
where A <* (T _) . A subsequent strong increase in resistivity near the

si
spin-fluctuation temperature, T f, is followed by a saturation at rather

sr
high values in the room-temperature region.

Unfortunately, neither the T -term in x> t h e T lnT-term in c, nor the
o

T —term in p, can be taken as decisive evidence for spin fluctuations. In

addition, information may be obtained from magnetic-field effects on % a n d

c ("quenching" of spin fluctuations). However, the measured field effects

are often small and difficult to interpret (Beal-Monod 1982). Inelastic

neutron-scattering experiments enable one to measure the excitation spec-

trum, Imx(5»u)> a n d might, therefore, be considered as a powerful tool, as

well. To conclude, we state that one has to consider a bulk of experi-

ments, in order to decide whether one deals with a spin-fluctuation

material, or not.

2.3 Fermi liquid theory

In 1956 Landau put forward a phenomenological theory for the macros-

copic properties of an interacting normal fermion system, at low tempera-

tures: the Fermi liquid theory. As we shall see, Fermi liquid theory is

also applicable to the highly correlated heavy-fermion state.

Let us first recall a few elements of the description of a free non-

interacting electron gas. Consider 2N non-interacting electrons, each with

mass m, enclosed In a volume V. Each electron is characterized by its

momentum j$ and its spin c * ± i . The grounds tat e may be represented in

reciprocal space by the filled Fermi sphere, with radius k - |f |/ti. The

energy of a particle Is given by
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its velocity by $="nk/m. An excited state of the system is obtained by

exciting one or more particles across' the Fermi surface. The amount of

excitation is given by the departure from the distribution function from

its value in the ground state, n+,

where n2 represents the Fenni-Dirac distribution function,

+ 1

For T ->• 0, we see that

n£ - ! for Ejj < EF

nS = 0 for E+ > E (2.16),

where the chemical potential (i equals E . The excitation energy density of

the system is given by

E " Eo = 7 | EP" 6"p- (2-17>-

Finally, we recall that the coefficient of the linear term in the molar

specific heat of a non-interacting electron gas (eq.(2.7)) may be written

as

3V

since the density of states per atom per spin direction is given by

V mk
N(E ) *• m * (2.19).

2 V
2 * 2

Let us now turn to the case of an interacting Fermi liquid (see, for

instance, Pines and Nozi^res 1966). The kernel of Landau's theory consists

of a one-to-one correspondence between the eigenstates of the non-

interacting gas and those of the interacting liquid. The one-to-one

correspondence is established by switching on the interaction between the
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particles infinitely slow ("adiabatically"). Let us add just one particle

to the system (p>p ) and turn on the interaction. We find that the parti-

cle now moves together with the surrounding particle distortion, brought

about by the interaction. We say the particle is dressed. The dressed

particle is called a quasiparticle. Similarly, we can define a quasihole,

with momentum p < p • The quasiparticle and quasihole, defined only near

the Fermi surface, appear as an elementary excitation of the liquid. The

excitation of the system is still described by eq.(2.14), where n-> now

denotes the distribution of quasipartl?les. Since the properties of the

liquid are governed by the deviations from equilibrium, the physically

meaningful quantity is 6n->, rather than n-y. Taking into account particle

interaction, the relation between the energy density E of the system and n+

becomes more complex. This is expressed in a functional form E[n+]. If n*

is sufficiently close to n°, we can carry out a Taylor expansion:

i 2
Efn-*.] = E + - r e-> 6n* + 0(6n ) (2.20),

P o V ^ p p

where the functional derivative

represents the quasiparticle energy. The dressing of a particle can be

seen as an increase of its mass: a quasiparticle is said to have an effec-

tive mass m . Its velocity (on the Fermi surface) is given by v = hk /m .

So far we have dealt with dressed quasiparticles. A subsequent step is to

include the interaction between the dressed quasiparticles- In that case

the energy density of the system is written by pushing the Taylor expansion

one step further:

B I V " Eo + 7 | H 6nj5 + ^ 2 ? | , fjTp*. 6 n? *"?. + °<«°3> <2 '2 2>-

The energy of a quasiparticle now depends on its interaction with other

quasiparticles and is given by

V h + l$ f$$> 6> <2-23>-
Here f->-*, is the second variational derivative of E with respect to n>. It

represents the interaction energy of the excited quasiparticles with
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momentum p* and p*' •

Hitherto we have omitted the spin Indices, so properly speaking we must

consider f+ *i |- I f t h e system is invariant under time reversal and

under reflection ($-*-$), f-» +. depends only on the relative orientation
po,p' a'

of a and a'- There are two independent components of the interaction,

corresponding to parallel and anti-parallel spins, f^+, and f-».», . These

can be written as a function of the spin symmetric, fs, and spin antisym-

metric, f , parts:

f^, = f|?1 + f|?, (2.24a),

fit, = fjU, - fi+, (2.24b).

If the Fermi surface is isotropic, and |{?| = |p*'|, f and f depend only on

the angle, 6, between the directions of {J and p*1 , and may be expanded in a

series of Legendre polynomials,

f|l^ = 2 fj ( a )P (cose) (2.25).

The coefficients f? are usually normalized to give the dimenslonless

Landau parameters, F and F

F^ ( a ) = N(Ep) f^
(a) (2.26).

Here N(E,,) = 2NiN(E^)/V is the density of states per unit volume for both
F A r m

spin directions. The Landau parameters measure the strength of the Landau

interaction with respect to the kinetic energy. They appear in the expres-

sions for the specific heat, susceptibility, compressibility etc.

The temperature independent molar Pauli susceptibility of the

interacting system is given by

m*k V
(2-27)-

X is enhanced with respect to the Pauli susceptibility of the non-

interacting system:

X ' S x0 (2-28),
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where the enhancement factor S is given by

S = 2-ia (2.29).
1+F3

o

Just as in the paramagnon model, the specific heat of an interacting

Fermi liquid can be written as the sum of an enhanced linear term and a

T lnT-term. The enhanced linear term accounts for the specific heat of the

dressed quasiparticles. Its coefficient is given by eq.(2.18), however, m
*

must be replaced by m ,

2 *
lev m V
B m

 2
 F

31
(2-30).

The existence of a T lnT-term in the specific heat of an interacting Fermi

liquid has been demonstrated by Pethick and Carneiro (1977). This contribu-

tion is due to small momentum transfer processes between the quasiparti-

cles. In that case the Landau interaction f* +^+ m ay be expanded in powers
Ftp"1"1!

o f p*»<f:

f | ^ - f\0) + bX(p.q)2 + O((p.q)4) (2.31),

for q < p . Here the superscript \ is either s for the spin symmetric
XX

case, or a, for the spin antisymmetric case, and f (0) = f-» -».-»• evaluated
XX P>F™i

at p«q = 0. By integrating f (0) = f* *,+ over q lying inside a small
P.P+4

sphere with radius q (q is a cut-off momentum), the quadratic term in
eq.(2.31) leads to a contribution to the quasiparticle energy, given by

Ai^(T=0) = — — ^ (p-pF)
3ln| -| (2.32).

The corresponding contribution to the specific heat per unit volume is

given by

4
A c = l F n k B B S ^ ) 3 l n ^ ) <2-33><

where
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Is the Fermi temperature of the interacting system,

is the particle number density,

B S = N(EF) b
S (2.36),

and T is a cut-off temperature. B may be expressed as

2
T*s 1 _ r /.X\2/-1 , .\ n .X IB = j Z «\ t <A0> (1 + A, - yj Ao )

2
+ ^ ^ t 1 - ^ A , K ) - 2 Ao A^J ( 2' 3 7 )>

where u = 1 and oj = 3 . The A parameters are the Landau scattering arapli-

tudes, which are related to the Landau parameters, F , by

(2.38).

In eq.(2.37) terms with £ > 2 have been neglected. Since, as we will see,

B is positive, the T lnT-term can be seen as a negative correction to the

enhanced linear term. The physical process responsible for the T lnT-tenn

is the repeated scattering of quasiparticle-quasihole pairs. As in the

paramagnon model, this gives rise to spin fluctuations. Therefore, we can

say that the x lnT-term accounts for the spin fluctuations in the liquid.

Note, however, that the Fermi liquid theory does not speak about the nature

of the interaction, it is merely based on its mathematical description.

This expression for the specific heat has successfully been applied to the

Fermi liquid He. Since we have allowed only small q scattering, we cannot

rule out that other scattering processes in the liquid may give rise to

additional terms. Such terms, however, have not been observed.

The T lnT-contrlbution in eq.(2.33) comes from long-wavelength spin

fluctuations. There is however an additional contribution to the T^-tena

in eq.(2.33), from shorter wavelength spin fluctuations, that was not

included by Pethlck and Carnelro. Recently, Coffey and Pethick (1986) have

worked out the coefficient of this term in more detail. Below we show
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their approach how to proceed in order to determine the spin-fluctuation

parameters from the specific heat.

The full expression for the specific heat is given by

c = y*T + P hT
3 + 6T3ln(T/T*) (2.39).

*
Here y is the enhanced linear coefficient, (3 , is the usual phonon coeffi-

Pn 3 *
cient ( T « 0 ), 6 is the coefficient of the pure T lnT-terni and -61nT = fl

U n St

is the coefficient of the spin-fluctuation contributions to the T -term.

In order to perform a computer fit to the data, the more suitable expres-

sion

c « r*T + 3*T
3 + 6T3lnT (2.40),

may be used, where

* 3 3
T is a characteristic temperature, at which the T lnT and T -contributions
to the specific heat from spin fluctuations are equal and opposite:

* " Psf / 6

T = e (2.42).

T is often denoted as the spin-fluctuation temperature. The expression

for the T lnT-term and the T -tern, from the spin-fluctuation contribution

to the specific heat per unit volume, is written by Coffey and Pethick as

Ac ^ B ( ^ ^^nkBB
s (^[mf^) + r,] (2.43),

which differs from eq.(2.33) only in the argument of the logarithm. Here

qc=qc/PF (2-44),

(2.45),

and

T) = In - ^ (2.46).
T
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We see that (per unit volume)

j . 3 i t 4 . BS 3 i t 2 * B S , , . . .

F F

If one considers only the H = 0 contributions to B , one has

2 2

_,s % ..a.3 3, .a.2 it ,,s,3 , l,.s^2 /o .„.

B = - T ( A Q ) +2-(Ao) - ^ ( A ^ + j(^) (2.48),

which might be further simplified to

BS = - > : > 3 + ! < A O > 2 - iJ+2- < 2 - ^
since A =1 for electron systems (Brinkman 1968). In order to determine the

o
spin-fluctuation parameters one may proceed as follows. Input parameters

* *
of the model are y , p and 6, determined by a fit to eq.(2.40) (actually

we fitted to c/T), the phonon coefficient 8 , and the Fermi wave number k ,
pn F

which might, for instance, be obtained from configurational arguments

(eq.2.35). We now successively calculate m from eq.(2.30), TF from
eq.(2.34), BS from eq.(2.47), Aa from eq-(2.49), Fa from eq.(2.38), S from

0 * °
eq.(2.29), g . from eq.(2.41) and T from eq.(2.42). The last important

parameter, q , may be calculated from the relationship (Coffey and Peth-

ick 1986):
*
T k * 2 * (2-50)'

(vF)'
im

where ¥(F ) is a dimensionless function, which depends weakly on F
o o

(fig.2.3). The cut---off parameter q provides us with a test of the model,

since we assumed q <p_.
c F

It is interesting to compare these calculations with the results of

Brinkman and Engelsberg (1968), based on the paramagnon model. In their

model the effective interaction is described by T rather than by F . For
o

the Fermi liquid model and the paramagnon model to give the same enhance-

ment of the susceptibility over that of the free Fermi gas, Fa and I must

be related by

S = H L ^ = J _ s (2.50).
1+Fa i-i

o
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Fig. 2.3 The dimensionless function T(FQ) as a function of F?,
(after Coffey and Pethick 1986) .

It is straight forward to show that Brinkman and Engelsberg's expression

for the T lnT and the T -contribution to the specific heat (eq.(2.8)), in

the almost ferromagnetic limit, can be written as

9it nk

(2.51),

where T|E=1.78. In the Fermi liquid approach, we may write, In case that
2

the numerical constant - j^ + -^ in the expression for Bs can be neglected,

160 (tp 3 o' m (2.52),

where Tp = "ti kF/2mkB- In the almost ferromagnetic limit (S -»•<», Fa->-1) the

coefficient of the T lnT-term in eq.(2.51) differs by the well-known factor

of 3 from the one given In eq.(2.52). The values for n and ru-, 1.45 and

1.78, respectively, are quite similar. However, they lead to different

values of T and hence of q .
c
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2.4 Odd-parity superconductivity

The discovery of superconductivity in the heavy-fermion compounds

CeCu Si , UBe1, and UPt. came as a total surprise. In these systems a

strongly correlated electron liquid persists, down to the ordering tempera-

ture, as is indicated by the huge specific heat. Such a correlation

between the electrons is, in general, thought to suppress the conventional

phonon-mediated type of superconductivity. In the superconducting state

the coefficient of the electronic term in the specific heat (nearly) van-

ishes, suggesting that the f-electrons play an important role in the forma-

tion of the cor.iensate. Some other unusual observations have been made

concerning the superconducting state: (i) the electronic properties reveal

a power law, rather than an exponential temperature dependence, at least in

the case of UBe , and UPt , (ii) anisotropy effects are present, and (iii)

an unusual stability of the Cooper-pairs with respect to a magnetic field,

given the low T -values. These remarkable features have led to specula-

tions upon an unconventional type of odd-parity superconductivity

(Varmal984, Anderson 1985a).

In this section we shall present some theoretical background for odd-

parity superconductivity. However, we have to realize, that many aspects of

the newly developed theories are subject of lively discussions. For a

comprehensive overview of the theoretical and experimental aspects of con-

ventional superconductivity we refer to the standard work of Parks (1969).

A rather general expression for the superconducting transition tem-

pera turo is given in the BCS theory by

T , , - ^ * p h (2.53).

This relationship illustrates that the occurrence of superconductivity is

based on a balance between an attractive electron-phonon interaction,

represented by \ ,, and a repulsive Coulomb interaction, \L . If X - u > 0

the BCS potential is attractive for the formation of singlet Cooper pairs.

In general T /Q is of the order of 1O~3-1O~2.

In 1966 Berk and Schrleffer pointed out that spin fluctuations cause an

enhanced repulsion for the formation of singlet Cooper pairs. Let us

recall their physical argument. In nearly ferromagnetic materials a given
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spin-up electron will be surrounded primarily by electrons with spin-up.

These surrounding electrons act as a potential barrier for any spin-down

electron that attempts to lower Its energy, taking advantage of the short-

range phonon interaction. Hence, singlet Cooper pairing is prevented.

This is the reason for the absence of a normal BCS-type of superconduc-

tivity in exchange enhanced paramagnets, like Pd. In a more quantitative

way this follows (for instance) from a generalized McMillan equation that

Benneraann and Garland (1971) applied to transition metals:

1 + X . + X ,ph sf

0.96X - (1 + 0.6X ) (M* + \ )
Tc ~ Op e

 p h p h sf (2.54).

Here \ . represents the repulsive spin-fluctuation Interaction. Clearly,

If X , Is large, the potential will be repulsive. However, the argument of

Berk and Schrleffer does not exclude a possible binding of the two elec-

trons with parallel spins into a Cooper pair. In order to see how this can

be achieved we have to look in some detail Into the Cooper pair wave func-

tion.

The two-electron wave function, in its most simple form, can be expressed

as a product of a spatial (orbital) part and a spin part:

y = X^.r^) $(Oi,o2) (2.55).

According to the Paul! principle ¥ must be properly antisymmetrized. Writ-

ing the spatial part as a function of the relative coordinate of the two

electrons r = r - r" , it can be expressed as function of spherical harmon-

ics,

X(?) = Ylm(?) f(|?|) (2.56),

with total orbital momentum 1, and orbital momentum projection m. For

1 = 0, the symmetric spatial part must be combined with an antisymmetric

spin part, i.e. the singlet spin state

^ ( | t + > - |+t>) Sz=0 S=0 (2.57).

Here S represents the total spin moment, and S the projection of S. For

1-1 the antisymmetric spatial part must be combined with a symmetric spin



- 43 -

part, which leads to the triplet state

|++> S = 1 S=1

j2 (|++> + l++» V 0 S=1 (2.58).

|U> S =-1 S=l

In states with non-zero values of 1 the spatial part is rather extended in

space and vanishes for |?| =0. Therefore, the short-range Coulomb repul-

sion might not be destructive for the formation of Cooper pairs. However,

since the phonon—interaction is also short-range an other attractive

mechanism should be present. Layzer and Fay (1971) proposed that spin fluc-

tuations might provide such an attractive mechanism. Subsequently, several

authors predicted triplet superconductivity in Pd at ~0.1 K, alas in con-

trast to the experimental findings. However, since the 1=1 wavefunction

is extended in space (large coherence length), and the binding force is

weak, impurities are thought to act strongly pair breaking. Foulkes and

Gyorffy (1977) derived an expression for the suppression of T ,

T C = T ° - ^ (2.59),

where a is a numerical constant. The residual resistance ratio

RRR = R(300K)/R(0 K) is a measure for the amount of impurities in the sample.

For Pd these authors calculated T° = 0.2K and a=4700. Therefore, RRR

should be as large as ~10 in order to observe triplet superconductivity in

Pd. Such large values for RRR have not been obtained, at present.

The first substance in which odd-parity pairing (1 = 1) has been found is
3 3

He (see Anderson and Brinkman 1978, and reference therein). Liquid He was

known to be a strongly interacting normal Fermi liquid, the fermions being

the atoms with nuclear spin 1. Predictions of an odd-parity superfluid
state date from a paper of Pitaevski (1960). However, it lasted till 1972,

3
before the new phases of He were discovered (Osheroff et al. 1972). The

so-called B phase, observed below 1 mK, at zero pressure, is known as the

Balian-Werthamer phase (BW). It Is formed out of all three spin components

of the triplet state. The A phase observed at moderate pressures, is known

as the Anderson-Brinkman-Morel phase (ABM) and Is formed out of the paral-

lel spin pairing components of the triplet state (in the proper coordinate

system).
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The present theoretical models that deal with odd-parity superconduc-

tivity in the heavy fermions, are largely based on a close analogy to the

triplet or p-wave superfluidity in He. However, in offering an explana-

tion for the unusual behaviour in the superconducting state one should also

consider higher orbital momentum states ( 1 > 2 ) , odd as well as even. A

direct comparison with He is substantially hampered, since in the solid

spin-orbit coupling and crystal fields lower the symmetry. Taking the cry-

stal symmetry into account, several authors calculated the allowed odd-

parity states from group theoretical arguments, for cubic (UBe ) , tetrago-

nal (CeCu Si ) and hexagonal (UPt_) crystal structures (Volovik and

Gor'kov 1984, Anderson 1984b, Blount 1985, Ueda and Rice 1985).

At present, a point of great interest is how to distinguish experimen-

tally an odd-parity superconductor. Varma(1985) predicted the temperature

dependence of a number of electronic properties, assuming odd-parity pair-

ing. These properties depend on the form of the energy gap over the Fermi

surface. He discerns three cases:

I The superconducting gap exists everywhere on the Fermi surface, like in

the conventional superconducting state of liquid He. The quasiparti-

cle density of states has a gap.

II The superconducting gap vanishes at points on the Fermi surface, near

which it varies quadratically with the energy. This is like the ABM or

axial state in superfluid He.

III The superconducting gap vanishes at lines on the Fermi surface, near

which it varies linearly with the energy (this is like the polar state

in an isotropic system).

The results of his calculations for the specific heat, sound attenuation,

nuclear magnetic relaxation time and thermal conductivity are listed in

table 2.1. In contrast herewith, Rodriguez (1985) predicts a sound attenua-

tion proportional to T and TT, for the polar and axial states, respec-

tively. Besides, Coppersmith and Klemm. (1985) pointed out that ultrasonic

attenuation depends also on the relative orientation of the sound waves and

the nodal structure, resulting in a more complex situation. Regarding

group theoretical arguments Blount (1985) stated that a polar state (case

III) of odd parity is not possible in cubic or hexagonal crystals. How-

ever, his arguments have been contradicted by Varma (1985) and Scharnberg

and Klemm (1985). Several other experiments have been suggested to clarify
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Table 2.1 Form of the temperature dependence of the specific heat, sound
attenuation, nuclear magnetic relaxation time and thermal conductivity in
the superconducting state ( T « T C ) , for various pairing mechanisms (After
Varma 1985).

Case

Gap

Specific heat

as /otn
TiXn
Ks

I

Isotropic-like

~exp(-A/T)

~exp(-A/T)

~exp(-A/T)

~exp(-A/T)

I I

Axial-like

~(T/A)3

~(T/A)4

~(T/A)4

~(T/A)3

irr
Polar-like

~(T/A)2

~<T/A)2

~(T/A)2

~(T/A)2

the nature of the superconducting state. We mention (i) tunneling experi-

ments (Pals et al. 1977, Fenton1985), and (ii) studies of the anisotropy of

the upper critical field (Scharnberg and Klemm 1985, Machida et al.1985).

Although, as we shall see, the outcome of a number of experiments is con-

sistent with odd-parity superconductivity, one still should be cautious to

take this as hard proof. On the one hand, gapless and anisotropic singlet

superconductivity, or 1=2 (d-wave) pairing, might lead in special cases to

similar unusual features In the low-temperature properties. On the other

hand, the theory still needs refining. A consensus on what microscopic

pairing mechanism is applicable to the heavy-fermion systems Is lacking.

Several authors have presented mechanisms in favour of odd-parity supercon-

ductivity. We mention Varma (1985) , Anderson (1 985a) , Bgal-Monod (1985),

Li (1985) and van der Marel and Sawatzky (1985). Others have presented

models in favour of singlet superconductivity Razafimandimby et al. (1984),

Tachiki and Meakawa (1 984) and Hirsch (1985) .

A different approach to shed light on the nature of the superconduct-

ing state can be found in the phenomenological Fermi liquid theory. Vails

and TeSanovic (1984) applied an almost localized Fermi liquid model to the

heavy-fermion systems, in close analogy to He. Bedell and Quader(1985)

used an induced interaction approach. Pethick et al. (1986) focussed on a

Fermi-liquid an^ljsts of the T lnT-contribution to the specific heat of

UPt.. All these analyses favour triplet superconductivity. Central in
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their approach is an expression for the superconducting transition tempera-

ture, that was first applied to He by Patton and Zaringhalam (1975):

•T J ; - 1.13 a T e 3 (2.60).

Here a is a numerical constant, T is the Fermi temperature and g

represents a pseudopotential. If g < 0, the potential is attractive; j = l

indicates triplet pairing, j = 0 singlet pairing. The pseudopotential can

be expressed as a function of the Landau scattering amplitudes, defined in

eq.(2.38),

/° * (2.61a),

(2.61b).

The expressions for g have been derived in the s-p approximation, that is

to say, only s and p-waves contribute to the scattering processes.

Furthermore, the forward scattering limit has been applied, which means

that the interaction involves only small momentum transfer processes (with

the angle between the planes of the incoming and outgoing momentum vectors

near zero). Employing the forward scattering sum rule,

£( A^ + A* ) = 0 (2.62),

and neglecting components with H > 2, we have

i ' " (2-63a>>

8 o =

S1 =

1

1
12

s(-O
X

a

X-
i / A J»
' \ n

3 A
^ )

a,
A i '

* 3Ao - 2A

A + A > ( 2- 6 3 b>-

Estimates for the values of A^(=1), Aa and Af, from various normal state

properties, lead to g < g . Since g. < 0 as well, the potential is attrac-

tive for triplet pairing, with a superconducting transition temperature

given by:

6 / (1+A*)
T c - 1.13 a Tp e ° (2.64).

Unfortunately, the model fails to predict T since a is not known. Pethick

et al. (1986) suggest to test the model by calculating the relative pressure
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dependence of T , assuming a pressure independent a, and, subsequently, by

comparing this value with the experimental one. From eq.(2.64) we obtain

3lnT SlnT, , 8Aa

c F 6 °

OP

The right hand side of eq.(2.65) can be calculated either from the pressure

dependence of the specific heat, or from a combination of specific heat and

thermal expansion data at zero pressure. We shall return to this subject

in chapter 5.

In the Fermi liquid approach eq.(2.61) plays an important role. An

exact derivation of eq.(2.61) is beyond the scope of this work. However,

to conclude this chapter, we present some qualitative arguments that

g and g are indeed related to singlet and triplet interactions (Baym and

Pethick 1978). Consider the scattering of two quasiparticles P.O., p, o_

into the states p\,°o> ?ia4 8i-ven by

<54tf4.?3^|t|?1o1,jJ2^> (2.66).

In the absence of spin-orbit forces the total spin of the incident quasi-

particles is conserved in the scattering. This amplitude, as far as the

spin variables are concerned, may be decomposed in a singlet amplitude, t ,
s

for total spin zero and a triplet amplitude, t for total spin one. The

scattering of two up-spin particles is triplet:

<?3 + .?4 + |t|?1+,?2t> = <?3?4lttl?1?2> (2-67).

The scattering amplitude for one up-spin with one down-spin quasiparticle

is the average of the singlet and triplet amplitudes (remember that a stat.;

|++> can be a component of a singlet, as well as of a triplet state),

Conform eq.(2.24) we can write for the left hand side of eq.(2.67) t + t

and for the left hand side of eq.(2.68) t — t , hence we see that

t - ts - 3ta

s

t = ts + ta (2.69).

Here t and t are the spin symmetric and spin antisymmetric parts of the
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quasiparticle scattering process. Crudely speaking, under the foremen-

tioned approximations, eq.(2.69) reduces to eq.(2.61).
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CHAPTER 3 EXPERIMENTAL

3.1 Phase diagram and crystallography

The phase diagram of the uranium-platinum system has been constructed

by Park and Fickle In 1960. It is shown in fig. 3.1. The system is charac-

terized by four intermetallic compounds: UPt formed peritectoidally at

1234 K, UPt2 formed perltectically at 1643K, UPt. melting congruently at

1973K and UPt formed peritectically at 1733 K. The crystal structure of

tTPt, has been determined by Heal and Williams (1955). UPt, crystallizes in

the MgCd -type of structure (low-temperature form of SnNi ). This closed-

packed hexagonal structure, with 2 formula units per cell, belongs to the

space group P6 /mmc. The atomic positions in the unit cell are given by:

1 2 1 2 1 32 U at c 6m2 -j, J,J ; y.y,^

6 Pt at h mm x,2x,^- ; 2x,x,^- ; x,x,^-

1 1 •}
V ?v — • 9V V — • V V —

where the ideal value of x equals 5/6. The lattice parameters are given

by: a = 5.764 A, c = 4.899 A and c/a = 0.850. These crystallographic data have

been confirmed by X-ray (Loopstra, unpublished) and neutron (Helmholdt,

unpublished) experiments. Up to pressures of 500 kbar no crystallographic

phase transitions have been observed (Benedict et al. 1986). The stacking

of the atomic layers is shown in fig. 3.2. The nearest U-U distance is

measured between atoms in adjacent layers and amounts to 4.132 A. The

unit-cell volume, Q, equals 140.96 A , the mean atomic volume equals

17.62 A , and the molar volume, V , equals 4.244xlO~5m /mol. With the
m 4 3

molecular weight of M= 823.3 g the density amounts to 1.940x10 kg/m .

Crystallographic parameters for UPt, UPt and UPt. can be found in

table 1.3 of chapter 1.

3.2 Sample preparation

In general, the preparation of actinide intermetallics asks for spe-

cial techniques, due to high reactivity and high melting point of the com-

pounds. Moreover, radioactivity and toxicity of actinides ask for addi-

tional restrictions in handling these materials. The investigated UPt
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0 10 20 30 UQ 50 60 70 80 90 100
u PLATINUM (at %) Pt

Fig. 3.1 Phase diagram of the uranium-platinum system (after Park
and Fickle 1960).

Fig. 3.2 Stacking of the atomic layers in the UPt3 structure.
Open circles: Pt; closed circles: U; c-axis not drawn to scale.
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samples have been prepared at the metallurgy department of the Natuurkundig

Laboratorium by A. Menovsky.

Experiments have been performed on three types of samples: arc-melted

polycrystalline samples, Czochralski-grown single-crystalline samples and
235

single-crystalline whiskers. As starting materials served U-depleted

uranium (nominal purity 99.8%), supplied by Koch-Light Ltd., and platinum

(99.999%), supplied by Material Research Corporation. The RRR for the

uranium amounted to 2.7.

Polycrystalline samples were prepared by arc melting the appropriate

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

order to obtain a homogeneous compound the buttons were remelted several

times. In some cases, the melt was cast into a water-cooled copper cruci-

ble, in order to obtain a particular shape, e.g. a cylinder. A further

homogenization of the samples was achieved by annealing in evacuated quartz

ampoules at a temperature of ~1200K, for a period of 7-10 days. During

the annealing procedure the samples were wrapped in tantalum foil, to avoid

contact with the quartz. A piece of uranium served as getter. Additional

shaping of the samples was done by means of spark erosion. In this manner

spheres, cylinders and cubes (with planparallel surfaces) could be made, as

well as samples with holes. The crystal structure was checked on small

amounts of powdered samples with a Guinier-de Wolff camera. Lattice param-

eters were determined from the X-ray patterns, with SIO as standard.

Single-crystalline UPt- was prepared with a modified tri-arc Czochralski

method (Menovsky and Fransel983). First, the melt is prepared on a water-

cooled copper hearth. Then the crystal is pulled out of the melt, with, in

the case of UPt.,, a pulling rate of about 5 mm/hour. An as-cast cylinder

(3 mm diameter, 20mm length) served as a polycrystalline pulling tip. Dur-

ing the whole growth procedure, tip and hearth rotate in opposite direc-

tion, with rates of 15 and 50 rpm, respectively. With a fourth arc a piece

of uranium is melted, in order to getter the argon atmosphere (P = 300Torr).

In this way, large cylindrical crystals could be grown, with sizes limited

to 8 mm diameter and 30 mm length. Laue pictures were taken to check the

single-crystalline nature of the grown crystals. Lattice parameters,

determined by Weissenberg X—ray measurements, are listed in table 3.1. The

experimental density Is in good agreement with the calculated one (see

table 3.1). Shaping of the samples was done by means of spark erosion. In

some cases, the bulk crystal, or the cut pieces, were annealed at 1200K,

during 24 hours, in order to reduce strains.
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Fig. 3.3 Left: Scanning microphotograph of UPt^ whiskers grown out
of the melt; Right: whisker with well developed surface.

Fig. 3.4 Cross-section of UPt3 whisker; orientation of the crystal
axes is indicated.
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Table 3.1 Lattice parameters and density of UPt3 (hexagonal structure).

Sample a c Exp.density Calc.density Ref.

(A) (A) (io\g/m3) (104kg/m3)

Polycrystalline 5.764+1 4.899±1 - 1.940 a

Czochralski-grown 5.7520±12 4.8970+33 1.945 1.949 b

single-crystal

Whiskers 5.7530+4 4.9010+4 - 1.947 c

a) Heal and Williams 1955; b) Menovsky and Franse1983; c) Menovsky et
al. 1984.

A third type of sample can be found in tiny needle-like single-crystalline

whiskers. The whiskers jump spontaneously out of the stoichiometric UPt

melt, at fast cooling on a water-cooled copper hearth (Menovsky et

al. 1984). A "liquid-solid" screw dislocation growth mechanism has been

suggested. An example of an arc-melted button with whiskers on its surface

is shown in fig- 3.3. Most of the whiskers have a regular shape, with a

typical cross-section in the form of an equilateral trapezium (see

fig. 3.4). The c-axis is always found to be parallel to the whisker axis.

Typical whisker dimensions are 15(a-axis)x60(b-axis)x1000(c-axis) p.m (mass

~ 18 jjg). Lattice parameters, determined from Weissenberg X-ray measure-

ments, are listed in table 3.1.

Stewart et al. (1984a) have reported the growth of single-crystalline UPt

from a bismuth flux. No information on lattice parameters is available.

The UPt specimens are stable with respect to oxidation and can be

storod under normal atmosphere. Loss of chemical purity, due to radioac-

tive (a) decay, can be neglected. Natural uranium consists of the isotopes

9TO ?1S ?"\it
H (99.283%), U (0.7110%) and U (0.0054%), with a-decay rates of

9 8 5
4.51x10 , 7.1x10 and 2.47x10 year, respectively. In the case of depleted

235
uranium the percentage of u is somewhat lower, 0.4 % for the Koch-Light
batch.
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3.3 Measuring techniques

3.3.1 Miscellaneous

At measuring the low-temperature properties of UPt we made use of

various techniques, available at the Natuurkundig Laboratorlum, among which

the method to determine specific heat, thermal expansion, magnetization,

susceptibility, magnetostriction and resistivity. Moreover, high pressures

(up to 5 kbar) and high-magnetic fields (up to 35 T) have been applied. In

this section we shall briefly introduce some of these techniques. In sec-

tion 3.3.2 we concentrate on the equipment for thermal expansion and magne-

tostriction. In the subsequent sections we focus on the high-field and

high-pressure experiments. Part of our samples have been investigated at

other institutes, employing several other techniques. Experimental details

of these techniques can be found in the relevant sections or papers.

Specific heat experiments have been performed in the temperature range

1.2-30K, and in fields up to 5T, with a calorimeter designed by Elen-

baas(1980). The followed method is an adiabatic one. After cooling the

sample down to cryogenic temperatures, it is isolated from the main bath by

opening a mechanical heat switch. The sample is then step-wise heated over

a temperature interval AT, by supplying an energy AQ. The specific heat at

constant pressure, is calculated from c = AQ/AT. To derive the molar
P

specific heat at constant volume, c , the thermodynamic relationship

c = c + 9a V T/K is used. Here a Is the coefficient of linear thermal
p v m

expansion, V is the molar volume and K is the isothermal compressibility,
in

From the data presented in chapter 4, it follows that the correction term
2

to c /T, in the case of UPt,, is smaller than 2 mJ/K mol0 for T < 30 K, and
P 3

thus can be neglected. Therefore, we may write c =c . The mass of the
p v

samples amounted to 4 grams. Temperatures are read with a germanium ther-

mometer, that has been calibrated in fields up to 5T.

Susceptibility measurements, in the temperature range 1.2-300 K, have been

performed with a pendulum magnetometer. A field with a maximum value of

1.3T could be applied. Temperatures above 4.2 K were read with a

Au-(Fe/Chromel) thermocouple; temperatures below 4.2 K were determined by

helium vapour pressure.

The specific electrical resistivity, p=(S/l)(V/I) (S is the cross-section

of the specimen perpendicular to the current direction and 1 Is the
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distance between the voltage contacts), has been measured with a standard

fouir-point method. In most cases a low-frequency (90 Hz) ac-raethod was

used, sometimes complemented with a dc-method. The samples always had a

cylindrical shape, with a diameter of 1.5 mm and a length of 4-10 mm.

Current and voltage contacts were realized by clamping the sample onto an

anodized aluminium sample holder, using small pieces of razor blades welded

to copper springs. The current amounted to 10 mA (current density
2

0.6 A/cm ) . Temperatures were determined with a carbon-glass thermometer.

By placing the sample in a superconducting solenoid, its magnetoresistance

could be measured in fields up to 8T.

In order to measure the resistivity of the tiny UPt whiskers a special

sample holder has been developed (see fig. 3.5). The whisker is gently

pressed onto an anodized aluminium sample holder by means of four

phosphorus-bronze springs, that served as current and voltage contacts.

The small springs, with sharp edges to ensure well-determined contacts,

were shaped by means of a miniature spark erosion technique. The distance

between the voltage contacts amounts to 610±5 |jm. The determination of the
2

cross-section of the whisker (~60x15 pm ) , using a microscope, puts an

upperbound of about 30% on the absolute value of the specific resistivity.
2

In most cases a current of 100 \xA was used (current density ~10 A/cm ) .

Fig. 3.5 Left: Sample holder for resistivity measurements on
whiskers; Right: voltage and current contacts (enlarged).
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3.3.2 Thermal expansion and magnetostriction

Thermal expansion and magnetostriction measurements have been carried

out by means of a parallel-plate capacitance method: dilatation of the

specimen on changing temperature, or field, causes the plate that is con-

nected to the sample to move with respect to the other fixed plate. The

recorded change in capacitance is a measure for the length change of the

sample. The capacitance, C, is given by C=cA/d, where E = E E is the

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

plates and d is the gap distance. As the relative length changes are small

at low temperatures, i.e. of the order of 10 , the capacitance has been

measured with a sensitive three—terminal method, applying a Thompson bridge

(White 1961). The generator (type1311A), operated at a frequency of 1 kHz,

and the capacitance bridge (type1615A) were manufactured by General Radio

Company. As null-detector served an Ithaco Lock-in Amplifier (type391A).

In this way, the capacitance can be measured within ~ 5x10 pF. In our

experimental arrangement, with C=10 F and EA = 10 Fm, a sensitivity of
-2

5x10 A can be reached.

Polycrystalline samples (cylindrical shape, with a diameter of 6mm and

a length of 10 mm) were measured with a capacitance cell designed by

Holscher (1981). In order to measure the dilatation of (single-crystalline)

cubic samples, with dimensions 5x5x5 mm , a new cell has been made, based on

identical principles. A drawing of this cell is shown in fig. 3.6. It is

machined out of OFHC (Oxygen Free High Conductivity) copper. The lower

capacitance plate is positioned by three rods (only one shown), that are

lead through the bottom of the cell. At the lower end the rods are con-

nected to a flat disk, which is positioned by a screw/spring mechanism.

With some tension of the spring, by moving the screw upwards, the sample is

clamped between the lower capacitance plate and the bottom of the cell.

The gap distance (~100um) is provided by placing (three) copper foils

between the guard rings of the lower and upper capacitance plates. The

relevant surfaces are shaped planparallel within 1 pm by means of spark ero-

sion. Electrical isolation of the plates from the guard rings was accom-

plished by a thin sheet of mylar embedded in epoxy. The effective area of

the capacitance plates, eA, equals 9.47x10 Fm. The uncertainty in the

determination of this value puts an accuracy limit of ±3 % on the absolute

value of the experimental data. The influence of the dielectric constant
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isolation

24 mm

Fig. 3.6 Capacitance cell; (1) upper plate; (2) lower plate; (3)
sample; (4) screw and spring; (5) guard ring upper plate; (6)
copper foil (not to scale); (7) guard ring.

of the small amount of helium gas, present in the cell at low temperatures,

can be neglected. Therefore, e = e e = e •

The coefficient of linear thermal expansion is given by oc = L (dL/dT). It

has been obtained in a discontinuous way, i.e. by stepwise heating. Tem-

peratures were read with a carbon glass thermometer, using an AVS-45 resis-

tance bridge. The a of the sample is calculated from:

„ _ I
L

I rM-i . 1 (Ad-,
L ^AT^cell+sample L ^AT^cell+cu

ac (3.1).

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

perature, with the sample mounted in the cell; the second term is the

corresponding change with a copper sample mounted, i.e. the cell effect,

whereas the third term is the necessary correction for the a of copper.

The cell effect is small and reproduces very well (see fig. 3.7). To

correct for the a of copper the data of Kroeger and Swenson (1977) have been

used.
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20 40 60 80

T(K)

Fig. 3.7 The cell-effect ; yk2108 (o), yk!311 (x).

Data acquisition has been done by means of a micro computer. The measured

a-values are immediately available and shown, as a function of temperature,

on a graphic display.
i _]

The coefficient of forced magnetostriction, \ =L (dL/dB), has been

obtained in the same way. Hereto the cell was suspended In a superconduct-
ing solenoid, with B = 8 T. The sample could be oriented, within a few

max v

degrees, with a field parallel and perpendicular to the dilatation direc-

tion. Measurements were performed at 4.2 K. At elevated temperatures a

temperature controller, operating with a field insensitive capacitance

thermometer, ensured stable temperatures during field sweeps.

3.3.3 High-magnetic fields

Magnetization and magnetoresistivity measurements have been performed

in the high field installation of the University of Amsterdam (Gersdorf et

al. 1983, and references therein). The magnet is capable of reaching fields

up to 40 T, constant within 1:1000 during 100 msec. The field is generated

by leading a current (I = 8800 A) through a coil that consists of insu-
max

lated windings of hard drawn copper wire. In order to reduce the power
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consumption the magnet Is cooled to 27 K by liquid neon (supplied by a neon

1-quefier in a closed circuit), after precooling with liquid nitrogen.

During a maximum field pulse the magnet heats from 27 to ~120K, thereby

increasing the resistance of the coil from 8 mn up to ~150mffl. The power

consumption amounts to 5.8 MW. Recooling of the magnet to 27 K takes about

2 hours.

Several pulse shapes are available. Mostly the stepped pulse is used:

after reaching the desired value the field is lowered In 7 equal steps.

After each step the field is kept constant for 40ms, i.e. long enough for

eddy currents to decay. Another pulse-type we used is the smooth pulse:

first the field is ramped to the desired value, say 35 T, and then it

decreases at a constant rate of, for instance, 56T/s.

Magnetization measurements have been performed by an inductive method.

Hereto the sample, mounted in a teflon holder, was placed in a pick-up

coil, in the center of the magnet. The output signal of the coil system Is

electronically integrated, digitalized and stored In a memory. The con-

tents of this memory is later sent to a computer and processed. The speci-

mens (cylindrical shape, maximum sizes: 3mm diameter and 30mm length) were

immersed directly in the cryogenic liquid, in order to prevent heating by

eddy currents. The magnetization needs to be corrected for the contribu-

tion from the empty coil and the sample holder.

The change of the electrical resistance upon applying a magnetic field has

been measured with a four-point dc-method (Chang 1972). The cylindrical

specimens (diameter 1.5 mm, length 6-10 mm) are pressed onto the voltage

contacts, and clamped between the current contacts, that are mounted on a

celleron sample holder. The sample holder Is fixed at the lower end of a

stainless-steel tube, that fits tightly in a second stainless-steel tube in

the helium dewar inside the magnet coil, thus avoiding mechanical vibra-

tions during the pulse. The samples can be oriented either parallel or

perpendicular to the magnetic field, with an uncertainty of a few degrees

in the orientation. The current through the specimen can amount up to 5 A.

The dc—voltage from the sample is amplified by a special low-noise amplif-

ier. The offset voltage of this amplifier is automatically compensated up

to 1 sec before the field pulse. The magnetoresistance is measured by

recording the change in voltage during the pulse. The output of the amplif-

ier is digitalized and stored in a local memory and is sent afterwards to a

computer for analysis. As there will be some pick-up voltage in the
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dH/dt compensation

Fig. 3.8 Schematic picture of the magnetoresistance measuring
apparatus.

potential leads, originating from the dH/dt between the field steps, a com-

pensating voltage of opposite sign, is added simultaneously (see fig. 3.8).

This compensating voltage is generated by a coil wound around the

stainless-steel tube that is fixed in the helium dewar and fed into the

amplifier after amplitude and phase adjustment. Measurements were per-

formed with the specimens immersed in the liquid at 1.5 and 4.2 K (liquid

helium), at 20.3 K (liquid hydrogen) and at 77 K (liquid nitrogen).

3.3.4 High pressures

Susceptibility measurements in the temperature range 4.2 up to 40 K,

and pressures up to 5kbar, have been performed with a magnetometer

described by Buis(1979). The followed method is an inductive one. The

pressure vessel with sample is moved up and down, with a frequency of 1 Hz,

between the centers of two oppositely wound pick-up coils, that are placed

in a superconducting solenoid. The Integrated induction voltage is propor-

tional to the magnetization of the sample. Fields up to 8T could be

applied. Temperatures were determined with a carbon-glass thermometer.

The samples had a cylindrical shape, with a diameter of 6 mm and a length up

to 10mm. The pressure cell is constructed out of a copper-beryllium alloy.

The correction to the signal for the pressure independent diamagnetic con-

tribution of the pressure cell amounted to 10%, or less.

Helium served as pressure transmitting medium. The cell is connected to

the pressure generating unit by means of a flexible capillary tube of 1 mm
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outer and 0.15 mm inner diameter. In the pressure-temperature range in

which we performed our experiments the helium gas can solidify, which is

accompanied with a decrease in pressure and volume. In order to keep the

pressure as large and as hydrostatic as possible, we applied the so-called

"solid helium technique". At a temperature of about 45 K we put helium gas

with a pressure of 5.5kbar in the pressure cell. Then we cooled the cell to

4.2 K, starting to freeze the helium at the bottom of the cell, by maintain-

ing a temperature gradient. During the whole solidification procedure, the

capillary tube remains connected to the pressure generating unit. Blocking

of the capillary tube inside the cryostat is prevented by a heater wound

around it. In this way, we could achieve pressures up to 4.6 kbar, at

4.2 K. In the gaseous helium regime pressures were read with a transducer

of Coleraine instruments, within 10 bar. In the solid helium regime we made

use of strain gauges, that were glued on the pressure cell. The accuracy

in the latter case amounted to 50 bar.

Resistivity measurements, in the temperature range 1.3-300 K, at pressures

up to 5kbar, have been performed by placing the resistivity sample holder

(see section 3.3.1) in a pressure vessel. Current and potential leads were

embedded in epoxy and fed through the pressure sealing. Apart from some

irreproducibilities, that occurred at solidification of the helium, the

realization of the electrical contacts by the clamping technique, appeared

to be quite satisfactory.
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CHAPTER 4 UPt : THE NORMAL STATE

4.1 Introduction

In this chapter we present, analyse and discuss the experimental

results, focusing on the normal state of UPt . We begin by recalling sus-

ceptibility measurements (Schneider and Laubschat 1981 , Frings et al. 1983),

that were made in a first attempt to characterize UPt • We then succes-

sively concentrate on the thermal, elastic and transport properties. Next

we deal with high-magnetic-field and high-pressure studies. Specific-heat

and high-field magnetization measurements performed by Frings et al. (1983)

are recalled in the relevant sections. In addition, some experimental

results on the compounds UPt, UPt , UPt and UA1 are presented.

4.2 Magnetic properties

Schneider and Laubschat (1981) reported susceptibility data on a

polycrystalline UPt sample in the temperature range 2.5-210 K. These

authors found a weak maximum in the susceptibility curve at 15K. By com-

paring the susceptibility with that of materials like NpPd and PuPt ,

these authors suggested antiferromagnetlc ordering in UPt at 15K. The

paramagnetic region could be described by a Curie-Weiss behaviour with

ueff = 2.85 Ug/U-atom, between 23 and 110 K, and with ugff = 2.61 Ug/U-atom,

between 110 and 21 OK.

The presence of a maximum in the susceptibility has been confirmed by

Frings et al.(1983). These authors measured the susceptibility of polycry-

stalline UPt (unpublished data), in the temperature range 4.2-300 K, in

fields up to 1.3 T, using a pendulum magnetometer, and in the temperature

range 300-1000 K, using a Faraday balance. From the high-temperature data

an effective moment of 3.0±0.1 u /U-atom was deduced.
B

Their data taken on an unannealed Czochralskl-grown single-crystalline

sample, shaped into a sphere (diameter 3 mm), are shown in fig. 4.1. This

figure shows that the susceptibility is strongly anisotropic. The maximum

in the susceptibility is only present for field directions in the basal

plane, for which an isotropic susceptibility results. The x~values at

4.2K, 87x10"9 and 99xl0~9m3/molU, and the v -values, 91x10~9 (at 15K)

and 111x10 m /molU (at 17 K), obtained on polycrystalline samples by
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Fig. 4.1 Susceptibility of single-crystalline UPtj; a-axis (o),
b-axls (A) and c-axis (+) (after Frings et al.1983).

Schneider and Laubschat (1981) and Frings et al. (unpublished), respec-

tively, fall well in between the data for the basal plane and c-axis. The

differences between the absolute ^-values f°r various polycrystalline sam-

ples can mainly be attributed to the presence of crystallites with pre-

ferred orientations. A Curie-Weiss analysis of the data, for a field

direction in the basal plane and along the hexagonal axis, in the tempera-

ture range 50-250 K, results in a value for ji of 2.6±0.2 ̂ /U-atom, for

both field directions. The paramagnetic Curie-temperature amounts to -50

and -170K for the basal plane and hexagonal axis, respectively.

The large uncertainty in (i „ makes it difficult to interpret. Applying
1

Hund's rules the value of 2.6 \i /U-atom is close to the value for a full f

(u. ,, = 2.54 u_/U-atom), a quenched f (2.83 u_/U-atom) or a full
-err B T

f (2.68 (i^/U-atom) configuration. Besides, small deviations from the

Curie-Weiss behaviour, possibly due to crystal-field effects, hamper the

analysis. Nevertheless, the susceptibility data strongly suggest local

moment behaviour at temperatures above 50 K.

From the data in fig. 4.1 it is obvious that UPt is not a simple two-

sublattice antiferromagnet. A complex type of order can not be excluded.

However, in an ac-susceptibility experiment (H<0.2 0e) any sign of an ano-

maly near 17K was lacking. As we shall show in the next section, the ther-

mal properties provide strong evidence for spin fluctuations. In that

respect the maximum in ^ might be explained as a spin-fluctuation

phenomenon, conform eq.(2.5).
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4.3 Thermal properties

4.3.1 Specific heat

The normal-state specific heat of an unannealed Czochralski-grown

single-crystalline sample (de Visser et al. 1984aSb), and data taken on a

polycrystalline sample (Frings et al. 1983), are shown in a plot of c vs T,

for T < 20 K, in fig. 4.2. In fig. 4.3 we plot the data as c/T vs T , which

shows that a description with a linear and cubic term is far from appropri-

ate. The large y-value of 422 mJ/K molU, obtained from an extrapolation to

OK, illustrates the heavy-fermion behaviour.

The field-effect on the specific heat is small. For the polycrystalline

sample it is in the order of 1±1 % at 5T (fig. 4.3). Data taken on the

single-crystalline sample, with a field of 5T applied along the a and c-

axis, for temperatures below 5.5 K, are shown in fig. 4.4.

At low temperatures the normal-state specific heat of UPt obeys the

relationship

c = y*T + P p hT
3 + 6T3ln(T/T*) (4.1).

3 *

The presence of a T ln(T/T )-contribution to c strongly evidences the pres-

ence of spin-fluctuations (see sections 2.2 and 2.3). However, before

presenting details of such an analysis, other possible contributions to c

need to be considered. First we stress that no sign of long-range antlfer-

romagnetic order is found near 17 K, the temperature at which the maximum In

X is observed. Crystal-field contributions to c, in the investigated tem-

perature range, can be excluded, since no Schottky-type of anomaly is

observed. Local magnetic moments (due to the presence of impurities) in an

internal field can give rise to an upturn in c/T at low temperatures. How-

ever, in that case one would expect an external field of 5T clearly to

influence the specific heat, which is apparently not the case. The possi-

bility that the low-temperature upturn is due to details of the band struc-

ture can be discarded as well. The anomalous Increase in c/T below ~ 1 0 K

suggests a huge narrow peak in the density of states. Of course, the

effect of a magnetic field of 5T on such a narrow structure would be enor-

mous. If one, with a specific-heat experiment, would only probe the band

structure, the data with and without field would largely differ, which is

not the case. To conclude: contributions to c from long-range magnetic
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Fig. 4.2 Specific heat of single (o) and poly (•) crystalline
(squares taken from Frings et al. 1983).
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Fig. 4.4 Specific heat of single-crystalline UPt3 at 0 field (o)
and in a field of 5T directed along the a (+) and c-axis (£).

order, crystal-field effects, magnetic impurities and band-structure

effects are absent. Given the appropriateness of eq.(4.1) to describe the

low-temperature specific heat of UPt,, we analyse the data in a spin-

fluctuation model.

Similar specific-heat curves have been observed for the compounds UA1

(Trainor et al. 1975), TIBe (Stewart et al. 1982) and UCo2 (Frings and

Franse 1985a). However, in these compounds the low-temperature upturns in

c/T are less pronounced: the y-values amount to 143, 56 and 35 mJ/K molU,
3 *

respectively. Due to the presence of the T ln(T/T )-term, in combination

with anomalies in magnetization and susceptibility curves, these materials

are labeled as spin-fluctuation compounds. The specific heat of these

materials has been analysed In the paramagnon model (Doniach and

Engelsberg 1966, Brinkman and Engelsberg 1968). In the case of UPt , we

concentrate, in this chapter, on the Fermi liquid analysis (Coffey and

Pethick 1986), as outlined in section 2.3. Hereto, we have performed a

least-squares fit to the specific-heat of single-crystalline UPt,, for

several temperature intervals, employing the relation:

c
- = y

(4.2).

The coefficients deduced from these fits are listed in table 4.1. The

values for the coefficients in eq.(4.2) do not differ much for the
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Table 4.1 Coefficients derived from a 3-parameter fit to the specific heat
of UPt3 according to eq.(4.2).

Interval

(K)

1.4-20

1 .4-15

1 .4-10

6 -10

8 -20

1.2-17

3 -17

0.5-20

0.5-18

0.5- 4

1.2-20#

1.2-10*

*
Y

(mJ/K2molU)

422

423

421

424

413

422

452

422

429

426

424

418

(mJ/K molU)

-3.72

-3.80

-3.53

-3.78

-3.45

-4.18

-6.42

-4.24

-5.04

-6.92

-3.44

-2.77

6

(mJ/K4molU)

1 .38

1.41

1 .30

1.40

1.30

1.54

2.25

1.60

1 .90

3.22

0.97

0.72

Reference

a

a

a

a

a

b,c

d

e

e,f

e

g

g

"Fit to phonon corrected specific heat.
a) de Visser et al.1984ab; b) Frings and Franse 1985a; c) Frings 1984;
d) Stewart 1984; e) Brodale et al.1986; f) Coffey and Pethick 1986; g) de
Visser et al. 1986a.

different temperature Intervals, indicating that eq.(4.2) gives a proper

description of the low-temperature specific heat. The fit performed in the

temperature range 1.2-2OK follows all 85 data points to within 1% (see

fig. 4.5). The results agree fairly well with a similar fit on polycrystal-

line UPt (Frings and Franse 1985a). Coefficients derived from fits to the

specific-heat data obtained by Stewart (1984) and Brodale et al. (1986) are

listed in table 4.1 as well. In the following paragraphs we focus on the

physical parameters that can be deduced from -y , p and 6.

The y -value enables us to determine the effective mass, m , of the

Interacting electrons (eq.(2.30)), provided the Fermi wave number, k , is

known. We assume the Fermi surface to be spherical (this Is probably a
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0.0
400

Fig. 4.5 Measured (o), calculated phonon (A, after Renker et
al. 1986) and phonon-corrected (•) specific heat of UPt3- The
solid and dotted lines represent 3-parameter fits to the measured
(fit la) and phonon-corrected (fit H a ) specific heat, with
coefficients listed in table 4.2.

rather crude assumption, see also p.72). In that cjse the value for W^ can

be obtained from an analysis of the temperature derivative of the upper

critical field (-4.4 T/K) that will be presented in the next chapter, and

amounts to 1.06 A . The Fermi wave number can also be deduced from confl-

gurational arguments:

,3TI Z 1/3 (4.3),

where Z is the number of heavy electrons per unit cell volume (R) that take

part in the formation of the electron liquid. With Z = 6 (3 f-electrons per
3

U-atom, 2 U-atoms per unit cell), and Q= 140.9 A , we calculate the

corresponding value for k of 1.08 A . Notice that in the Fermi liquid

description the electrons in the interacting and non-interacting system are

described by one and the same Fermi wave number. With the y~value of

422mJ/KmolU and k.f = 1 .06 R~' , we obtain the large effective mass

m*/m =3ii2Y*/(k^kl:,V in ) = 180, the Fermi temperature T ="fc2kj;/2k m* = 275 K
e D r M e A ^ r r D

and the Fermi velocity v =~hk_/m =6800 m/s. The renormalization of the
F F

effective mass by a factor of ~200, leading to the low values for T and
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v , is a characteristic feature for the heavy-fermion compounds.
3 *

The coefficient of the T -term is given by p = p + p , where (3

represents the usual phonon coefficient, and (3 =-61nT represents the

3 * -Psf / 6

contribution from spin fluctuations to the T -term. T = e is a

characteristic temperature, which is often called the spin-fluctuation tem-

perature. Mathematically it is the temperature at which the
3 3

6T inT-contribution and the (3 fT -contribution to the specific heat are

equal, but opposite in sign. The phonon contribution to the specific heat,

in a first approximation given by c , = (3 T (T « Q ) , is commonly

obtained by measuring a non-magnetic analog of the compound one is

interested in. Unfortunately, no information on a non-magnetic analog of

UPt is available. From the published phase diagrams the existence of, for

instance, ThPt- is not clear. Nevertheless, two groups performed XPS-

measurements on a ThPt sample, but gave no details about its structure

(Schneider and Laubschat 1981, Gunnarsson et al. 1985). Frings(1984)
4

estimated 8 , at 0.85mJ/K moll) (0 = 2 1 0 K ) , a value derived from a two-
pn u

parameter fit to the specific heat of a polycrystalline UPt. sample, in the
2

temperature range 9-15K (with y = 225 mJ/K molU). This value for B nicely
agrees with the one we deduced from sound velocity measurements at room

i t,
temperature: 0.76 mJ/K molU (0 = 217K). With 6 , = 0.85 mJ/K molU and the

coefficients p and 6 from the fit in the temperature range 1.2-20K (see

table 4.1), we calculate S , = -4.57 mJ/K4molU and T* = 27 K.
s t 3 *

The coefficient of the T ln(T/T )-term can be expressed as

6 = 37t T BS/(10T ) (eq.(2.47)), where BS can be written as a function of the
9. 3

A = 0 antisymmetric Landau scattering amplitude A . The parameter A will

play an important role in discussing the nature of the superconducting

state (chapter 5 ) . Following the procedure outlined in section 2.3, we cal-

culate successively B S = 83.74 (eq.(2.47)), A a = -3.71 (eq.(2.49)),
Fa = Aa(1 - A a ) - 1 =-0.788 and S = (m*/m)O + F a ) - 1 = 849. The cut-off parame-
o o o o

ter, q , can be calculated from eq.(2.50), where Y(F ) can be read from

fig. 2.3: q =7.40. Finally, we calculate T = 94 K (eq.(2.45)) and n=1.57

(eq.(2.46)). These results, together with rather similar values, deduced

from a fit in the temperature range 1.2-10K, are summarized in table 4.2.

The cut-off parameter, q =q /p Is rather large. Remember that In order
c c f + +

p .

large value for q Implies that scattering processes over a large part of

the Fermi surface contribute to the quasiparticle energy. The value for
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Tabel4.2 Coefficients of 3-parameter fits to the measured (I) and
phonon (II) corrected specific heat of OPt3, conform eq.(4.2), and various

j parameters derived in a Fermi-liquid analysis, employing kp = 1.06A~1; y* in
J units of raJ/K2molU and p*, ppn> f3sf and 6 In units of mj/K

AmolU.

Fit

la

Ib

Ila

lib

Fit

la

Ib

Ila

lib

Interval

1

1

1

1 ,

.2-20 K

.2-10K

.2-20K

,2-IOK

*
m
(m )
e

180

180

181

179

TF
(K)

275

276

274

278

*
Y

422

421

424

418

T*

(K)

27

29

35

48

f

-3.

-3.

-3.

-2.

B

83.

79.

57.

44.

I*

.72

.53

,44

,77

s

74

45

73

71

0.85

0.85

-

-

Aa

o

-3.71

-3.64

-3.24

-2.95

PBf

-4.57

-4.38

-3.44

-2.77

Fa

0

-0.788

-0.785

-0.764

-0.747

6

1.38

1 .30

0.97

0.72

S

849

837

767

708

0.

0.

0.

0.

0

168

168

170

172

1

1

1

1

.40

.46

.61

.98

S=%/x =849, as calculated from the specific heat, represents the suscep-

tibility of the Interdicting system over that of the non-interacting system.

With this value we calculate a temperature independent susceptibility
-9 3

X" 342x10 m /molU, using eq.(2.27). A direct comparison with experiment

is hampered since the measured x ^s n o t Pauli-like. Furthermore, the

observed anisotropy In x complicates the analysis. Yet, a mean value for
-9 3 2 1

X" 90x10 m /molU at 1 K, assuming x~~X %, + T X > *s considerably lower
3 a, b 3 c

than the calculated value. However, Pethick and Pines (1986) argue that, as

a result of spin-orbit coupling, the effective moment u of a heavy elec-

tron may not be equal to the free-electron Bohr magneton. In addition

there can be non-quasiparticle contributions to the susceptibility, and

consequently the measurements of x f°r heavy-fermion systems do not give

direct information about the Landau contribution. In order to let the cal-

culated and the measured x coincide, one needs to replace u^ by

|i =0.51 uR in eq.(2.27). The value for this effective moment largely
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differs from the value derived from the Curie-Weiss analysis at high tem-

peratures, \i , = 2.6 u./U-atom. However, these effective moments arise

from different models and therefore their relation is not quite clear.

At this point we want to stress that, in order to derive the various

parameters in the Fermi liquid analysis, we assumed a spherical Fermi sur-

face. As the physical properties of UPt are strongly anisotropic, this is

certainly a crude approximation. However, the effect of anisotropy on the

Landau parameters is probably small (Pethick and Pines 1986). For instance,

since the deduced average value for F is large and negative, one needs

only a comparatively small anisotropy in F , in order to account for the

large anisotropy in the susceptibility (eq.(2.27)). We also emphasize that

this analysis is rather insensitive to the exact choice of k . A consider-
_1 F

able variation in the value for k (= 1.1 A ) , for instance 30 2, does not

qualitatively alter the results derived in the Fermi liquid analysis.

Recently, inelastic neutron-scattering experiments enabled Renker et

al. (1986) to measure the phonon-denslty of states and hence to calculate

the lattice contribution to the specific heat in a more sophisticated way.

At temperatures between 9 and approximately 20 K the Debye temperature

amounts to 200 K (close to the value we quoted above), whereas below 9K the

lattice hardens and 0 gradually increases up to a value of 320 K at IK.

The lattice contribution and the electronic contribution after correcting

for the lattice are shown in fig. 4.5. This figure illustrates that the

c/T-value for the electronic specific heat is only reduced by a factor of 2

at ~ 2 0 K , with respect to the value at OK. The entropy is large:

S - ~Rln2 up to 20 K. The coefficients of a fit to the purely electronic
e i *

specific heat (de Visser et al. 1986a), employing eq.(4.2) with p = p , are

listed in table 4.1, for two different temperature intervals. This fit has

the same quality as the fit to the non-phonon corrected specific heat, as

can be seen in fig. 4.5. An important difference is the 30% smaller 6-

value. The various parameters deduced in the Fermi liquid analysis, listed

in table 4.2, yield, however, similar conclusions.

Up to now we nave neglected the possibility that the electron-phonon
3

Interaction may lead as well to a T lnT-contributlon to the specific heat.

Coffey and Pethick (1986) pointed out that this contribution is of opposite

sign compared to the T lnT—contribution from spin fluctuations. Further-

more, they demonstrated that the ratio of the coefficients of the
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T lnT-contribution coming from the electron-phonon interaction to that com-

ing from spin fluctuations is less than 0.03\ . for UPt_. Since A . i s
e-pn 3 e-ph

of the order of 2 or less for normal metals, the electron-phonon contribu-

tion to the T lnT-term may be neglected.

A model that accounts for the field-effect on the specific heat is at

present not available. However, it is interesting to compare qualitatively

the field-effect on c/T (or y in the low-temperature limit) with the sus-

ceptibility, applying the thermodynamic relationship:

<> <••*>•

Given the susceptibility data on the single-crystalline sample (fig. 4.1),
c c c

one expects a positive A ^ = -IjKH)-^0), at low temperatures, for a field

direction In the basal plane and a (small) negative A(c/T) for a field

along the c-axis. Our specific-heat data, taken in a field of 5T, reveal

hardly any field-effect on c/T (fig. 4.4). Stewart et al. (1984e) measured

the specific heat of a single-crystalline sample, in the temperature range

2-17 K, with a field of 11 T applied in the basal plane. These authors

observed a 10% increase in c/T at 2K, a crossing of the field and zero-

field curve at about 6K, and a negative field-effect on c/T of 6% at 17 K.

Brodale et al. (1986) observed a nearly constant positive A(c/T) {IX at IK)

in a field of 8T in the temperature range 0.3-4 K. Applying eq.(4.4) this
2

corresponds to %*"! , as expected in the low-temperature limit in the

paramagnon model (eq.(2.5)). A precise analysis of the measured x> * n

order to look for a T -term, Is troublesome, due to the large anisotropy.

Data taken below 1.2K, on the same polycrystalline sample as described in

fig. 4.3, reveal a small positive A(c/T), in a field of IT (Franse et

al. 1985a; see fig. 5.6). However, within the experimental accuracy of ±2%,

data taken at 2, 4 and 8T are identical with the IT results. In summary,

we state that the field-effect on the specific heat is small, and hardly

exceeds the experimental uncertainty. The observed (small) positive A(c/T)

for a field direction in the basal plane, consistent with the susceptibil-

ity data, can be explained as an enhancement of the spin-fluctuation

phenomena in the low-temperature limit, for this particular field direc-

tion.
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4.3.2 Thermal expansion

Thermal expansion measurements in the temperature range 1.4-100K have

been performed on the same single-crystalline sample as the one used for

the specific heat experiments, employing a sensitive three-terminal capaci-

tance method (de Visser et al. 1985). Hereto the sample was shaped Into a

5x5x5 mm cube, with pairwise planparallel surfaces. Data were gathered

stepwise: below 15 K each temperature step (=0.3K) was made three times,

i.e. up, down and up again, whereas above 15 K only steps upwards (up to

3 K) were made. The relative accuracy in the results decreased with

increasing temperature, due to small temperature gradients over the cell,

and is limited to 3x10 K in a near 100 K. The thermal expansion

results, obtained in several runs, are presented in fig. 4.6 and, in some

more detail, in fig. 4.7, plotted as a = L (dL/dT) vs T. The thermal expan-

sion of UPt is strongly anisotropic. The volume expansion is obtained by

summing the data for the three crystallographic directions: a = a + a, + a •

Hereto the curves for a , a, and a have been approximated with a
a b c

10th grade polynomial. In figs 4.6 and 4.7 we plotted a /3 as well. In

fig. 4.8 a ~ a is plotted, illustrating that the maximum anisotropy in a is

found near 14K. The c/a-ratio as function of temperature, normalized to 1

at 1.4K, is shown in fig. 4.9. Relative length changes, AL/L, with respect

to the length of the sample at 1.4 K, for the basal plane and the hexagonal

axis, are shown in fig. 4.10. The length changes have been calculated from

the areas below the appropriate a vs T curves. The relative change in

volume was calculated from (AV/V) = (AL/L) +(AL/L), +(AL/L) .
a b c

In fig. 4.11 and 4.12 we present data for polycrystalline UPt , UPt ,

UPt (de Visser and Franse1985) and UA1 (de Visser et al. 1985). Compar-

ing the results for single- and polycrystalline UPt we conclude that pre-

ferred orientations were present in the latter sample.
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Fig. 4.6 Coefficient of linear thermal expansion for single-
crystalline UPt3; a (•), b (x) and c (A) axis and av/3 (o).

i
' O O O O O O O O O O O O O O O O O O O O O O O O O O O J

-5 -

-10

Fig. 4.7 Coefficient of linear thermal expansion for single-
crystalline
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Fig. 4.8 Difference between the coefficients of linear thermal
expansion for the basal plane and for the hexagonal axis of

Fig. 4.9 The c/a-ratio vs T for UPt3.
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T(K>
Fig. 4.10 Relative length change with respect to 1.4K for single
crystalline UPt3 for the a ( D ) , b (x) and c (A) axis, and 1/3 of
the relative volume change (o).



- 77 -

o

Fig. 4.11 Coefficient of linear thermal expansion for
polycrystalline UPt3 (o), UPt2 ( D ) , UPt5 (A) and UA12 (x).

20 40 60 80 XX)

Fig. 4.12 Relative length change with respect to 1.4K for
polycrystalline UPt3 (o), UPt2 ( O ) , UPt5 (A) and UAlj (x).
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In analysing the results for Wt^, we first remark that the linear

thermal expansion coefficient is strongly anisotroplc. The maximum aniso-

tropy is found at about 14 K, close to the temperature at which the maximum

In the susceptibility is found (17K). This strongly suggests a correlation

between the magnetic and thermal properties: the onset of spin-

fluctuations, confined to the basal plane, causes a relatively large dila-

tation in the basal plane, accompanied by a contraction along the hexagonal

axis. In a plot of the volume expansion, a , a maximum results at TO K

(fig. 4.7). At 100K a reaches a value between 8 and 9x1C~6K~1, which

points to a dominant lattice contribution in this temperature region. In

analogy to the specific heat we plot the thermal expansion data as a/T
2

versus T in fig. 4.13. Notice that the maximum at 10K Is obscured in this

plot. The anomalous behaviour at low temperatures becomes visible as a

pronounced upturn.

In order to relate the volume expansion to the specific heat, usually,

an analysis employing Griineisen parameters is made. Physically meaningful

Grilneisen relations emerge when the entropy, or rather a part of the

entropy S , can be written as S.(T/T.(V)). Here T.(V) Is a (volume depen-
*J J J J

400

Fig. 4.13 (1/3)Ov/T plotted vs T? for single-crystalline UPt3.
The solid and dashed lines represent 3-parameter fits according to
eq.(4.15) In the temperature intervals up to 10 and 20 K,
respectively.
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dent) characteristic temperature of the entropy term, e.g. T or A . The

dimensionless Grilnelsen parameter is defined as (see for instance Brom-

mer 1982):

oS. oS. dlnT.(V)
1 J 1r = v f "M / T f 3.) = - -2- (4.5)

or in terms of the free energy F., with S. = -(9F./8T) :

a2F. a 2
F.

Since

where K = - (1 /V)(dV/9P) is the isothermal compressibility, and

5S. 52F
Cv"T(-8Tl)v"-T(-3lV6T

one may write, dropping the index j:

Va
(4.9).

Such so-called proper Grlineisen parameters can be defined, for instance,

for the linear (electronic) and cubic (phonon) terms In c and a • Writing

a (= ay/3) as

a = y T + PPhT3 (4.10),

<x a

one obtains (in the single band uniform scaling model):

3 Y V M olnT

and (in the Debye model)

3pjfv ainen
r
Ph "Up^--="-5iHr ( 4 - 1 2 > >

where y and p . are given in the appropriate units per mole and V
pn m

represents the molar volume. T and r . amount to — 2 for ordinary metals.
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Iv. the case of UPt , the expression for the specific heat (eq.(4.1)) may

serve as a starting point to derive an expression for the thermal expan-

sion. Applying thermodynamic relations we find

a = y T + BP T + BSfT + 6 T lnT (4.13),
a a a a

with

v = — (QX—) (4.14a)
ya 3V l oP JT i,t.i<,a;,

m

sfl

and

9V ^IF'T 27V
m ni

m

By defining g = pP + p and ps =-6 lnT , we obtain the equivalent ofg p p a p 6

a = y*T + p p hT 3 + 6 T3ln(T/T*) (4.15).

A three-parameter fit to the thermal expansion data hi j not the same qual-

ity as the one for the specific heat, as is illustrated in fig. 4.13. The
* *

coefficients y > ?• a n d 6 have been listed in table 4.3 for temperature

intervals up to 10 and 20 K. Given the relatively large variation in

p and 6 , we conclude that eq.(4.15) may only serve as a first approximate

description of the thermal expansion data.

Thermal expansion and specific heat as function of pressure yield the same

information, as can be seen from eq.(4.14). Recently, the specific heat at

pressures up to 8.9kbar has been measured by Brod.vle et al. (1986). Values

for y , p and 5 , calculated from their 3-parameter fits to the specific

heat, have been listed in table 4.3, as well. In vif t of the variation of

the coefficients with the temperature interval for which the fit is made,

the internal consistency of the two experiments is not as excellent as has

been suggested by Pethick et al. (1986).
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Table 4.3 Coefficients from a 3-parameter fit to eq.(4.15) for the thermal
expansion (av/3) of UPt3, and coefficients calculated from the c(P) data
(Brodale et al. 1986), employing eq.(4.14).

Fit

Fit

Calc.

Calc.

Interval

(K)

1.4-20

1 .4-10

0.5-20

0.5-18

*
Y a

(10~6K~2)

1 .08

1 .16

0.87

1.06

00-%-*)

-1.77

-2.90

-1 .2

-1 .9

(10"9K~4)

5.27

9.88

3.8

6.4

The Grtineisen parameter for the enhanced linear term is given by

* 3Y V

<Y

and amounts to the huge value of 68 at IK (ic = 0.48Mbar ) . This illus-

trates the sensitivity of T with respect to the volume. Mutatis mutandis
.. F * 3 3

one may define Gruneisen parameters for the 8 T and 6 T lnT-term. How-

ever, these are improper Gruneisen parameters, without a significant physi-

cal interpretation. We calculate from the fit parameters in the tempera-

ture range up to 20 K: r =101 and r * = 126. In order to calculate T we

write 8 = BP + 8 S = 6sf = -6 lnT , since BP is at least two orders of
<x K<x Fa Koc ̂  a a' ^ Ka

magnitude smaller than 6 . We derive T =29K.
a a

Liithi (1985) stresses the importance of electron-phonon coupling in the

heavy-fermion systems: the electron states are influenced by a coupling of

the band electrons to the elastic waves (strains). In the so-called defor-

mation potential model, Luthi is able to interrelate the specific heat,

thermal expansion and elastic constants. In this way the thermal expansion

of UPt, can be understood as due to a certain density of electron states.

In a two-band model, with band widths of ~30 and ~50K, Lu'thi is able,

using the experimental data for the specific heat and elastic constants, to

account, at least qualitatively, for the thermal expansion data (see also

Yoshizawa et al. 1986). The model needs two bands in order to account for
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the extrema in the thermal expansion. Their physical meaning remains, how-

ever, somewhat unclear.

In the last part of this section we compare the results for UPt with

thermal expansion measurements on UPt , UPt and UA1 . In a plot of
2 2 5 2

a/T vs T (fig. 4.14) deviations from a linear behaviour become visible at

low temperatures. These anomalies are found in the specific heat as well,

and are ascribed to spin-fluctuation effects (Frings 1984). In orthorhombic

UPt,, this contribution might be obscured due to crystallites with preferred

orientations. The unenhanced coefficients from two-parameter fits conform

eq.(A.lO) (see solid lines in fig. 4.14), for UPt and UPt in the tempera-
2 2 5

ture range 50 < T < 250 K , and for UA12 in the temperature range

150 < T < 400K , have been collected in table 4.4. The enhanced coeffi-

cients are listed as well. Data for UPt have been taken from Kamma et

al. (1983). By comparing the thermal expansion data with specific heat data

on the same samples (except In the case of UPt,,) values for r . V and r
2 e ph e

have been derived. Hereto we estimated < from an interpolation between the

values for U (0.99 Mbar ) and Pt (0.38 Mbar" 1), encouraged by the estimated

(0.53 Mbar ) and experimental (0.48 Mbar ) value for UPt . The resulting

r -values are larger than for ordinary metals, giving rise to the question

200

T 2 (K2)
Fig. 4.14 a/T plotted vs T 2 for UPt2 ( O ) , UPt5 (A) and UA12 (x).
The solid lines represent 2-parameter fits conform eq.(4.10).
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Table 4.4 Coefficients from 2-parameter fits to a and c, enhanced linear
coefficients, and the corresponding Griineisen parameters for UPt,
UPt3, UPt5 and UA12-

Parameter

ra
Y

re

*

y*
*

r
e
ga
P
rph

K

V
m

Units

io"V2

mJ/K2
mol0

io"V2

mJ/K2molU

10-10K-*

mJ/K molU

10-1'm
2/N

10-5
m
3/molU

UPt3

5.6

100

6.4

-

0.55

1 .4

0.4

0.69+

2.66

UP

11

75

25

12.

89

24

0.

1 .

1 .

0.

3.

4

71

03

2

58+

36

UPt

-

-

-

108

422

68

0.

0.

= 2

0.

4.

-3

32*

85

48

24

UPt

0.8

24

13

1.8

95

7.3

2.3

4.2

2.1

0.48+

6.15

UA

14

52

21

33

133

20

0

0

0

1

3

.0

.72

.65

.9

.35b

.59

^Calculated with Tph = 2.

''"Estimated value.

a)Kamma et al. 1983; b) Itie et al. 1986.

whether the intersections of the solid lines in fig. 4.14 and the ordinate

indeed represent the coefficients of the unenhanced linear terms. The
*

large f -values are indicative for the relatively high density of states in

these compounds. The r .-values are relatively small. Unfortunately, for

none of these compounds thermal expansion data on non-magnetic analogs are

available. Therefore, a more thorough analysis of the various contribu-

tions to the thermal expansion is, at this moment, not possible.



4.4 Elastic properties

Crystals with hexagonal symmetry -such as UPt - require five indepen-

dent elastic constants to specify the relationships between stresses and

strains. In terms of stiffness coefficients, they may be listed as

c , c , c..,, c and c , . These five quantities can be determined by

sending ultrasonic waves through properly oriented crystal specimens and

measuring the wave velocities, which depend on the elastic constants and

the density. Obviously, at least five measurements must be made for hexag-

onal crystals. Relations between wave velocities and elastic constants can

be found in e.g. Mason (1958).

TP order to determine the five independent elastic constants at room tem-

perature (de Visser et al. 1985), we followed the approach of McSki-

min(1955). For these measurements we used conventional ultrasonic equip-

ment, with quartz transducers tuned at 20 MHz (longitudinal waves) and 5 MHz

(transversal waves). Two single-crystalline samples, from the same batch

as prepared for the thermal expansion sample, were machined into the proper

shp.pe, by means of spark erosion. One specimen (I) served for propagation

directions along the c-axis (1 = 7 mm) and b-axis (1 = 5 mm). The other

specimen (II) was shaped for a propagation direction (b') at 45 between

the b and c-axis, but perpendicular to the a-axis (1 = 2 mm). The measured

sound velocities are listed in table 4.5, together with the formulae for

the elastic constants and the derived values. From the velocities v ...v ,

measured on sample I, c , c , c,3 and c , could be obtained. The other

sample (II) served to derive c , • For the calculation of c ~, from a com-

bination of v, , v., v_ and v,. or v,, or from a combination of

1 2 3 o /
v,, v , v and v, we refer to McSkimin (1955). V served as a cross check.
3 5 6 7 8 4 3

The c -values are based on the calculated density p= 1.940x10 kg/m . The

accuracy in the c -values is 1 X, except for c , in which case it is 3%.

The elastic constants enable us to calculate the compressibility, K- The

linear compressibilities in the basal plane, K , and along the hexagonal
SL

axis, K , are given by
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Table 4.5 Sound velocities and elastic constants of UPtj at room
temperature. ĉ 2 = ^ .421 Mbar as follows from a combination of c-| ] and egg.
The c^-values are based on the density p = 1 .940x10'* kg/m3.

Sam-

ple

I

I

I

I

I

II

II

II

Type

mode

long.

shear

long.

shear

shear

quasi

quasi

shear

Direction of

propagation

c

c

b

b

b

long. b

shear b

b

Direction of

particle motion

c

in ab-plane

b

a

c

b

c

a =a

Velocity

(m/s)

v = 3860

v2=1385

v = 3993

v = 2076

v =1388

v =3754

vy= 1827

v8=1753

Elastic constant

(Mbar)

c33= pv
2= 2.891

c44=pv|= 0.372

c = pv2= 3.093

c66=l(cn-cl2)

= pv|= 0.836

2

cn= 1.732

c n- 1.695 2

and

_ J_ d£
Kc c dP

- 2 C
1 3

+ C n + C
1 2

c33< C11+ C12 )-2 c13

The volume compressibility is given by

1 dV ,
~ V d? " 2 Ka

A small anisotropy is observed: K =0.164Mbar
3

— 1

(4 .18) .

( 4 . 1 9 ) .

and K =0 .151 Mbar
C

Therefore, at applying pressure on UPt , a relative increase in the

c/a-ratio dln(c/a)/dp = K - K =0.013 Mbar is expected. The volume
C a -1

compressibility amounts to 0.479 Mbar , which fits nicely In between the

values for uranium, 0.99 Mbar , and platinum, 0.38 Mbar . Finally, the

Debye temperature, 0 , has been determined from the elastic constants.

This may be accomplished by Integrating the sound velocities (or elastic

constants) over all crystallographic directions (see e.g. Alersl965). The

resulting value equals 217 K.

Yoshizawa et al. (1985) have measured the temperature dependence of

c ,, c,,, c. 1 and c,, from 1 up to 600K. These data, shown in fig. 4.15,
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JlTable 4.6 Elastic constants of UPt3 in Mbar (=10 N/ra2); c-|2 I s calculated
from a combination of egg and ĉ i (see table 4.5).

Reference T(K)
"11 "12 "33

de Visser et al.1985 300 3.093 1.421 1.718 2.891 0.372 0.836

Yoshizawa et al.1985 300 3.174 1.390 - 2.872 0.378 0.892

Yoshizawa et al.1985 1 3.206 1.351 2.929 0.385 0.928

Table 4.7 Compressibility of VFtj in Mbar- 1

Reference T(K)

de Visser et a l . 1985 300 0.164 0.151

Yoshizawa et a l . 1985 300 0.160 0.157

Yoshizawa et a l . 1985 1 0.163 0.151

0.479

0.477

0.476

293

29.0

2B5

E
" 28.1
P <IO"
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\
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\

4 0 0 T(K)

a

600

b

...
400 , 600

T (K)
0 200 400 T ( K , 600 0 200

Fig. 4.15 Elastic constants of UPt3 (after Yoshizawa et al. 1985)
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clearly reveal low-temperature anomalies of 0.03-1.1 Z in c , for all modes

for T < 50 K. The longitudinal modes (c and c ,) show an upturn, whereas

the transversal modes (c. and c,.) pass through a maximum. These
44 oo

anomalies are related to the deformation potential coupling, as mentioned

in the previous section. In table 4.6 we compare our results with the data

of Yoshizawa et al. (1985) at 300 K and IK. The agreement Is reasonable.

Assuming that one of the elastic constants, c , (not measured by Yoshizawa

et al.) is temperature Independent, we calculated <, K and < at 300K and

1 K from the data of Yoshtzawa et al. The results are listed in table 4.7.

No significant temperature dependence for the compressibility is found.

Allowing for a 5% variation with temperature In c yields the same conclu-

sion. Recently, Benedict et al. (1986) have determined the compressibility

of UPt from X-ray patterns, taken in an diamond anvil cell at pressures up

to 500 kbar. These authors obtained an initial slope, K ~ 0.5Mbar , In

good agreement with our result.

4.5 Transport properties

4.5.1 Electrical resistivity

The electrical resistivity of Czochralski-grown single-crystalline

UPt, (de Visser et al. 1984c) has been measured on three cylindrical samples

(diameter = 1 .5 mm, length = 6 mm), that have been spark eroded along the a, b

and c-axis out of one large crystal. The results, obtained on unannealed

specimens, in the temperature range 1.3-300 K, are shown In fig. 4.16, as

smooth lines through the data points. The resistivity Is strongly anlso-

tropic. Data taken along the a and b-axis show no significant difference,

within the experimental accuracy (the absolute and relative accuracy amount

to 7% and 0.1 %, respectively). All runs were taken with increasing and

decreasing temperature; no hysteresis effects were observed. The

p -values, determined from an extrapolation to OK, are 7.2, 7.2 and

3.6 laQcm for the a, b and c-ax'.s, respectively; residual resistance ratio's,

RRR = p(300 K)/p , amount to 33, 33 and 37, respectively. After annealing,

the po~values decreased to 6.2, 3.0 and 1.7nQcm, leading to RRR's of 38, 79

and 78, respectively. The differences in p -values, possibly due to small

deviations from stoichiometry, might be Introduced by cutting the samples

from different parts of the single-crystalline batch. In the low-
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250

200-

Fig. 4.16 Electrical resistivity vs temperature for unannealed
Czochralski-grown V?t^ for current directions as Indicated.

Fig. 4.17 Electrical resistivity for annealed Czochralski-grown
UPt3 for T < 1 0 K ; a (o), b ( d ) and c (A) axis (dashed lines
represent data taken in a ^He-cryostat).

Fig. 4.18 Double logarithmic plot of p - p o for annealed UPt3. The
solid lines denote a T^-temperature dependence.
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temperature regime, the resistivity is strongly temperature dependent, as

can be seen in more detail in fig. 4.17. At 4.2 K the p-values amount to

28.2, 24.1 and 11.1 (iScm for the a, b and c-axis, respectively. The super-

conducting transition temperature equals 0.48 K. In fig. 4.18 we present

the low-temperature data on a double logarithmic scale.

The resistivity curve for a polycrystalline QPt sample nearly coincides

with the curves along the a and b-axis, indicating that crystallites with

preferred orientations are present. The crystallites are mainly oriented

with the c-axis perpendicular to the cylinder axis. This was confirmed by

magnetization measurements on this sample and further supported by the

orientations of the grains studied under a light microscope. The p -value

of this sample amounts to 5 (jQcro and the RRR equals 48.

Resistivity data taken on an unannealed single-crystalline whisker (Franse

et al. 1985b), with the current along the c-axis, are shown in fig. 4.19.

The whisker dimensions are approximately: 20 pm(a-axis)x40

axis)x1000 um(c-axis). The p -value amounts to 2.2 jiQcm, the RRR equals 66.

The uncertainty in the resistivity value due to the geometrical factor Is,

for this particular whisker, estimated at ±10%. The low-temperature data
2

are presented in a plot of p vs T in fig. 4.20.

0 XX) 200

T(K)
Fig. 4.19 Electrical resistivity vs temperature for an unannealed
UPt3 whisker (current along the c-axis).

Fig. 4.20 Electrical resistivity vs T z for an unannealed
whisker.
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200

150-

100 200 300

Fig. 4.21 Electr ical r e s i s t iv i ty vs temperature for UPt, TPt2 and
UPt5.

p-p. i o r

10 20
- » - T[K)

Fig. 4.22 Electrical resistivity of polycrystalline UPt2 ( D ) ,
(o) and UPt5 (A) (dashed lines represent data taken In a

cryostat).

Fig. 4.23 Double logarithmic plot of p - po for UPt2 and l)Pt5. The
solid lines denote a "H-temperature dependence.
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The electrical resistivity of polycrystal line L'Pt, L'Pc and UPt Is

shown in fig. 4.21. In fig. 4.22 we present low-temperature data for

polycrystal line L'Pt , L'Pt and UPt . For L'Pt, L'Pt and UPt the e -values

amount to 34, 11.2 and 25.7 uQcm, and the RRR's to T.5, 14 and 5.6, respec-

tively. In fig. 4.23 the low-temperature data for UPt and UPt are plotted

on a double logarithmic scale.

The resistivity of UPt displays a type of curve that is characteris-

tic for many actlnide compounds (Brodsky et al. 1974): a sharp rise at low

temperatures Is followed by a negative curvature towards the temperature
2 2

,.xls (i.e. P> p/tVr < 0) and a tendency to saturate at large values In the

room-temperature region. In general, the overall large electrical resis-

tivities in the actinides are ascribed to strong scattering of the conduc-

tion electrons by the spin fluctuations of the 5f-electrons. In this

sense, raising temperature increases the amount of excitation in the spin-

fluctuation spectrum and, hence, the effective scattering. Saturation

occurs in the room-temperature region, where the mean free path of the

electrons becomes of the order of the interatomic distance.

It is not quite clear how far this situation holds for L'Pt . The resis-

tivities of all other heavy-fermion systems reveal a Kondo-lattice

behaviour: at low temperatures correlations between the Kondo-scatterlng

centers cause a drastic drop of the resistivity (coherence). In the same

way, one might think the drop in the resistivity of UPt to be caused by

the onset of correlations between the scattering centers. To what extent

Kondo screening plays a role in UPt is still an open question. Given the

absence of a Kondo minimum below room temperature, the Kondo temperature

will at least be several hundred Kelvin. The electron-phonon scattering

term in the resistivity is assumed to be negligible at low temperatures,

whereas this term will only play a minor role at high temperatures. This

is supported by comparing data on UPt and non-magnetic ThPt, for which com-

pounds p(300 K) amounts to 120 and 25 uQcm, respectively (Hill and

Elliott 1971).

As mentioned in section 2.2, according to the paramagnon model the
2

resistivity of a spin-fluctuation system varies as T , at low temperatures.

A T -law is also expected in a Fermi liquid description, as follows

directly from Fermi-Dirac statistics. In a double logarithmic plot of the

resistivity data (fig. 4.18), we observe that, possibly, in the low-



temperature limit, a T -law is present. The coefficient A of this terra is
2

estimated at 1.6 and 0.7uQcm/K , for the basal-plane and hexagonal axis,
2

respectively. A plot of p vs T"" for the whisker (fig. 4.20) reveals a
•> 9

T"-term below 2K, yielding A = 0.58 jiQcm/K" (c-axls). These A-values are at

least two orders of magnitude larger than for ordinary metals.

The characteristic change to a negative curvature of the resistivity curve

towards the temperature axis, is clearly reflected by a peak in a plot of

dp/dT versus T (see fig. 4.24). The temperature derivative has a maximum .it

6.5 K for the basal plane directions and at 7. S K for the hexagonal axis.

The temperature at which the maximum occurs is assumed to be proportional

to the spin-fluctuation temperature. At room temperature the resistivity

becomes saturated. The maximum (or saturation) in the resistivity of the

heavy-fermion compounds is often used to estimate the number of conduction

electrons per atom, 7. , and their Fermi wave number. According to

Friedel(1958), the maximum in the resistivity, duo to Incoherent scattering

of the conduction electrons at the uranium atoms, ran be written as:

2(2.+1)hx
(4.20).

Here the orbital quantum number of f-electrons < = 1, x (= 1/4) is the con-

centration of scattering centers and k =(3- 7. I:, ) , where =17.6 .'. is
F a a a

100

Fig. 4.24 Temperature derivative of the resistivity of uranium-
platinum compounds vs T.
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the mean volume per atom. Assuming a spherical Fermi surface and a mean

value for p = 200 jiPcm, we derive Z = 2.7 and k = 1.66 A . However,

this Implies 10.8 conduction electrons per formula unit UPt_, which is a

rather large number (assuming trlvalent U one finds 2.6 conduction elec-

trons per Pt). Therefore, the present estimate of k must not be taken to
1/3

seriously; the order of magnitude is correct. Note that k varies as Z ,

and thus depends only weakly on 7.. The value for k for the conduction
F -1

electron gas must be compared with the value of k = 1.1 A at low tempera-

tures, where the electron gas condenses into a liquid, due to the presence

of the f-electrons. The electronic mean free path is given by 1 =v x,
7 e F

where v ="nk /m, the relaxation time x = m/(pne ) , and n = Z /Q is the
F r a a

number of conduction electrons per unit volume, hence

1 = (421)

With k =1.66 A and p = 200 jiScm we calculate 1 =2.2 A, which shows that

the electronic mean free path is indeed of the order of the interatomic

distance.

Resistivity measurements performed by others are in good agreement

with the results presented above (Wire et al. 1984, Chen et al. 1984a,

Willis et al. 1985, Jaccard et al. 1985a and Kadowaki et al. 1986). Some

characteristic resistivity parameters have been collected in table 4.8.

Data taken in Darmstadt on the same polycrystalline sample as described

above arc shown in figs 4.25 and 4.26, in the temperature regions below

10C0K and 6K, respectively (Franse et al. 1985b). Superconductivity is

observed below 0.48 K, the width of the transition is about 0.1 K. The

detailed behaviour of the polycrystalline specimen below 1 K is shown in the

inset of fig- 4.26. The residual resistivity equals 3.9 uQcm (we obtained

5 uQcm); after an additional annealing p =2.9\iQcm. A quadratic tempera-

ture dependence holds up to 2K, with a coefficient A=1.38^Qcm/K before

annealing and 1.7(iQcni/K thereafter. The high-temperature data confirm the

tendency to saturate as suggested by our results below 300 K. Wire et

al. (1984) performed resistivity measurements up to 1100K with a

transient-pulse-heating technique. Their data reveal a very weak maximum

at ~700K (p(700K)/p(1100K) = 1.03).
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Table 4.8 Some characteristic resistivity parameters for

Specimen

Czochralski a-axis

Czochralski b-axis

Czochralski c-axis

*
Whisker c-axis

Polycrystalline

Polycrystalline

Polycrystalline

Polycrystalline

Flux-grown c-axis

Po
(nfflcm)

6.2

3.0

1.7

2.2

3.9

2.9

0.46

2.2

~0.5

p(300K)

( p.Qcm)

238

238

132

147

200

200

336

236

150

RRR

38

79

78

66

51

69

730

107

300

A

(piBcm/K )

1.6

1.6

0.7

0.58

1.38

1.7

~ 3

2.0

-

Reference

a

a

a

b

c

c

d

e

f

Unannealed.
''After additional annealing.
a) de Vlsser et al. 1984c; b) Franse et al. 1985b; c) Franse et al. 1985a;
d)Jaccard et al. 1985a; e) Kadowaki et al. 1986; f) Chen et al. 1984a.

0 200 400 600 800 1000
T(K)

Fig. 4.25 Resistivity vs temperature up to 1000 K for a
polycrystalline UPt3 sample.
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5 T(K)

Fig. 4.26 Temperature dependence of the resistivity of a
polycrystalline UPt3 sample below 6 K. Inset shows data below 2K
plotted vs T^.

The resistivity of the compounds UPt and UPt display a similar

behaviour as the resistivity of UPt,, although spir.-fluctuation effects are

less pronounced. A "T-law is followed over a somewhat larger temperature

range, as follows from fig. 4.23. The coefficient A takes values of 0.09

and 0.01 |iQcm/K , respectively. The inflection point in the p vs T curve

(fig. 4.24) is found at 26 K for UPt2 and at 30 K for UPt , indicating a much

higher spin-fluctuation temperature than for UPt-. The resistivity of UPt_

displays a weak maximum, around 165 K. The room-temperature values equal

154 and 141 \iQcm for UPt and UPt., respectively. Equi-atomic UPt orders

magnetically below 27 K. This compound reveals a complex magnetic

behaviour, reflected in two magnetic transitions at 27 K and 19 K, leading

to a ferromagnetic arrangement of the magnetic moments below 19 K. The

large resistivity values in the paramagnetic region are ascribed to spin-

disorder scatter. Up to ~10K a T -law is obeyed. A more detailed descrip-

tion of the low-temperature properties of UPt can be found in a paper by

Frings and Franse (1985b).



- 96 -

4.5.2 Thermoelectric power, thermal conductivity and Hall effect

In order to look In some more detail into the transport properties of

UPt , we next discuss thermoelectric power and thermal conductivity meas-

urements performed by the Darmstadt-group on the polycrystalline specimen

(Franse et al.1985b).

Thermoelectric power, S(T), measurements in the temperature range 0.2-350K

are shown in fig. 4.27. The main feature of S(T) is a pronounced positive

peak at T = 8 K. The temperature at which the maximum occurs nearly coin-

cides with T as follows from the temperature derivative of the resls-

max

tivity and can be taken to be proportional to the spin-fluctuation tempera-

ture. S(T) changes sign at T*24K and reaches a nearly constant value of

-11 |iV/K above T -100K, where also the resistivity starts to saturate.

For normal metals, in which the resistivity is governed by elastic scatter-

ing processes, S(T) is proportional to Talno/oE (a is the electrical con-

ductivity) at low temperatures (see e.g. Dugdale 1977). As can be seen in

fig. 4.27 there is a monotonous decrease of S(T) below T-4K, deviating

from a linear behaviour, indicating the presence of inelastic scattering
2

processes. Detailed measurements by Sulpice et al. (1986) revealed S = T

below IK. A theoretical interpretation of this terra is, however, not yet

available.

0 1 2 3 T(K) 0 100 200 T(K)

Fig. 4.27 Thermoelectric power, S, of polycrystalline UPt3 for
T < 5K (a), and for temperatures up to 350K (b).
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T(K)
Fig. 4.28 (a) Thermal conductivity of polycrystalline UPt3 for
temperatures up to 200 K, as measured and as calculated from the
electrical resistivity by applying the Wiedemann-Franz law; (b)
the experimentally determined value for the Lorenz ratio, L(T),
divided by the Sommerfeld value for this ratio, Lo.

lemKJ

T(K)
Fig. 4.29 Thermal conductivity of polycrystalline UPt3 below 6K;
the solid curve represents the Wiedemann-Franz law.

In fig. 4.28 the thermal conductivity, K, is given as a function of

temperature up to 200 K, and compared with the electronic part as calculated

from the measured electrical resistivity, assuming the validity of the

Wiedemann-Franz law. In fig. 4.28b we show the Lorenz ratio, L»Kp/T,

obtained from the measured K(T) and p(T) data. Depending on the tempera-

ture region the Lorenz ratio in pure simple metals is either smaller than,
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100 150 200
Temperature [K ]

250 300

Fig. 4.30 Total Hall effect of UPt3 as measured in a field of 4 T
(after Schoenes and Franse 1986). The inset shows the geometrical
arrangement of the electrodes. The solid lines are fits (see
text). Also shown for comparison are the susceptibility data in
the basal plane.

400

Fig. 4.31 The decomposition of the total Hall effect of UPt3 into
the normal and anomalous part for T > 50 K (after Schoenes and
Franse 1986).
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—8 2 2

or comparable to, L =2.45x10 V /K , i.e. the Sommerfeld value. In sys-

tems with a small electronic mean free path, for example in the presence of

strong electron-paramagnon scattering, phonons can dominate the heat tran-

sport, giving rise to a substantial increase of L above the Sommerfeld

value. Since the phonon conductivity usually has a maximum at (0.1-0.2)0 ,

this leads to a corresponding peak In L(T). In the case of UPt a maximum
value L = 5.5L is found at a temperature T = 24 K, which is slightly

max o max

larger than 0.10 (0 =217K). Because the total heat conductivity is the

sum of an electronic part, K > and a phonon part, K , the measured quantity

L(T) can be expressed by

(4.22),

where L = K p/T is the electronic Lorenz ratio. Since at higher tempera-
tures L should approach L , this analysis shows that K > 4 K at T ,

e o p- e max
which is not unreasonable in view of the already rather short electronic

mean free path, 1 ~ 4 A, as Inferred from the electrical resistivity of

120 (iQcm at this temperature. The phonon mean free path 1 at T can be

calculated from: < =1 v c /3. By inserting the sound velocity,

v =4x10 cm/s (table 4.5), a lattice specific heat c of approximately
^ —1 —3 —1 —1 ^

0.27 JK cm , and K = 22 mWcm K , as calculated from the difference
between the measured K(T) and the calculated K , one derives 1 = 60 A » 1 •

e p e

In fig. 4.29 the low-temperature normal-state heat-conduction data are

displayed in more detail. At ~3K the measured curve and the calculated

curve cross, which shows that the additional phonon contribution (as dis-

cussed above) is present down to ~3K. In the low-temperature range L is
smaller than L by about 8%. An even weaker ratio L/L ~ 0.45 is calcu-

o o

lated from the data by Sulpice et al. (1986), pointing again to the presence

of inelastic scattering processes.

Another transport property that has been investigated for UPt, is the

Hall effect (Schoenes and Franse 1986, Datars et al. 1986, Hadssifi-

Leroux 1986). We concentrate here on the work of Schoenes and Franse. These

authors performed measurements on a single-crystalline specimen In the tem-

perature range 2-300 K. The magnetic field (4 T) was applied along the

b-axis, the current along the a-axis, and the Hall voltage was determined

in the c-direction. The data are shown in fig. 4.30. For temperatures
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above ~ 50 K the temperature dependence of the Hall coefficient, R^, resem-

bles that of the basal-plane susceptibility, which Is also shown in

fig. 4.30. This makes it possible to separate the Hall effect in a normal

part (R ), that allows for the carrier determination, and an anomalous part

(R ), closely related to the magnetism in UPt . To separate the normal

from the anomalous Hall effect, one may write (Hurdl972):

P(J = R QB + ,oMRg (4.23).

For T > 50K we have B=(±H, M= XH, x=C/(T-0), a n d t h e ml1 coefficient

equals

In fig. 4.31 a plot of R (T-0) vs T-0 is shown, with G = -50K, as derived

from the % (T) curve for T < 300 K. From the slope of the solid line,
= —4 3 —1 —1

which represents a fit to the data, a value R "-4.0x10 cm A s results.
o

The negative sign shows that the ordinary Hall effect is dominated by elec-

tron contributions. The value for R (=*-1/ne) corresponds in a one-band
o

model to 1.1 conduction electrons per formula unit (Schoenes and

Franse1986), a value that differs considerably from the crude estimate of

Z = 2.7 per atom, that we deduced from the maximum in the resistivity. Mar-

abelli et al. (1986) performed far-infrared optical reflectivity measure-

ments and derived in a Fermi liquid model Z"1 per formula unit, close to

the value derived by Schoenes and Franse. Z = l corresponds to k=0.75 A ,

which is in reasonable agreement with the value for k of ~ 1. t A that we

used in the Fermi liquid analysis of the specific heat (section 4.3.1).

The Intersection of the straight line in fig. 4.31 with the ordinate gives
3 -1 -1

CR =0.244 cm KA s . With an effective moment of 2.6 uu/V-atom, we com-S 3 -1 -1
pute R »0.97 cm A s , which is ~2500 times larger than R and of oppo-

s o

site sign. The anomalous Hall effect is attributed to skew (asymmetric)

scattering at the uncorrelated scattering centers (single Impurities). At

low temperatures, below ~50K, the anomalous Hall effect R = (R^ - R )/%
s no

decreases rapidly, which is seen as a clear sign of the formation of a

coherent state.
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4.5.3 Point—contact spectroscopy

We conclude this section on transport properties with a discussion of

point-contact experiments on the uranium-platinum compounds (Jansen et

al. 1986, and references therein). Small constrictions between metals have

been used to analyse the Interaction of the conduction electrons with ele-

mentary excitations in the metal. By measuring the resistance of a point

contact as a function of the applied voltage, direct information is

obtained about the energy dependent scattering of the conduction electrons.

Important criterion for the applicability of this method is that the In-

elastic mean free path, 1., of the electrons is larger than the contact

diameter d. In this ballistic regime the electronic system will be out of

equilibrium with respect to the elementary excitations (e.g. phonons) in

the presence of an applied voltage over the contact. With this technique

excitations like phonons, magnons and crystal-field levels have been

probed. In the impure limit of a contact (1 < d) the electrons stay In

equilibrium with the lattice, at an applied voltage, and in this thermal

regime heating occurs in the contact region. For instance, it could be

shown that in ferromagnetic materials the Curie temperature was reached in

the contact region at a certain voltage over the contact.

The point-contact experiments on the uranium-platinum compounds have been

performed in Nijmegen and Crenoble. At liquid He temperature (1.5K) the

contacts were adjusted by pressing the sharp edges of two pieces of bulk

material against each other. Prior to mounting the polycrystalline bulk

material was cleaved at room temperature. The contact resistances were of
2 2

the order of 1 Q. The technique for recording dV/dl and d V/dl makes use

of a modulation method. On top of the bias current, which Is swept in

order to vary the applied voltage over the point contact, a small ac-

current is superimposed. The ac-voltage over the contact is measured by

phase-sensitive detection at the fundamental frequency (lf-mode), and at

twice the fundamental frequency (2f-mode) of the modulator, to obtain sig-

nals proportional to the first and second current derivatives of the vol-

tage. The change in the resistance, which is only a few percent over the

Investigated voltage range, is recorded using a bridge circuit.

For these contacts, between the same materials, the dV/dl characteristics

were symmetric with respect to the applied voltage. The relative change

&R/R(V"0) of the static resistance of the point contacts is presented In
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Fig. 4.32 Normalized change in the static resistance as a function
of the applied voltage for point contacts with uranium-platinum
compounds at liquid helium temperatures. The dashed curves have
been calculated with the heating model, using temperature
dependent resistivity data with the effective Lorenz ratio's L,
and multiplied by the factor a.



- 103 -

fig. 4.32. The reproducibility of the curves for different contacts might

be estimated from the width in the minimum. For the case of UPt and UPt

the width was equal within roughly 10%. For UPt and UPt the width varied

up to 30 %.

The strong resemblance between the voltage dependence in the contact

resistance (fig. 4.32) and the temperature dependence of the bulk resistance

(figs 4.16 and 4.21) suggests the importance of heating effects in these

compounds. In the dirty limit (1 <d) the resistance of a circular contact

between two serai-Infinite metals is given by

R = f (4-25),

where p is the resistivity of the metal. For the U-Pt compounds with

p=10p.Qcm at 1.5 K, and R = lQ the diameter d>1000A. The mean free path

amounts to ~50A (<d). Clearly, we are in the thermal limit and Joule

heating in the contact area has to be considered. Assuming equal flow

lines for the electrical and thermal conduction near the contact, one

obtains for an arbitrary contact geometry at an applied voltage V the rela-

tion

2 2 V2
T - T - rr (4.26)
max o 4L

for the maximum temperature T at the center of the contact In a bath at
max

temperature T . In this expression L» pic/T is the Lorenz number. For
T » T a numerical calculation gives T - aV, with a-3.2x10 K/V.
max o 6 max '

Hence, using eq.(4.25) and eq.(4.26), a simple relation exists between the

voltage dependent contact resistance and the temperature dependent resis-

tivity, if the resistance of the constriction Is mostly determined by the

resistivity at the center of the contact where the temperature is maximal.

Taking into account the temperature gradient near the contact, using the

model of spherical spreading out for a constriction (see Jansen et al. 1986

and references therein), the point-contact resistance as a function of the

applied voltage can be calculated. For the conversion of the temperature

scale to the voltage scale a constant Lorenz number over the whole tempera-

ture interval is taken. The results of these calculations with the used

effective Lorenz numbers have been plotted In fig. 4.32 as dashed curves.

To get a good agreement of the calculated curves with the experimental cnes

the calculated values of AR/R(V»0) are multiplied by a constant a, smaller
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than 1. An explanation for this constant a could be that part of the nor-
2

mal contact resistance is a Sharvin-like resistance R « pi /d , which

applies for a clean contact (1 >d) and does not depend on the temperature.

The constant a is different for different contacts of one material, because

of the relative change of contact resistance. For UPt and UPt we mostly

find small values for a, meaning that the Sharvin resistance is much larger

than the temperature dependent resistance in eq.(4.25). In this way we

find a discrepancy, because no longer the limit 1 < d will hold and the

heating model does not apply to our problem. Note however, the resistivity

at the constriction is different from the bulk resistivity, due to aniso-

trooy, grain boundaries, strain, impurities etc. For UPt we have taken in

fig. 4.32 the Lorenz ratio as obtained from the measurements on the electri-

cal and thermal conductivity, which yielded a constant value above 70 K.

For the other curves we have taken the Lorenz number, that optimizes the

agreement between experiment and theory. The accuracy of the Lorenz

numbers must be seen in view of the, before mentioned, reproducibillty of

the width in the minimum of the resistance curves. Recently, point-contact

measurements on UPt were interpreted as a measure of the energy-dependent

density of states of the electrons (Moser et al.1986). From these experi-

ments strong evidence for a narrow band of heavy electrons (m =- 250 m )

situated near the Fermi level was deduced. In detail it is not yet clear

how the energy-dependent mass-renormalizatlon enters the point-contact

problem. We believe that heating plays a role in the description of

point-contact experiments with these metallic compounds.

4.6 Hlgh-raagnetic-field studies

4.6.1 Magnetization

The magnetization of single-crystalline UPt, has been measured by

Frings et al. (1983) *.c fields up to 35 tesla in the Amsterdam High-Field

Installation. These data, taken with stepped pulses, at temperatures of

4.2K (a, b and c-axis), 20.3K (a-axis) and 77 K (a-axis), are shown in

fig. 4.33 (see also Franse 1983a&b, Frings 1984, and Frings and

Franse 1985a). The magnetization in the basal plane is isotropic, within

the experimental accuracy. An anomalous increase of the magnetization

takes place between ~15 and ~25T for field directions In the basal plane
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at 4.2 K, resulting in a value of ~1 Ug/U-atom at 35 T. At 20.3 and 77 K the

basal-plane magnetization is linear in field, as is the magnetization along

the c-axis at 4.2 K. The specimen investigated in these experiments was the

same unannealed 3mm sphere as used for the susceptibility measurements

(section 4.2). In fig. 4.34 we show data, taken with a smooth pulse at

4.2 K, on an annealed Czochralski-grown single-crystalline sample, prepared

from a different batch. This annealed sample, measured with the field

along the a-axis, reveals a somewhat lower absolute value of the magnetiza-

tion than the unannealed sample (b-axis) measured by Frings and

Franse (1985a). However, the field at which the anomaly occurs (20 T),

reproduces well for different samples and is not sensitive to strains.

The most interesting feature of the high-field magnetization measure-

ments is the presence of the anomaly near 20 T, at 1.5 K (not shown) and at

4.2 K. This anomaly appears as a pronounced peak in a plot of the differen-

tial susceptibility, x(H) = Aa/AH, versus H (see fig. 4.35). At 20.3 3nd

77K, i.e. at temperatures above the temperature at which the maximum in

X(T) occurs (17K), the anomaly is absent. This suggests a close connection

between the anomalies in o(H) and x(T), which is supported by the nearly

equal magnetic and thermal energies: LLB = k T . The field at whichM ° TJ max B max
the anomaly occurs does not depend on temperature: from 1.5K (» 0.09T )

IQ3X

to 4.2 K (» 0.25 Tmax) no variation of B a x is observed, within the experi-

mental accuracy (see also section 4.6.2). Besides, magnetization curves,

taken at 1.5K and 4.2 K, did not reveal any broadening of the transition.

Hysteresis effects are absent. In order to perform a quantitative

analysis, Frings and Franse (1985a) have fit x W foT I*O
H < 20 T to the

expression:

X(H) = Xo[l + a(U()H)
2 + b(uoH)

4 + c(uQH)
6] (4.27),

and obtained the parameters: xo * 112+lxio" m /molU, a - 135±25xl0~
5T~2, b

= 0+16x10 T~ and c = 3.0+0.3x10~ T~ . Thus x(a) - X starts as H . In

the next section we first present magnetoresistance data In the same field

region, and then discuss the possible interpretations of the anomaly near

20 T.
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Fig. 4.33 Magnetization of unannealed Czochralski-grown UPt3 for
the a-axis at 4.2K (O), 20.3K (+) and 77 K (A), b-axis at
4.2 K (o) and c-axis at 4.2 K (x) (after Frings et al. 1983).

Fig. 4.34 Magnetization of unannealed UPt3 for the b-axis at
4.2 K (o) and at 77 K (A) (after Frings and Franse 1985a); and of
annealed UPt3 for the a-axis at 4.2K (x).
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400

Fig. 4.35 Differential susceptibility for UPt3 for the b-axls at
4.2 K (o) and for the a-axis at 77 K (A). The dashed curve
represents a fit according to eq.(4.27) (after Frings and
Franse 1985a).

4.6.2 Magnetoresistlvity

The magnetoresistivity of single-crystalline UPt has been measured in

the Amsterdam High-Field Installation at fields up to 35 tesla (Franse et

al. 1985b, Franse et al. 1985c, de Visser et al. 1986b). Experiments have

been performed on two annealed Czochralski-grown single-crystalline speci-

mens with a cylindrical shape (length - 6 mm, diameter =•= 1.5 mm). One sam-

ple was measured with the current directed along the a-axis, the other with

the current directed along the c-axis. In both cases the effect of a mag-

netic field parallel and perpendicular to the current direction has been

studied. The temperature dependence of the resistivity of these samples

has been presented in section 4.5.1. For these experiments two pulse

shapes were used: (1) a stepped pulse in which fields are kept constant for

approximately 50 ms, i.e. long enough to neglect the effect of eddy

currents, and (2) a smooth pulse in which the field, after having reached

35 T, decreases at a constant rate of 56T/s. Since both pulse-types

offered nearly identical results, we here present only data taken with the

latter pulse-type, which has the advantage that many data points can be
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Fig. 4.36 Magnetoresistance of UPt3 for Hll(Illc) at 4.2K ( D ) , and
for Hl(Illc) at 4.2 K (o) and at 1.5K(A).

Fig. 4.37 Magnetoresistance of VPt^ for HH(Illa) at temperatures as
Indicated.

Fig. 4.38 Magnetoresistance of UPt3 at a temperature of 4.2 K for
HH(IBa) (o) and for Hl(IHa) with the orientation of H with respect
to the b-axls given by (20+5)° ( D ) , (40+5)° (A) and (70±5)° (O).
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collected during one field sweep. The relative accuracy Is estimated to be

3X, whereas the absolute accuracy amounts to 7 % due to the determination

of the geometrical factor, S/l. The current through the samples amounted

to 0.5 A.

In fig. 4.36 we show the experimental results for HII(Illc), at 4.2 K, and

for Hl(Illc), at 1.5 and 4.2 K. Since during the experiment only the rela-

tive change of the resistance with field is recorded, the absolute values,

presented in fig. 4.36, have been calculated using the p(T)-values from

fig. 4.17. The zero-field p-values for the c-axis equal 3.1 and 11.2 nQcm

at 1.5 and 4.2 K, respectively. The magnetoreslstance passes through a max-

imum at ~20T, for a field direction in the basal plane. At B a huge
max

magnetoresistivity is observed: an increase in resistivity with field of

230% at 1.5K and of 120% at 4.2 K. At 77 K Ap is slightly negative (not

shown), and amounts to -1.4 |iQcm at 35 T ( p(77 K) « 100 jiQcm) . For a field

direction parallel to the c-axis Ap saturates at a modest value.

In fig. 4.37 we present the experimental results for Hll(Illa), at 1.5, 4.2,

20.3 and 77 K; zero-field p-values amount to 9.4, 28.2, 127 and 180 \xQcm,

respectively. At 1.5 K and 4.2 K Ap is positive and has a maximum at

~20T. At B the increase in resistivity equals 130% at 1.5 K and 70% at

4.2 K. At 20.3 K and 77 K Ap is negative. In fig. 4.38 we show once more

the curve for Hll(Illa) at 4.2 K, but also data for Hi(Illa), for several

orientations of H in the bc-plane. Clearly, B shifts to higher values
max

as the field is rotated more and more towards the c-axis In the bc-plane.

A simple analysis shows that the maximum in the resistivity Is attained for

a value of the component of the field in the basal plane equal to 20 T

(B cos6 = 20T, where 0 is the angle between field direction and basal

plane). This evidences the two-dimensional nature of the field effects.

Since the data in fig. 4.38 suggest that the absolute Ap-values for HH(IHa)

and (HHb) 1(1 IIa) are almost equal, we conclude that p(H) is mainly governed

by the direction of the field with respect to the crystallographic axes;

the orientation of the field with respect to the current is of minor impor-

tance .

In fig. 4.39 we present the temperature dependence of the magnetoreslstance

in fields of 5 and 8T for HH(IHa) (de Visser et al. 1986a).

The magnetoresistance is defined as Ap(T,H)» p(T,H) - p(T,0). In gen-

eral, two contributions to the magnetoresistance exist. The first
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Fig. 4.39 Magnetoresistance of single-crystalline UPt3 for Hll(Illa)
as function of temperature in a field of 5 ([]) and 8 (o) tesla.
Closed symbols are taken from fig. 4.37.
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Fig. 4.40 Magnetoresistance of UPt3 plotted vs T2 at fields
(directed In the basal plane) as indicated (after Remenyi et
al. 1986).

contribution is due to the ordinary magnetoresistance, which is caused by

the Lorentz force on the electrons. This contribution is always positive,
2

and varies, in general, as H , in the low-field limit. The ordinary tnagne-

toresistance Is larger for a field perpendicular to the current

(transverse), than for a field parallel to the current (longitudinal magne-

toresistance). The second contribution arises from the field-effect on the
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effective scattering processes. Since several scattering mechanisms might

be present, this term can exhibit a complex field dependence. In the case

of UPt the orientation of the field with respect to the current is of

minor importance, therefore, we conclude that the ordinary magnetoresis-

tance is small and, consequently, that Ap(H) is mainly determined by the

field effect on the effective scattering processes.

At zero field the resistivity can be written as p(T,0) = p + AT , for

T < 2 K. A first question that rises is whether p , which is determined by

scattering at defects and impurities, is field dependent. From an extrapo-

lation to zero temperature, from temperatures above 2K, of Ap(T,H), at 5

and 8T (fig. 4.39), we expect a field independent p . Remenyi et al. (1986)

performed similar measurements, on a Czochralskl-grown sample in the tem-

perature range 0.5-3.5 K, at 10 and 20.7 T, for a field direction in the

basal plane. These data are shown in a plot of p vs T in fig- 4.40. From

this figure it follows that Ap -0.5uQcm at 10 T and Ap =3.2(i£Jcm at

20.7T. Sulpice et al. (1986) performed magnetoresistivity measurements on

a polycrystalline sample, in the temperature range 35-800 mK, at fields up

to 7.5 T. These authors measured a linear field dependence of p :

P (B) - p +aB, with a = 0.22 uQcm/T. At 7.5 T these authors obtained

Ap " 1.65 |iQcm, a value much larger than observed in the case of the

Czochralski-grown samples near 7.5 T. This strong sample dependence might

be due to the variation in the p -values: 6.2 (iQcm (de Visser et al.),

1.6 |iQcm (Remenyi et al.) and 0.46 uQcm (Sulpice et al.). Compared to the

overall large magnetoresistance, the field effect on p is small and plays

a minor role. From the data in fig. 4.40 it follows that the coefficient,

A, of the T -term increases as function of field. It attains values of
2

0.97, 1.10 and 2.25 uQcm/K at 0, 10 and 20.7 T, respectively. The tempera-

ture region in which this term holds seems to decrease with field.

The magnetoresistance strongly resembles x(H) (compare figs 4.35 and

4.37). We have analysed the Ap(H)-curves in a plot of logAp vs logH, in

order to look for a specific term H in Ap. However, no field dependence

with a fixed exponent over a large field range is observed. For HH(IHa)

n = 2 in the field region 3-10 T at temperatures of 1.5 and 4.2 K (it is dif-

ficult to determine the initial field dependence due to the spread in the

data at low fields). For Hl(Hc) n = 2 between 3 and 10 T at 4.2 K, but

Ap(H) varies linearly with field up to 10 T at 1.5K. Since it is difficult

to distinguish the various contributions to Ap(H), we confine ourselves in
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the following to a qualitative analysis. We emphasize that the magne-

toresistance is unusually large at low temperatures, which implies a very

effective scattering mechanism up to the critical field. The temperature

dependence of Ap (fig. 4.39) shows that the scattering is most effective at

~7K (at 8T), i.e. the temperature at which the maximum in Ap/AT occurs.

Near 14 K Ap becomes negative. Above 17 K a small negative value remains.

Next we discuss whether x(U) and p(H) can be interpreted in a spin-

fluctuation model. As can be conjectured from the specific-heat data in

field, the influence of a magnetic field on spin-fluctuation systems is

usually subtle. For instance, in the case of UA1 (Franse et al. 1982) o(H)

and p(H) reveal a slightly weaker field dependence above 15T, which has

been interpreted as a suppression of the spin-fluctuation phenomena. The

presence of a H -term in x(H) f o r UPt is consistent with a spin-

fluctuation model (Beal-Monod1982). Unfortunately, at present a theoreti-

cal description of the stepwise a(H)-curve is lacking. Be51-Monod argues

that if x(H) increases with field, p(H) should also increase. However, for

ferromagnetic spin fluctuations one expects Ap(H)<0, since these would be

suppressed (or even quenched) by an external field. On the contrary, for

antiferromagnetic spin fluctuations one expects Ap(H)>0, due to an

enhanced effective scattering mechanism caused by the instability of

moments oriented antiparallel to the field. Above a certain critical field

the antiferromagnetic correlations will be destroyed and a negative contri-

bution to Ap(H) results. The positive Ap(H) for UPt would, therefore, be

in favour of an antiferromagnetic type of spin fluctuations. It is, how-

ever, not clear to us whether this is compatible with the presence of the

3 *
T ln(T/T )-term in the specific heat, which is ascribed to ferromagnetic

spin fluctuations in the paramagnon model (in a Fermi-liquid picture the

only constraint is that of small momentum transfer processes). If there is

any negative term in the low-temperature regime, arising from ferromagnetic

spin fluctuations, it is completely immersed in the huge positive effect.

At 20.3 and 77K Ap(H) is negative (fig. 4.37), with a quadratic field

dependence at 20.3 K. Firom the increase of the coefficient of the T^-term

with field (Remenyi et al. 1986) it follows that the spin-fluctuation tem-

perature (denoted by T ) decreases, assuming A « (T ) . This can be seen

as an enhancement of the spin-fluctuation effects with increasing field.

Several other explanations of the anomaly at 20T have been put forward,
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among which band-structure effects, a type of antiferromagnetic transition

and crystal-field effects. A peak in the density of states just above E

might be responsible for the maxima in x(H) and x(T) assuming that at B

and T the Fermi level passes through the maximum of the peak. However,
max

one then expects an anomaly in c/T at T as well, which is apparently not

the case. The a(H) and p(H)-curves remind one of a type of antif erromag-

netic transition: the step in the magnetization might be caused by a (pos-

sibly spin-flop like) reorientation of magnetic moments in the basal plane,

accompanied by a peak in the magnetoresistance. However, no sign of long-

range magnetic order has been observed. Therefore, the type of order

should be short-range. For instance strong antiferromagnetic correlations

in the basal plane below 17 K, likely associated with the spin-fluctuation

phenomena. The possibility that the anomalies are due to a field induced

crossing of a crystal field level and E , induced by the external field,

can be discarded, since no low energetic crystal-field levels have been

observed in the specific heat.

Rather similar anomalies have been observed in the magnetization and

magnetoresistivity data taken on a single-crystalline sample of the tetrag-

onal compound CeRu^Si (Flouquet et al. 1985). However, for this compound

the anomaly takes place at a considerably lower field (7.5 T) and has an

one-dimensional character (it is only observed for a field along the

tetragonal axis)• A possible explanation for this phenomenon is sought in
2

a field induced polarized phase of heavy-fermions (y-350mJ/K mol).

A rather similar temperature dependence of Ap(H) has been observed in

the heavy-fermion systems CeCu.Si. and CeAl, (Rauchschwalbe et al. 1986).

At high temperatures Ap(H) is negative, but changes sign at low tempera-

tures, when the coherent state is formed. It is remarkable that also in

these compounds a maximum in Ap(H) is present at low temperatures: at 2 T

(K0.5K) for CeAl3 and at 20 T (K1.5K) for CeCu Si . This Indicates the

destruction of the coherent state by a field.

For comparison we have measured the magnetoresistivity of polycrystal-

line UPt2 and UPt5. Data on UPt., for H H at 1.5 and 4.2 K, and for H«I at

4.2 K, are shown in fig. 4.41. Data on UPt for Hll at 1.5 and 4.2 K, and

for Hill at 4.2 K, are shown in fig. 4.42. No anomalies have been observed,

as expected from the linear magnetization curves (Frings et al. 1983). At
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Fig- 4.41 Magnetoresistance of UPt2 for Hill at 4.2 K (A) and for
H1I at 4.2 K (o) and 1.5K (•).

Fig. 4.42 Magnetoreslstance of UPt5 for Hill at 4.2 K (A) and for
Hll at 4.2 K (o) and 1.5 K (•).

these low temperatures, the magnetoreslstances of both compounds are posi-

tive. For UPt» the longitudinal magnetoreslstance saturates, as in the

case for UPt for Hll (I lie). The transversal magnetoresistance is large: at

35 T Ap equals 15.4 and 13.2 |iQcm, at 1.5 and 4.2K, respectively. For UPt

the nearly Isotropic Ap is small and has a H -term with n = 1.6. For UPt

no fixed exponent is found.

4.6.3 Forced magnetostriction

Forced magnetostriction measurements on single-crystalline UPt, have

been performed at fields up to 8 T at a temperature of 4.3 K (de Visser et

al. 1986c). Hereto the same sample as used for the thermal expansion meas-

urements (section 4.3.2) was mounted in a capacitance cell, made of OFHC

copper. Care was taken to keep the sample at constant temperature, since

otherwise the large thermal expansion of the sample would obscure the

forced magnetostriction, x'»L (dL/dB). The accuracy decreases with

increasing field and is limited at 1.5xlO~ T~ In X at 8T. The
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Fig. 4.43 The forced magnetostriction of single-crystalline UPt3
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Fig. 4.44 The forced magnetostriction of single-crystalline 3
for a field applied in the basal plane at T = 4.3K; dilatation in
the basal plane l O ) , along the c-axis (A) and 1/3 of the volume
effect (o).

10

experimental set up allows a set of nine measurements: the field can be

applied perpendicular (2x) and parallel to the three dilatation directions.

As UPt, has a hexagonal structure we performed the whole set of nine meas-

urements. Some anisotropy effects were observed in the basal plane, but

were of the order of the spread in the data. Therefore, we neglect the

basal-plane anisotropy and concentrate on the overall behaviour.

The experimental results are displayed in fig. 4.43 and fig. 4.44, for the

field along the c and a-axis, respectively. Values for the basal—plane

magnetostriction, X. , , were obtained after averaging \ and X, . The

forced volume magnetostriction is calculated from \ « 2X ,+X . For a
, v a,b c

field along the c-axis \ is linear in field: positive for a dilatation in

the basal plane, but negative along the c-axis (fig. 4.43). For a field

applied along the a-axis deviations from linearity occur above 3 T

(fig. 4.44). Note that these deviations occur at considerably lower fields

than in the corresponding magnetization curves (at ~10T, see fig. 4.33).
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O~7T~2)
c-axis, assuming X= AL/L=laB2 at low fields.
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The coefficients of these linear terms, or the a-values, writing

X = AL/L = laB , have been listed in table 4.9. For both field directions

the c/a-ratio decreases with field.

The forced magnetostriction data can be related to the hydrostatic pres-

sure dependence of the molar magnetic moment by a thennodynamic Maxwell

relation:

^"aP^H.T = "(•aiTH'Jp.T (4-27),

or in terms of the relative pressure dependence of the molar susceptibility

V I oP JH,T V U^H'p.T (4.28).

Here V is the molar volume. With the appropriate susceptibility data,
-9 -9 3

X = 115x10 and % =57x10 m /molU (fig. 4.1), we calculate from the
a,D c .

data in table 4.9, values for dlnx/5P of -22 and -3Mbar , for a field

direction in the basal plane and along the hexagonal axis, respectively.

Thus, for a field in the basal plane the relative pressure dependence of x

(-22 Mbar ) is expected to be nearly one order of magnitude larger than for

a field direction along the hexagonal axis. In section 4.7.2 we shall com-

pare the magnetostriction data with the results obtained from the pressure

dependence of the susceptibility.
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4.7 High-pressure studies

4.7.1 Electrical resistivity

The electrical resistivity of single-crystalline UPt has been studied

at pressures up to 5 kbar (de Visser et al. t984c, Franse et al. 1986).

Measurements have been performed on unannealed Czochralski-grown samples,

with the current along the three crystallographic axes. Zero-pressure data

on these samples have been presented in section 4.5.1. The low-temperature
2

data, plotted as p vs T , at zero pressure and at 4.2 kbar, are shown in

fig. 4.45 for the a and b-axis, and in fig. 4.46 for the c-axis. In

fig. 4.47 we have plotted the temperature derivative Ap/AT vs T for the

b-axis, at zero-pressure and at 4.2 kbar. Applying pressure results in a

shift of the temperature at which the maximum occurs towards higher cem-
2 2

peratures; a considerable increase in a p/BT near the temperature at which

the maximum in the susceptibility is found (17 K), can be observed as well.

Above ~45K the pressure effect for a current in the basal plane is tem-

perature independent and amounts to -1.4 u£2cm/kbar. For the c-axis the

pressure effects are less pronounced; at room temperature a pressure

independent resistivity results.

In the low-temperature limit (T < 2 K) the resistivity of UPt can be
2

expressed as p = p +AT . As can be seen in fig. 4.45 and fig. 4.46 p is

pressure independent. The coefficient A rapidly decreases as function of

pressure. By estimating A from the initial slope of the data, plotted as p

vs T , we observe a decrease of this coefficient of about 40 % over

4.2 kbar, for both current directions. At 1 bar the temperature derivative
*

of the resistivity has a maximum at a temperature, T , of 6.5 K and 7.5 K,
m

for the basal plane and the hexagonal axis, respectively. Under pressure

this temperature increases at a rate of O.35±O.l K/kbar (data for the b-axis

are shown in fig. 4.47). From the increase of T and the decrease of A, as
m

function of pressure, we conclude that the spin-fluctuation phenomena are

strongly suppressed. Due to a lack of the theoretical understanding of the

low-temperature resistivity, there is no proper definition of the charac-
*

teristic Bpin-fluctuation temperature. As mentioned before, however, T ,
It — 9 it

assuming A = (T ) , and T can both be taken to be proportional to the
A ni

spin-fluctuation temperature. As a check of this assumption we can compare

the relative pressure dependences of T and T , assuming that the
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Fig. 4.45 Electrical resistivity vs T2 for unannealed UPt3 for the
a-axis at 1 bar (o) and at 4.2 kbar ( D ) , and for the b-axis at
1 bar (+) and at 4.2 kbar (x).

Fig. 4.46 Electrical resistivity vs T2 for unannealed UPt3 for the
c-axis at 1 bar (o) and at 4.2 kbar ( D ) .

proportionality constants are pressure independent. From the data in

fig. 4.45 and fig. 4.47, we calculate alnT /6P = 54+16 Mbar"1, and
•» 1 * — 1 ^

alnA/oP = -95+35 Mbar hence dlnT4/dP = 48+18 Mbar (note that throughout

this work we approximate the relative pressure dependence of a quantity Q,

BlnQ/&P, by (Q Q) AQ/AP, where Q represents the 1 bar value of Q). The

agreement between these deduced values is good, however, the uncertainty,

in particular in the value of A as function of pressure, is large.

Resistivity measurements as function of pressure performed by others

(Wire et al. 1984, Willis et al- 1985, Ponchet et al.1986) yield qualita-

tively the same information as our results. Wire et al. (1986) performed

resistivity measurements on flux-grown crystals at pressures up to 18 kbar,

in the temperature range 1-300 K. These authors analysed the data in a so-

called "parallel resistor model", assuming R * R-1 + R"1 , where R is the
1 S

measured resistance, R̂  i8 the ideal resistance of the specimen, and R is

a shunt resistance, whose magnitude is near the saturation value, i.e.
~R(300K). Applying this analysis, the authors conclude that R follows a
2 l

T -law up to ~8K and ~12K at 1 bar and at 17 kbar, respectively. From the
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10 20 30

Fig. 4.47 Temperature derivative of the electrical resistivity of
unannealed UPt3 for a current direction along the b-axis at
1 bar (o) and at 4.2 kbar (x).

coefficient of the T -law, as function of pressure, values were deduced for
* -1

olnT /&P of 36 and 30 Mbar , for the basal plane and c-axis, respectively.

Willis et al. (1985) performed resistivity measurements (Illc-axis) at pres-

sures up to 19.1 kbar, in the temperature range 0.1-2 K, on a flux-grown

specimen (see fig. 5.10). From the variation of the coefficient A with
* -1

pressure, these authors derived a value for dlnT /8P of 25 Mbar . Ponchet

et al. (1986) have measured the resistivity of an UPt whisker (Illc-axls) in

a diamond anvil cell, at pressures up to 202 kbar. Their results, normal-

ized at room temperature at a zero-pressure value of 132 ̂ Ocm, are shown in

fig. 4.48. Apparently, the resistivity curve gradually loses its anomalous

low-temperature behaviour; a smooth variation with temperature is found at

202 kbar, but p(300 K) remains large. The p -value is essentially constant

below 40 kbar, but then increases from 1.9 to 6 uQcm between 40 and 200 kbar.
2

At ambient pressure A amounts to 0.52 uQcm/K . Under pressure A decreases
rapidly by one order of magnitude between 0 and 50 kbar, then more slowly to

—*i 2 *
8.8x10 uQcm/K at 202 kbar. From these data a value for olnT./aP of

-1 *
30 Mbar is deduced. Averaging the values for olnT /3P as obtained by the

various authors, we deduce a mean value of 33 Mbar
-1

Below we compare this

value with the pressure dependence of the characteristic temperature, T

as derived from the susceptibility.
max
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Fig. 4.48 Electrical resistivity of an unannealed UPt3 whisker at
pressures up to 202 kbar (after Ponchet et al. 1986).

4.7.2 Magnetic susceptibility

Magnetic susceptibility measurements have been performed on poly- and

single-crystalline UPt samples at pressures up to 4.5kbar, in the tempera-

ture range 't.2-40K (Franse et al. 1985d, Willis et al. 1985 and Louis et

al. 1986). The magnetization in fields up to 6.5 T, for polycrystalline

UPt (cylinder, diameter - 6 mm, length = 8 mm), at a temperature of 4.2 K and

at pressures of 1 bar and 4.5 kbar, is shown in fig. 4.49. The susceptibil-

ity measured in an applied field of 5.3 T is shown in fig. 4.50. The rela-

tive pressure dependence of the susceptibility, olnx/oP, amounts to a value

of -24 Mbar at 4.2 K. In order to measure the magnetization of single-

crystalline UPt_, two cylindrical samples (diameter «• 6 mm, length » 6 mm)

have been spark-eroded along the b and c-axis, out of large Czochralski-
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Fig. 4.49 Magnetization of polycrystalline UPt3 at 4.2 K at
pressures as indicated.

Fig. 4.50 Susceptibility of polycrystalllne UPt3 in a field of
5.3T at pressures as indicated.

grown specimens. The magnetization curves for these two samples, at a tem-

perature of 4.2 K and at pressures of 1 bar and 4.6 kbar, are shown in

fig. 4.51. The corresponding susceptibility data, measured in a field of

5T, are shown in figs 4.52 and 4.53. From the data in fig. 4.51 we calcu-

late values for blnx/oP at 4.2 K of -28±3 and -5±3 Mbar , for the basal

plane and hexagonal axis, respectively. Apparently, crystallites with pre-

ferred orientations are present in the polycrystalline sample, as was con-

cluded previously from the thermal expansion data on this sample. There-

fore, we shall, in analysing the results, restrict ourselves to the data

for the single—crystalline samples.

At applying a pressure of 4.6 kbar, the susceptibility for the basal

plane strongly reduces, whereas the susceptibility for the c-axls hardly

shows any pressure dependence. The rates of suppression of olnx/oP, at

4.2 K, -28±3 and -5±3 Mbar" , for the basal plane and c-axis, respectively,

are in good agreement with the values of -22 and -3 Mbar" f for the basal

plane and c-axis, respectively, that we predicted from the forced magnetos-

triction measurements (see section 4.6.3). When comparing the high-

pressure susceptibility data with the forced volume magnetostriction
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Fig. 4.53 Susceptibility of single-crystalline UPt3 in a field of
5T directed along the b-axis at 1 bar (o) and at 4.6 kbar ( d ) .
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results we have to keep in mind that volume changes in the magnetostriction

experiments in fields up to 8 T are at least two orders of magnitude smaller

than the volume changes induced by a pressure of, say, 5 kbar (the compres-

sibility of UPt, amounts to 0.48 Mbar ). The nearly identical values for

olnx/oP deduced from these experiments indicate a linear pressure depen-

dence of % up to, at least, 4.6 kbar.

The maximum In the susceptibility curve along the b-axis is found at 17.9K

at 1 bar, and shifts under applied pressures of 4.6 kbar with 2.5±0.5K to

higher temperatures: SlnT /dP = 30+6 Mbar . Since the values for the

relative pressure dependence of x(4.2K) in the basal plane and of T are

nearly equal and opposite, we conclude that the product y»T is nearly
max

pressure independent, at low temperatures. The value for olnT /oP Is in
^ max

good agreement with the mean value for dlnT /dP as derived from the resis-
A

tivity measurements. For the polycrystalline sample a value for olnT /oP
_1 max

of 25 Mbar results.
The relative pressure dependences of x(4.2K) and T can be transformed

max .
to Gruneisen parameters, by using the compressibility K = 0.48 Mbar :
T - olnx(4.2 K)/olnV-58+13 and r_ =*-81nT /olnV=*63±6. These Gruneisen
X xmax raax

parameters are almost equal to the one derived from the enhanced linear

term in the specific heat and thermal expansion, r = 68 at IK (sec-

tion 4.3.2). The latter value Is in good agreement with r -55, as

obtained directly from the pressure dependence of the enhanced linear term

in the specific heat Brodale et al. (1986).

Although no clear-cut definition of the characteristic temperature for the

low-temperature anomalies in resistivity and susceptibility can be

presented, we have shown that the pressure dependences of T , T. and T
_i m A max

all range between 25 and 54 Mbar . Hence, the positive value for the

pressure dependence of the characteristic temperature Is firmly esta-

blished; the corresponding Gruneisen parameter Is large. From these high-

pressure data we conclude that by applying pressure the spin-fluctuation

phenomena are strongly suppressed.
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CHAPTER 5 UPt : THE SUPERCONDUCTING STATE

5.1 Introduction

In this chapter we deal with the superconducting ground state of UPt •

Superconductivity in UPt has been discovered by Stewart et al. (1984a).

These authors performed resistivity, ac-susceptibility and specific heat

experiments on flux-grown single-crystalline specimens and found a drop in

the resistivity, a diamagnetic signal in x an<* a discontinuity in the

specific heat, with onset temperatures of 0.54 K, 0.53K and 0.54 K, respec-

tively. This was taken as evidence for bulk superconductivity below 0.54 K.

As mentioned in section 2.4, the occurrence of superconductivity in some of

the heavy-fermion systems was quite unexpected. Furthermore, unusual

observations concerning the superconducting state have given rise to specu-

lations upon an unconventional pairing mechanism. Especially, the coex-

istence of superconductivity and strong spin-fluctuation phenomena in UPt.,

made this compound a likely candidate for triplet superconductivity.

In our case, measurements concerning the superconducting state have been

performed in a close cooperation with colleagues in Leiden (de Visser et

al. 1984a&b and Palstra et al. 1984). Superconductivity was first observed

on three annealed Czochralski-grown samples in electrical resistivity meas-

urements, along different crystallographic directions (see table 5.1: sam-

ple #1, #2 and #3). From previous experiments, it was evident that the

resistivity only follows a T -law at approaching the low-temperature limit
4

of our He cryostat, 1.3K (section 4.5.1). In a subsequent investigation

of this term in a He cryostat, down to 0.30 K, we found a drop to zero

resistivity for all three samples between 0.47 and 0.53 K. A second indica-

tion of superconductivity was obtained by ac-susceptibility measurements

(f -10.9 Hz) on two unannealed samples (#4 and #5): large diamagnetic sig-

nals were observed below 0.40 and 0.43 K, respectively. The annealed sam-

ples #6 and #7 (table 5.1) showed a superconducting transition at 0.48K,

consistent with the values that were derived from the resistivity measure-

ments on samples #1, #2 and #3. Apparently, annealing of the samples

increases T .
c

Evidence for bulk superconductivity was derived from a specific heat

experiment on an unannealed Czochralski-grown single-crystalline sam-

ple (#8), for which the onset of the superconductivity occurred at 0.43 K,
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Table 5.1 Superconducting transition temperature, Tc, and width of the
superconducting transition, ATC, for Czochralski-grown UPt3 (all samples #1
till #8 out of one single-crystalline batch) and for arc-melted
polycrystalline UPt3 (samples #9 and #10). Tc and ATc-values, as
determined from the ac-susceptibility experiments, are defined at the 50%
point and between the 10 and 90% points, respectively.

Sample

#1

n
#3

#4

#5

#7

#8

#9

#10

annealed

annealed

annealed

unannealed

unannealed

annealed

annealed

unannealed

annealed

(arc-melted)

annealed

(powdered)

T

(K)

0.47-0.53

0.47-0.53

0.47-0.53

0.40

0.43

0.48

0.48

0.43

0.50

0.45

ATc
(K)

-

-

-

0.05

0.05

0.05

0.10

-

0.10

>0.10

po
(10-8Qm)

6.2

3.0

1.7

-

-

-

-

-

-

-

Experiment

p, (a-axis)

pdc(b-axis)

Pdc(c-axis)

xac

Xac(a-axis)

Xac(c-axis)

specific heat

*ac

xac

and the maximum in the specific heat discontinuity at 0.26K (see fig. 5.1).

The value of Ac/yT at 0.26 K amounted to 0.35, i.e. one quarter of the value

expected from BCS theory: 1.43. Two other observations support the evi-

dence for bulk superconductivity: (i) annealed polycrystalline samples of

the neighbouring phases UPt and UPt , that possibly could be present in

spurious amounts, showed no traces of superconductivity down to 0.30 K, and

(ii) a single-crystalline sample (#6), an annealed polycrystalline sample

(#9) and an annealed powdered sample (#10) all gave a diamagnetic signal of

the same magnitude as a Cd reference sample (T -0.52K), after the neces-

sary corrections for demagnetizing factors.

A hard-proof experiment to demonstrate the occurrence of bulk superconduc-

tivity in UPt , i.e. the Meissner effect, is presented in the following

section. Thereafter we present, successively, specific heat and critical-

field studies that enable us to determine the parameters that characterize
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Fig. 5.1 Specific heat of unannealed Czochralski-grown UPt3 below
1.3K (sample #8). The onset of superconductivity is at 0.43 K.
The broken line serves as a guide to the eye.

the superconducting state. Subsequently, we apply the expression for T ,

derived in the Fermi liquid theory, as outlined in section 2.4, to UPt •

To conclude this chapter, we discuss several other techniques that have

been applied in order to elucidate the nature of the superconducting state.

5.2 The Meissner effect

Superconductivity in UPt was deduced from resistivity, ac-

susceptibility and specific heat experiments. However, from the first two

experiments, the occurrence of superconductivity possibly caused by the

presence of filamentary exclusions of superconducting non-stoichiometric

UPt, can not be excluded. Furthermore, the rather small value for the

specific heat discontinuity Ac/yT»0.35 at 0.26 K (compared to a value of

1 .43 predicted by the BCS theory) aros?. the question whether the supercon-

ductivity in UPt, should be considered as a bulk property. A direct meas-

ure for the superconducting volume fraction of the sample can be obtained

by the so-called Meissner effect. Hereto, the amount of flux expelled by a

specimen, when it is cooled through the superconducting transition tempera-

ture in a small magnetic field, is measured.
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Fig. 5.2 Dc-susceptibility (normalized with respect to Cd and Sn)
vs magnetic field for UPt3 at 353 mK (T/Tc = 0.73). The lower
curve is the virgin curve. For decreasing field the curve is a
mirror image with respect to the ordinate.

Fig. 5.3 Virgin magnetization curve and magnetization loop of 3
at 352 mK. A minor hysteresis loop determined by Xac at 1 3 m T is

also included.

Meissner experiments (Palstra et al. 1984) were performed on an annealed

arc-melted polycrystalline sample (cylinder, diameter « 4.8 mm,

length - 4.5 mm). Ultrapure Cd (T -0.52K) and Sn (T -3.72K) cylinders of
c c

the same dimensions served as reference samples. The flux expulsion of the

sample was measured by means of a pick-up coil. It is useful to compare

these results with dc-susceptibility measurements. Such experiments were

performed by placing the sample in a (secondary) pick-up coil and recording
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the induced voltage while slowly ramping the magnetic field (produced by a

primary coil), at a typical rate of 0.2mT/s. The magnetization can be

obtained by numerical or analog integration. Since, before ramping the

field, the sample is cooled in zero-field, so-called virgin magnetization

curves can be recorded. In addition, the magnetization was measured

directly by means of a flux transformer method. For the Meissner effect,

as well as for the magnetization experiments, the signals are calibrated by

those of the Cd and Sn reference samples. The two methods give a lower and

an upper limit for thf superconducting volume fraction, as we shall discuss

below.

In fig. 5.2 we show a typical trace of the dc-susceptibillty of the

UPt, cylinder versus magnetic field. The data in this figure suggest a

superconducting volume fraction of 80% at 353 mK. However, in this experi-

ment it is impossible to discern normal regions embedded in superconducting

regions. Therefore, this method will set an upper limit of the supercon-

ducting volume fraction. Fig. 5.2 also shows that the virgin and non-virgin

curves largely differ. The magnetization curve at 353 mK, obtained with the

flux transformer method, is shown in fig. 5.3 (actually we plotted |uM|).

The lower critical field B .. is represented by the field at which the vir-

gin magnetization curve has a maximum. This maximum is somewhat rounded,

probably because of demagnetizing effects. The value for B of 2.2 mT per-

fectly agrees with the value of 2.2 mT (taken at Xj = 0) derived from

fig. 5.2. In addition, we measured an annealed powdered UPt. sample The

superconducting volume fraction amounted to 50% at 357 mK, somewhat lower

than observed for the cylinder. This difference can be ascribed to a dif-

ferent transition temperature, T (bulk) - 0.50 K, T (powder) = 0.45 K, and a

different transition width, AT (bulk)-0.10 K and AT (powder) > 0.10 K.

In fig. 5.4 the results of the Meissner experiments are presented, together

with the virgin magnetization curve. The curves denoted by "field cooling"

were drawn through the data points obtained by measuring the flux expul-

sion, at constant magnetic fields, while lowering the temperature. The

initial slopes of these curves at H«0 yield the superconducting volume

fractions, which amount up to 30%. The superconducting volume fractions,

as obtained from both methods, are plotted in fig. 5.5 as function of tem-

perature .

The differences in results from both methods, can mainly be attributed to

flux-pinning in the "field cooled" case. It is well-known that the
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Fig. 5.4 Magnetization vs magnetic field of UPt3 obtained by the
two methods. Zero-field cooling denotes the virgin magnetization
curve. The curves denoted by "field cooling" were drawn through
the data points (not shown), obtained by measuring the flux
expulsion at constant magnetic field as a function of temperature.
The dashed line represents the full Meissner effect (M«H) and the
initial slope of the 332 mK curve.
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Fig. 5.5 Superconducting volume fraction of UPt3 vs temperature as
obtained by the field cooling (x) and the zero-field cooling (o)
methods.
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superconducting transition propagates more quickly along the surface than

into the bulk (Parks 1969). Furthermore, one can calculate that any super-

conducting surface in a small magnetic field forms an energy barrier imped-

ing the passage of flux lines. Thus, when cooling the sample below T ,

initially the surface becomes superconducting, forming this energy barrier.

When the superconducting transition nropagates farther into the bulk, the

flux lines must be expelled from the inner part of the sample. However, if

the pinning forces are large, the flux lines will be trapped at the surface

barrier. Therefore, although the sample may be a good superconductor, it

is well possible that very little flux is expelled. These pinning forces

are especially large when the surface is oriented parallel to the magnetic

field. The pinning forces can be decreased by more than two orders of mag-

nitude when the surface is not parallel to the magnetic field. This

explains why powdered samples will always show a more complete expulsion of

flux than cylinders oriented parallel to the field, as, for instance, was

observed for CeCu Si (Aarts1984). Besides surface pinning, bulk pinning

will also occur: the flux lines are trapped at defects in the crystal lat-

tice. The hysteresis of the magnetization loop (fig. 5.3) shows the result

of these enormous pinning effects. Nevertheless, the expelled flux will

still set a lower limit of the superconducting volume fraction.

At measuring the virgin magnetization curves, one avoids the problem of

flux pinning. However, as argued above, this method will set an upper

limit of the superconducting volume fraction. We believe that for UPt it

gives a more reliable estimate, because of the enormous flux pinning

effects.

We conclude from these Meissner effect and dc-susceptibility studies that

superconductivity in UPt is a bulk property.

5.3 Specific heat

The specific heat data taken on the unannealed Czochralski-grown sam-

ple reveal a broad anomaly below 0.43K (see fig. 5.1). Specific heat

experiments on a polycrystalline sample, In the temperature range

0.17-1.1 K, have been performed in Darmstadt (Franse et al. 1985a), with an

improved accuracy. An experimental difficulty, at performing specific heat

experiments on UPt. employing an adiabatic method, is the self-heating of

the sample due to radioactive U-decay. This limited the minimum sample
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Fig. 5.6 The specific heat of polycrystalline UPt3 at temperatures
below 1.1 K and in fields up to 8T. The dashed line represents
the specific heat according to eq.(4.2), with coefficients derived
from a fit in the temperature interval 1.2-20K (table 4.1).
Schematic extrapolation of the zero-field data by the dash-dotted
line satisfies entropy balance.

temperature in the used set-up to 170 mK. The specific heat of the annealed

polycrystalline sample is shown in fig- 5.6 as c/T versus T, in different

fields up to 8T (the normal-state specific-heat of this sample is shown in

fig. 4.3). In this experiment the broad anomaly, as found for the unan-

nealed sample, is reproduced at zero field; T o n s e = 0.52 K. The height of
c

the peak at 0.35 K is about 30% of the specific heat extrapolated from

above T . Similar values for Ac/yT of 0.35, 0.48 and 0.66 have been

observed for the unannealed Czochralski-grown sample (fig. 5.1), an annealed

flux—grown sample (Stewart et al. 1984a) and an annealed polycrystalline

sample (Sulpice <?r al. 1986), respectively. These values are much lower

than the one expected from BCS theory: 1.43. The relative jump height is

increased to about 60 % if the broad transition is replaced in the usual way

by a sharp one. This procedure yields a calorimetric transition tempera-

ture T =0.40K, in contrast to T° n s e t - 0.52 K. Well below T , c/T is
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2
almost linear In T, extrapolating to a finite y-value of about 260 mJ/K molU

at T = 0K. Such an extrapolation, however, violates the entropy balance,

imposed by the extrapolation of the normal state specific heat to OK

(dashed line). Therefore, the low temperature specific heat In the super-

conducting state should decreases faster than given by the solid line. In

a schematic way this is indicated by the dash-t!otted line for which the

entropy balance is met exactly.

In a magnetic field of 0.5 T the anomaly is much weaker. At higher fields

T falls outside the covered temperature range. The field effect on the
c

normal-state specific heat has been discussed in section 4.3.1.

The large electronic normal-state specific heat is caused by the

strongly interacting f-electrons. The large anomaly at the superconducting

transition evidences that the f-electrons are also involved in the forma-

tion of the superconducting condensate. However, the extrapolation of c/T

to zero temperature, taking Into account entropy balance (dash-dotted line

in fig. 5.6), suggests a small finite y-value of about 20 mJ/K molU, instead

of a vanishing one, as expected for a normal superconductor. A similar

type of specific heat curve has been obtained by Sulplce et al. (1986).

These authors measured a polycrystalline sample down to 146 mK, at which
2

temperature c/T = 293 mj/K molU, I.e. a value well below the normal-state
c/T-value just above T . For this sample the specific heat varied as

c 2 3

c/T = Y o + a T , with y =110mJ/KmolU and a = 1250 mJ/K mollj, over the tem-

perature range 146-470 mK. The extrapolation to a finite -y-value of
2

nOmJ/KmolU leads, however, to a small excess of entropy (5%) withrespect to the normal phase. Therefore, the actual "residual"

might be somewhat lower.

The peculiar features observed in the specific heat might be indicative

for a non-conventional pairing mechanism in the superconducting state. In

particular, the observation of a power law rather than an exponential tem-

perature dependence of c, for T « T , can be taken as evidence for a non-

conventional pairing mechanism (table 2.1). Taking into account the

entropy balance for the broad superconducting transition a finite y-value

results, which suggests that parts of the Fermi surface remain normal.

It is interesting to note that also in CeCu2si2 a nearly ^-dependence of

c(T) is found, just below T (Stegllch et al. 1984). At lower temperatures

this behaviour gradually changes towards a T -law. Further comparison with

the latter compound suggests that UPt, is in between those samples with
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pronounced specific heat jumps and other ones ("gapless superconductors"),

without significant jumps, but with giant linear terms in c as T goes to
3

zero (Bredl et al. 1983). In case of UBe , a T -law has been observed in

the superconducting state. The presence of this term was taken as evidence

for triplet superconductivity (Ott et al. 1984b).

5.4 Critical field studies

The temperature dependence of the upper critical field,

B „ = - dB ^ ^ ^ I T + T ' h a S b e e n studied in applied magnetic fields up to

0.5 T by means of ac-susceptibility experiments (de Visser et al. 1984a&b).

The results, taken on an annealed Czochralski-grown sample (#6, table 5.1),

for a field along the a-axis, are shown in fig. 5.7. For this sample B .

amounts to 4.4 T/K.

In order to give a quantitative analysis of the upper critical field we

follow the approach that successfully has been applied to AT 5 superconduc-

tors (Orlando et al. 1979) and tc CeCu Si (Rauchschwalbe et al. 1982).

Hereto, some crude assumption will be made: (i) the Fermi surface, charac-

terized by a Fermi wave number k , is spherical, ignoring any possible

anisotropy, and (ii) UPt, is not a strong-coupling superconductor. Under

these assumptions the temperature derivative of the upper critical field

can be written as:

2 3 -1
where y is given in J/K m , k in m and the normal state resistivity at

T , approximated by the residual resistivity, p , in Qm. Here the quanti-
C 32 2 2 —2 ° 2—1—1

ties a and b are given by 7.95x10 Tm K J and 4780 TKm Q J , respec-

tively. Eq.(5.1) has its origin in an expression for B taken from the
_2 c

Ginzburg-Landau theory: B 2 = £ (T). Here £(T) represents the GL coher-

ence length, which signifies the characteristic length for variation of the

order parameter. The GL coherence length depends on the purity of the

superconductor, which can be presented by the ratio 1 Iz, , where 1 is the

electronic mean free path and g the BCS coherence length. In the pure

limit (1 » 5 ) p is small and B 2 will be mainly determined by the first

term on the right hand side of eq.(5.1). On the other hand, in the dirty
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Fig. 5.7 (a) Ac-susceptiblllty (In arbitrary units) In zero
magnetic field and In fields of 0.1, 0.2, 0.3, 0.4 and 0.5 T
(field directed along the a-axis) for the sample #6; and (b) the
upper critical field as function of temperature; Tc is defined at
the 50% point (indicated by arrows In (a)).

limit (1 « I ) p is large (T is low) and B , is approximately given by
e o o c ci

the second term. Eq.(5.1) enables us to determine the Fermi wave number

directly from measurable quantities. Subsequently, we are able to calcu-

late some parameters that characterize the superconducting state: the BCS

coherence length, Z, ~ v /T ~ T ) , where v is the Fermi velocity,

the electronic mean free path, 1 ~ (p k ) , and the London penetration

depth ^ ~ (/y)/k*.

Inserting the experimental results (sample #6) for 3^ (- 4.4 T/K),

T (-0.48K), the residual resistivity p (although not measured on sample
c -8 °

#6, we may estimate it at ~3x10 Qm) and the (sample independent) enhanced

•y-value of 9.94x103 J/K2
m
3 (which corresponds to 422 mJ/K2molU), we obtain a

value for k^ of 1.06x10 m~ . This Fermi wave number characterizes the

strongly interacting electrons that form the Fermi liquid at low tempera-

tures. With this value for k we calculated (see section 4.3.1): the
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effective mass m = 200 m , the effective Fermi velocity v = 6800 m/s and the
e F

Fermi temperature T = 275 K. The dirty and clean limit contributions to
r

eq.(5.1) amount to 1.4 T/K and 3.0T/K, respectively. We realize that p

has not been measured on sample #6. However, allowing, for Instance, a

100% variation in p , k varies in between the values 0.96x10 m (for

pQ = 0) and 1.25x10
10m (for pQ = 6x10 am). Taking into account the pos-

sibility of such a variation in k our Fermi liquid analysis yields, how-
c

ever, qualitatively the same results.

Parameters for the superconducting state can now easily be calculated

using the expressions given by Orlando et al. (1979): Z, =2.0x10 m,

1 =3.6x10 m and ^=3.6x10 m. The ratio 1 /£ amounts to 1.8, which

signifies that our samples are neither in the dirty limit, nor In th=. clean

limit, as could be expected from the p -values. The Ginzburg-Landau

parameter, K_T is found to be about 23. A similar value for K_T can be
GL GL

deduced from the ratio of the upper to the lower critical field:
B ,/B
c2 cl

2tc_T/lniĉ T . The temperature dependence of the lower critical
GL GL

field as obtained from the virgin magnetization curves, taken on the

polycrystalline sample, (section 5.2) is shown in fig. 5.8. With

B =0.35T and B = 0.017 T at 0.4 K, we calculate K _ =17. In table 5.2 we
cZ Cl GL

compare these parameters for DPt with those for CeCu SI and UBe ,.

Herewith we have to realize that some of these parameters can exhibit a

strong sample dependence, in particular in the case of CeCu Si .

O.6

O.4 -

o
CD

0.2 •

O.2 0.4
T(K)

O.6

Fig. 5.8 Temperature dependence of the critical fields Bci for a
polycrystalline sample, and BC2 for a single-crystalline sample
along the a-axls (see also fig. 5.7).
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Table 5.2 Some important parameters characterizing the heavy-fermion
superconductors UPt3, CeCu2Si2 (Rauchschwalbe et al. 1982, and references
therein, sample No. 7) and UBe-|3 (Maple et al. 1985). For the latter
compound a dirty limit expression has been applied in order to determine
the parameters in the superconducting state.

Parameter

Y
Tc
I

po

m*
*

VF
TF

1
e

KGL

Units

mJ/K mol

K

T/K

10~8Qm

,.10 -1
10 m

m
e

m/s
K

10"8n,

10"8m

10"8m

-

upt3

422

0.48

4.4

3.0

1.06

180

6800

275

2.0

3.6

36

23

CeCu2Si

1006

0.64

5.8

3.5

1.7

220

8700

582

1.9

1.2

20

22

2 UBe13

-1100

0.85

42.0

125

#0.87

300

3390

112

1.42

0.13

-

''Determined from configurational arguments, assuming 3 heavy electrons per
formula unit

Critical field studies performed by others are in good agreement with our

results (Willis et al. 1984, Chen et al. 1984a, Rauchschwalbe et al. 1985,

Kadowaki et al. 1986, Tholence et al. 1986 and Sulpice et al. 1986). The

observed values for B „ range from ~4.0 to ~6-3T/K. The limiting critical

field at zero temperature, B -(0), amounts to —1.8T. In general, two dif-

ferent mechanisms lead to the disappearance of superconductivity: the

interaction of the external field with the electronic orbits and the

interaction with the electronic spin. The first interaction gives rise to

the definition of an orbital critical field, which is given by (Helfand and

Werthamer1966):

B* (0) = 0.7 B' T (5.2).
c/ cZ c
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The second interaction leads to a destruction of the superconducting state

when the free spin energy becomes larger than the condensation energy

(paramagnetic or Paul! limiting). Applying eq.(5.2) we calculate values
*

for B -(0) ranging between 1.4 and 2.2 T/K, compared to the measured value

of 1.8 T/K. This suggests that B 2(0) is mainly determined by the orbital

critical field; Paul! limiting is absent. The absence of Pauli limiting is

expected for an equal spin-pairing superconducting state in a p-wave model.

To conclude this section we briefly discuss anisotropy effects in the

upper critical field. Anisotropy of the upper critical field is expected

for some types of odd—parity superconductivity (Scharnberg and Klemm1985,

Machida et al. 1985). However, anisotropy might also be observed in case of

a singlet superconductor with an anisotropic gap. Our data for a field

direction along the a-axis reveal a linear temperature dependence of B _.
C<£

Another sample (#7) measured with the field applied along the c-axis,

seemed to have an increasing slope of the upper critical field with
i i

decreasing temperature: B „ = 3.6 T/K at T and B ,,=6.0 T/K near 0.40 K.

However, this sample exhibited a rather broad transition (~0.1K). Similar

anisotropy effects have also been observed by other authors. Willis et

al. (1984) and Chen et al. (1984a) measured the resistive superconducting

transition for a current along the c-axis. For Hil these authors found a

linear temperature dependence of B , over a relatively large temperature

range, whereas for Hill the critical field curves showed a curvature near
T , leading to a considerably lower value for B „. Similar anisotropy
c c^

effects have been observed by Rauchschwalbe et al. (1985): for HII(Illc) the

initial value for B „ Is larger than for HII(IIIbasal-plane). Tholence et

al. (1986) performed ac-susceptibility measurements, and observed for a

field direction along the a-axis, as well as for a field direction along

the c-axis, non-linearities in B , vs T. Furthermore, Rauchschwalbe et al.

observed a kink in the B -curve near T , which is possibly attributed to a
c/. c

field-induced reorientation of an anisotropic pairing state, as suggested

by Scharnberg and Klemm(1985). Up to now, none of the observed anlsotro-

pies in B . has been taken as decisive evidence for triplet superconduc-

tivity.
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5.5 Fermi liquid analysis

In this section we present the results of a Fermi liquid analysis of

the superconducting transition temperature, employing the model developed

by Pethick et al. (1986) described in section 2.4. In this model the super-

conducting transition temperature can be expressed by the relationship

(eq.(2.60)):

T£ J ) = 1.13 a Tp e
 j (5.3).

Here a is a numerical constant, T is the Fermi temperature and g

represents a pseudopotential, given by eq.(2.63). If g. <0, the potential

is attractive; j = 1 indicates triplet pairing, j = 0 singlet pairing. The

analysis of the normal-state specific heat (section 4.3.1) enables us to

calculate g , which can be expressed as function of the antisymmetric A = 0

Landau scattering amplitude:

+Aa

(5.4).

Using the values for A , ranging from -3.71 to -2.95, derived from the

various fits to the as measured and the phonon corrected specific heat

(table 4.1), we calculate values for g ranging from -0.452 to -0.325.

Clearly, g is negative. Next we need to investigate whether g Is the

most negative pseudopotential. Employing the expressions for g and g,
o 1

(eq.(2.63)), the necer.sary condition for g < g Is given by
Aa < -•=•-•=- A?. For galilean-Invariant systems F? is related to the
0 5 5 1 * s 1 s

effective mass, m . For a large effective mass F is large, and hence Â

amounts to 3 (eq.(2.38)). This would Imply that for Aa<-11/5 triplet

pairing occurs. However, in case of UPt, the lattice breaks up the

galilean invariance of the electrons, which hampers the derivation of A

from the effective mass. Nevertheless, estimating A to be of the order of

3 the Fermi liquid analysis favours triplet superconductivity (see also the

discussion In the paper by Pethick and Pines 1986).

Unfortunately, it is within the Fermi liquid model not possible to

predict T , since a is not known. However, a test of eq.(5.3) can be per-

formed by considering its pressure derivative, and, subsequently, by com-

paring the calculated relative pressure derivative of T , alnT /oP, with
c c

the experimental value. Taking the relative pressure derivative of
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eq.(5.3) we find:

where we substituted eq.(5.4) and assumed a to be pressure independent. In
*

the uniform scaling approximation (y T = n) the relative pressure depen-
F

dence of T can be wr i t t en as

dlnT
F - - - U i " ' ( 5 . 6 ) ,

5P *

where K is the isothermal compressibility. The relative pressure depen-

dence of T then takes the form
c

BlnT
c _ - _ U-"'T " « re. 71

3P i.3-';-

Hence, it appears that 81nT /oP can be calculated from parameters that fol-

low directly from specific heat data as function of pressure. Such experi-

ments have been performed by Brodale et al. (1986), at pressures up to

8.9kbar. These authors observed a decrease of the coefficients y and 6

(and thus an increase of A ) as function of pressure. From fits to the

specific heat data in the temperature range 0.5-18 K at 1 bar and 3.8kbar,

we calculate K - olnv*/oP = -31 Mbar"1 and oAa/8P= 109 Mbar"1. With the 1 bar

a o
value for A of -4.09, calculated from the data of Brodale et al., we

o _,
derive BlnT /oP = -37Mbar . Willis et al. (1985) measured the pressure

c

dependence of T and observed a reduction of T as function of pressure

with a rate of -12.6mK/kbar (see section 5.6). The experimental value for

8lnT /oP amounts to -26 Mbar . Hence, a reasonable agreement between the

calculated and experimental values for 31nT /oP results.

A second check on the validity of eq.(5.3) can be performed by calculating

the relative pressure dependence of T from a combination of thermal expan-

sion and specific heat measurements at 1 bar. Starting point is again

eq.(5.7). The second term on the right hand side of eq.(5.7) can be

related to the coefficient of the linear term in the thermal expansion, y
conform eq.(4.14a). The pressure dependence of Aa in eq.(5.7) can be

3 * °
related to the coefficient of the T ln(T/T )-contribution to the thermal
expansion, 6 . Employing eq.(4.14d), eq.(2.47) and eq.(5.6), 6 can be

<x oc
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1 86 1 5 f3u
2 * BS-,

Rearranging terms In eq.(5.8) and employing eq.(4.14a), we find the follow-

ing expression for the pressure derivative of B :

^.W-B-[-^+^+|f, (5.9).
y m

The relation between the pressure dependence of A and B can be found by
o

taking the p

independent:

K oBS

o s
taking the pressure derivative of eq.(2.48), assuming that A is pressure

3K ,.a.Z a

- - r (AO>
 +3A
O

Subsequently, we derive from eq.(5.7), by using eq.(4.14a), eq.(5.9) and

eq.(5.10), the relationship:

V m "«•

y

9V BS 6 Y*
^ x f - ^ + ^ ^ J L j (5.n).
^ 6 9 V

From the coefficients of the fits to the specific heat and thermal expan-

sion in the temperature range 1.4-20K (tables 4.1 and 4.3) we calculate,

using eq.(5.11), olnT /oP»-19Mbar , in good agreement with the experimen-

tal value of olnT /oP = -26Mbar . Here, the second and third term on the
c _j

right hand side of eq.(5.11) have opposite signs and amount to 33 Mbar and

-52 Mbar (the term with < may be neglected). However, for the fits in the

temperature range 1.4-10K dlnT /&P amounts to -175Mbar . This large

negative value is caused by the larger 6 -value in this case (almost a fac-
a

tor of two larger than derived for the fit up to 20 K, see table 4.3).
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Similar large negative values result If we use a combination of the coeffi-

cients derived from fits to the phonon—corrected specific heat (fits Ila

and lib, table 4.2), and the thermal expansion (table 4.3), for both tem-

perature intervals. In this case the relatively small 6-value is debit to

the large negative second term in eq.(5.1l).

To summarize these results, we conclude that the analysis of T in the

Fermi liquid model, under the assumptions given above (see also sections

2.3 and 2.4), suggest that UPt is a triplet superconductor (g <0). How-

ever, a test of the expression for T (eq.(5.3)), by means of a combination

of specific heat and thermal expansion data, leads not to an unambiguous

approval of this equation. This has partly Its origin in the forementioned

difficulties in describing the thermal expansion data for UPt including a

T3ln(T/T*)-term.

5.6 Miscellaneous

In this last section we discuss briefly the outcome of several other

experiments that have been performed In order to elucidate the nature of

the superconducting ground state.

First we mention the sensitivity of UPt, to mechanical stress. As

follows from table 5.1, T for annealed samples Is roughly 0.1 K higher than
c

for the unannealed ones. This is also nicely illustrated by x experi-

ments, performed by Tholence et al. (1986), on a Czochralski-grown sample,

before and after annealing (see fig. 5.9). Stewart et al. (1984a) noticed

the absence of superconductivity In a ground sample (T < 0.050 K). On
c

annealing the sample, T restores. Such a strong sensitivity of T to

mechanical stress (and thus p ) is expected for a triplet superconductor

(Foulkes and Gyorffy1977, see also eq.(2.59)).

Willis et al.(1985) studied the superconducting transition tempera-

ture, by means of resistivity measurements, at applied pressures up to

19.1 kbar. These results, obtained on a flux-grown sample (T =O.48K), are

shown in fig. 5.10. T reduces as function of pressure, at a rate of

-12.6 mK/kbar. The relative depression of T with pressure amounts to
-1 c i

-26 Mbar . The initial slope of the upper critical field, B . is also
-1

depressed with pressure, at a relative rate of -28 Mbar . Both T and B ̂

extrapo]

-0.018.

extrapolate to zero at 37 kbar, corresponding to a volume change of AV/V of
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Fig. 5.9 Diamagnetic susceptibility for Czochralski-grown UPt3 at
different fields. As grown (squares) and annealed (circles).
Aft°.r Tholence et al. 1986.

.a
o

1.5 2.0

Fig. 5.10 Resistance vs temperature squared for single-crystalline
UPt3- Pressures were applied in the order: 1 bar, 10.2 kbar,
19.1 kbar and 4.1 kbar. After Willis et al. 1985.
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The BCS expressions for T (see, for instance, eq.(2.54)) exhibit, in gen-

eral, a complex pressure dependence caused by the competing pressure depen-

dences of 0 , X , \L and X ,. Therefore, the sign of the pressure depen-

dence of T can not easily be predicted. A collection of characteristic

parameters for the superconducting state, and for the pressure dependence

of T , for several uranium intermetalllc superconductors can be found in a
c

recent paper by Franse (1986). For the heavy-fermion superconductor UBe - a

value for 8T /&P of -12mK/kbar has been obtained (Chen et al. 1984b),
c

whereas for CeCu Si,, T first increases with pressure (for P < 40 kbar) and
2 2c

then decreases (Bellarbi et al.1984),

In case of UPt,, a matter of great interest is whether the occurrence of

superconductivity is mediated by spin-fluctuations. The depression of

superconductivity as well as spin fluctuations with pressure suggests

indeed a correlation between both phenomena, but cannot be taken as proof

for spin-fluctuation mediated superconductivity. The relative pressure

dependence of T and the relative pressure dependence of the spin-
c * -1

fluctuation temperature, T , amount to -26 and 33 Mbar , respectively

(T oc T sections 4.7.1 and 4.7.2). These relative pressure dependences

have an almost equal magnitude, but opposite signs. Within the presented

Fermi liquid model, qualitatively a depression of T with pressure is
c

expected for UPt , as has been shown in the previous section. The quanti-

tative agreement between the calculated and experimental values for
olnT /oT is, however, subject of discussion,

c

Low-temperature data for the thermal conductivity, K, as obtained by

the Darmstadt group on a polycrystalline UPt sample (Franse et al. 1985a),

are shown in fig. 5-11. At temperatures below 0.5K there is a difference

between the superconducting-state, < , and the normal-state (superconduc-

tivity suppressed by a magnetic field of 2.5 T), K -values. This difference
n

increases towards lower temperatures where K follows a power law with an

exponent between 1 and 2. The temperature dependence of < shows negative

curvature for T>0.2K, when plotted as K / T V B I (fig- 5.11b). As is indi-

cated by the dashed line, the data points at the very temperature end are

consistent with (cg - a T , with a-32mW/K cm. The quadratic temperature
dependence of K shows that the thermal conductivity below T must be of

s c

electronic origin, despite the importance of the phonon conductivity as

inferred in the normal state for T>3K (section 4.5.2). An upper limit of

the phonon contribution to K can be obtained by taking into account
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Fig. 5.11 Temperature dependence of the thermal conductivity of
polycrystalline UPt3 In a double-logarithmic plot (a), and as ic/T
vs T (b).

scattering of the phonons from grain boundaries only ("size effect").

Using the average grain size of 50 pm as determined for this polycrystalllne

sample, the phonon contribution to the heat transport in the superconduct-

ing state is estimated at only a few % of the total heat transport.

Thermal conductivity measurements performed by Sulpice et al. (1986)
2 3

revealed, besides a T -term below 200 mK (a=20mW/K cm), a term linear in
o

temperature with a coefficient of 0.55 mW/K cm. In section 5.3 we mentioned
that also in the specific heat "residual" linear terms have been observed.

A T -term in K has also been found for UBe., (a»0.38mW/K cm, Jaccard et
s - 15

al. 1985b) and CeCu Si2 (a-1.8 mW/K cm, Steglich et al. 1984). In the

latter system an additional term linear in T exists. As in case of the

specific heat, a T -term in K can be taken as evidence for strong gap

anisotropy (table 2.1).

Bishop et al. (1984) performed sound velocity experiments on UPt in

the superconducting state and observed that the ultrasonic attenuation
2

varies as T . These results were explained by assuming that UPt, is an

anisotropic (triplet) superconductor in a polar-like state, where the gap

vanishes along a line on the Fermi surface (table 2.1). However, recently

Muller et al. (1986) observed a T -term in the same temperature region, as
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well as an ultrasonic attenuation peak just below T (only for longitudinal
c 3

ultrasound), possibly due to collective modes as observed in He.

Poppe (1986) performed several tunneling experiments on single-

crystalline UPt specimens, using Al or Nb as counterelectrode. However,

no Josephson current was observed as might be expected for a weak link

between a triplet and singlet superconductor. However, a contact formed

with two pieces of UPt did not show any pair current either. One diffi-

culty with UPt is that the material in the superconducting state is very

sensitive to mechanical stress, as mentioned above. Therefore the specimen

might not be superconducting in the vicinity of the contact. Besides, tri-

plet superconductivity would be very sensitive to pairbreaking at surfaces

and restrictions. Therefore, it would be difficult to observe the Joseph-

son effect for a triplet superconductor.
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CHAPTER 6 UPt, ALLOYED WITH Pd

6.1 Introduction

In the preceding chapters we presented a large variety of experiments

that have been performed in order to characterize and understand the normal

and superconducting-state properties of UPt . In order to further eluci-

date the low-temperature properties of UPt , useful information might be

obtained from alloying experiments. Possible candidates for substitutions

at the 0-site are La, Lu and Th. Pt might be substituted, for instance, by

its neighbours in the periodic table: Ir, Rh, Pd, Ag and Au. In general,

little information is available in the literature on the solubility of

other elements in UPt,. The compounds Ulr, (cubic), URh (cubic) and UPd

(hexagonal) differ in crystal structure from UPt,. UAg does not exist and

the crystal structure of UAu is not known. Probably the area of stability

of the UPt phase is small for the forementioned substitutions at the Pt-

site. This can also be inferred from a systematic study of the occurrence

of intermediate phases In the UX compounds (Dwight 1964). Since the low-

temperature properties of UPt strongly depend on the lattice parameters

(large pressure effects, large Griineisen parameters etc.), we expect a

large influence from substitutions of only a few atom % U or Pt.

In this chapter we present the results of a first series of alloying

experiments in which we substituted Pt by isoelectronic Pd. The low-

temperature properties of the compounds UPd and UPt, are quite different,

although the distances between neighbouring uranium atoms are nearly ident-

ical: 4.13 A in UPt and 4.11 A in UPd . The main crystallographic differ-

ence between these compounds is the stacking of the atomic layers: in UPt

the stacking is ABAB (hexagonal closed packed; hep), in UPd the stacking

Is ABAC (double hexagonal closed packed; dhep). In the hep structure only

U-sItes with hexagonal symmetry are present, whereas in the dhep structure

hexagonal sites (atoms in B layers) and so-called quasi-cubic sites (atoms

in A layers) are present. In table 6.1 some crystallographic and magnetic

parameters for UPt and UPd have been collected. Neutron scattering

experiments have revealed that UPd has well—localized f-electrons, with a
2 3

5f -configuration in a LS groundstate H, (Murray and Buyers 1980). The low

value for the coefficient of the linear term in the specific heat,

•y < 10 mJ/K molU (Andres et al. 1978 and Zaplinski et al. 1980), illustrates
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Table 6.1 Lattice parameters (a and c), neighbouring uranium distance
(d(j-u), molar volume (Vm), susceptibility (xa,b an<* Xc)> effective moment
(|ieff), and the electronic term in the specific heat (y), for hep UPt3
(MgCd^-type of structure) and dhep UPdj (TiNl3~type of structure). Data
for Uipd3 taken from Murray and Buyers (1980), Andres et al. (1978) and
Zaplinski et al. (1980).

a

(A)

UPt 5.752

UPd 5.770

V
(10-VVmolU)

UPt 115

UPd 300

c

(A)

4.897

9.631

(10-9m3/molU)

57

160

Vu
(A)

4.13

4.11

(Ug/U-atoa)

2.6

2.8

V

(m3/mol)

4.24xl0"5

4.18x10"5

Y

(mJ/K2molU)

422

10

the absence of a narrow band, and contrasts with the large value of
2

422 mJ/K molU for UPt . In UPd, two phase transitions have been observed,

at 5 and 7K, both non-magnetic of origin (Andres et al. 1978 and Ott et

al. 1980). Evidence for crystal-field states comes from neutron-scattering

experiments (Murray and Buyers 1980): for both uranium sites a singlet

ground state with excited doublet states, yielding excitation energies of

164 and 24 K, has been derived. Which energy splitting belongs to which

site has, however, not firmly been established. Given the obvious differ-

ences between both compounds, we expect large effects on the low-

temperature properties of UPt by substituting Pd for Pt.

In this chapter we report specific heat, thermal expansion, suscepti-

bility, high-field magnetization and electrical resistivity measurements on

a series of pseudobinary U(Pt Pd ) compounds (0.01 <x<0.30). In addi-

tion, samples with x=0.001, 0.002, 0.005 and 0.01 were checked for super-

conductivity.

Polycrystalline compounds were prepared by arc melting the appropriate

amounts of the pure elements, U (Koch-Light Ltd., purity 99.8%), Pt and Pd

(MRC-Marz grade), in a titanium gettered argon atmosphere. All samples

were annealed, in evacuated sealed silica tubes, at 1000 °C for a period of
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10 days. X-ray diffraction patterns taken on powdered samples at room tem-

perature confirmed the hexagonal MgCd -type of structure. Samples with

x>0.15 showed additional unresolved diffraction lines, pointing to at

least one second unknown phase (phase boundary for the MgCd_—structure

between 10 and 15 atom% Pd) . Small needle-like single-crystalline whiskers

were obtained from the arc melted buttons, for all pseudobinary compounds,

just as for pure UPt (see section 3.2). Lattice parameter determinations,

by X-ri.y diffraction patterns taken on the powdered samples and on the

whiskers, yield a constant a—parameter within the experimental accuracy,

a = 5.752+3 A, whereas the c-parameter decreases linearly with Pd concentra-

tion, from 4.897+3 A for pure UPt down to 4.892+3 A for x = 0.15. The

c/a-ratio decreases slightly with increasing Pd content (a reduction of

0.1 % for the 15% Pd compound). The reduction of the volume, AV/V, amounts
-4

to 7.5x10 per atom % Pd. The same value for AV/V can be achieved by apply-

ing an external pressure on pure UPt of ~1.6kbar (ic = 0.48Mbar ).

6*2 Specific heat and thermal expansion

Specific heat measurements on the series of U(Pt Pd ) compounds

have been performed in the temperature range 1.2-30K (Franse et al. 1985b,

de Visser et al. 1986d, de Visser et al. 1986e). Data were taken in zero-

field and in a field of 5T. The zero-field data are shown in fig. 6.1 (for

T< 20 K). In fig. 6.2 we show the field effect for some selected compounds.

On alloying UPt., two remarkable features can be observed: (1) for x<0.10

the y-value increases with respect to pure UPt , and (2) an anomaly

develops at low temperatures for the 2% and 5% buttons. The former obser-

vation points to an enhancement of the many-body effects at low tempera-

tures (larger effective mass). Although it is not unambiguous how to

extrapolate c/T in fig. 6.1 to OK, y might easily amount to 600 or

700 mJ/K molU for the 5% and 10% compounds. This signifies a surprisingly

large increase (almost 50%) of the y-value with respect to pure UPt . In a

magnetic field of 5T the y-values are only slightly modified, as indicated

by the c/T-values at 1.4K in fig. 6.3. The entropy difference, in the tem-

perature interval 1.2-20K, between the curve for pure UPt and the curve

for U(Pt orkPd •>«)•» e<iuals 2.4 J/KmolU. On diluting by Pd, the correspond-
0.oO 0•iO j

ing entropy differences with the 20% compound amount to the constant value

of 2.4 J/KmolU for compounds with x<0.05. The entropy difference between
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Fig. 6.1 Specific heat of
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compounds in a plot of c/T

the curves for x = 0.20 and x=0.30 amounts to l.Oj/KmolU.

Next we discuss the nature of the peaks in c/T vs T for the 2 % and 5 % Pd

compounds. These anomalies remind one of the phase transitions in UPd at

5K and 7K (Andres et al. 1978 and Ott et al. 1980). From entropy con-

siderations it follows, however, that the anomalies in these pseudobinary

compounds can not be due to a second phase of UPd (that might be over-

looked in the X-ray patterns). For UPd the excess entropy up to 15 K

equals 3j/KmolU (Andres et al. 1978), whereas the entropy involved in the

peaks of the 5% and 2% samples amounts to 0.8J/KmolU and 0.2 J/KmolU,

respectively. In a magnetic field of 5 T the temperature at which the max-

imum in c/T is observed shifts from 5.8 K to 5.4 K (5% Pd), and from 3.6 K
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Fig. 6.2 c/T vs T for U(Pt^_xPdx)3 compounds for x=0.00 (o) and
( D ) , x = 0.02 (A) and (V), x=0.05 (+) and (O) and x = 0.30 (H) and
(*), at zero field and an applied field of 5T.

Fig. 6.3 c/T values at T = 1.4K vs Pd concentration for
U(Pt1_xPdx)3 compounds (x<0.30) in a magnetic field of 5 T (A)
and at zero field (o). The broken line serves as a guide to the
eye.

to 3.3K (2% Pd), but the shape of both peaks remains essentially unchanged

(fig. 6.2). The field effect on the anomaly in the specific heat of OPd.

has an opposite sign (Zaplinski et al.1980).

In one of the papers we suggested that these anomalies possibly indicate

the onset of antiferromagnetic order (de Visser et al. 1986d). This was

recently confirmed by neutron experiments on a single-crystalline
t0 95Pd0 05^3 s a mP l e (Frin8s et al. 1986). We return to this point in

UPt, have been analysed with a

section 6.6.

The specific heat data of
3 * -*

T ln(T/T )-contribution, characteristic for spin-fluctuation effects. In

case of the U(Pt. Pd )_ compounds, the additional low-temperature

anomalies hamper such an analysis. A computer fit to the data, for the 1 Z

and 10% compounds, in the temperature interval 1.2-1 OK, including such a

term, yields an increase of 6 and a decrease of p with increasing Pd con-

tent. The characteristic temperature, T , reduces from 29 K (pure UPt.) to

22K (1% Pd) and 19K (10% Pd). For x>0.15 the spin-fluctuation proper-

ties are rapidly lost.
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Figs 6.4 and 6.5 Linear thermal expansion coefficient for
polycrystalline U(Pt-|_xPdx)3 compounds, for x = 0.00 (o),
0.01 ( D ) , 0.02 (A), 0.05 (+) and 0.15 (O).

In figs 6.4 and 6.5 we present thermal expansion measurements on some

selected compounds. The maximum observed for pure (polycrystalline) UPt

at 12K, shifts towards lower temperatures with increasing Pd content.

Additional anomalies for the 2 % and 5 % Pd compounds are also found in the

thermal expansion: a small peak results at 5.8K for the 5% compound,

whereas the 2% compound shows a sharp drop (on decreasing the temperature)

in a near 4K. The thermal expansion of a 15% compound resembles that of

the c-axis of UPt,. Since the thermal expansion coefficient is strongly

anisotropic and since crystallites with preferred orientations are present

in these samples, a more quantitative analysis awaits data on single-

crystalline samples.

6.3 Susceptibility and •agnetization

The results of the susceptibility measurements In a field of 1.3 T, in

the temperature range 1.5-300 K, and high-field magnetization measurements,

at a temperature of 4.2 K, on some selected U(Pt Pd ) compounds (de

Visser et al. I986e) are shown In fig. 6.6 and fig. 6.7, respectively. Both

experiments have been performed on cylindrical samples, with a diameter of
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1.5 mm and a length of 5mra. Because of the forementioned presence of crys-

tallites with preferred orientations, the absolute x~values *n fig- 6.6 are

somewhat sample dependent.

Obviously, the most interesting result of alloying UPt_ with Pd as to the

susceptibility and magnetization, is the reduction of the characteristic

temperature and field at which the anomalies are observed. The maximum in

the susceptibility, at approximately 17 K for pure UPt , shifts towards

lower temperatures (11 K and 7K for the 2% and 5% sample, respectively),

and becomes more pronounced. It is not observed for a sample with x = 0.15

down to 1.4K. From a Curie-Weiss analysis of the data in the temperature

range 50-300 K, it follows that the effective moment remains constant on

alloying (u = 2.6+0.1 (i /U-atom). The paramagnetic Curie-Weiss tempera-

ture increases from -80+10 K, for pure (polycrystalline) UPt , up to

-50±10K for U(Pt, 0,-Pd̂  , , . ) , . In the case of UPd a value for u of
O.OJ 0.13 3 3 eri

2.8 u /U-atom has been deduced from an analysis of x i n tne temperature

interval 70-300K (Zaplinski et al.1980). The anomaly in the high-field

magnetization curve at 4,2 K, i.e. a maximum in the differential suscepti-

bility at ~20T, for pure UPt , shifts towards lower fields (approximately

16 T and 11 T for the 2% and 5% sample, respectively). Again, it has not

been observed for a sample with x = 0.15, at this temperature.

6.4 Electrical resistivity

Electrical resistivity measurements have been performed on a number of

polycrystalline U(Pt, Pd ) compounds, as well as on small single-

crystalline whiskers, in the temperature range 1.3-300K (Verhoef et

al. 1986). The experimental results are shown in figs 6.8, 6.9 and 6.10.

In order to illustrate the relative temperature dependence of the resis-

tivity, the data are plotted as p(T)/p(300K) vs T. Absolute values for p

and p(300K) are listed in table 6.2. From figs 6.8 and 6.9 it follows that

the experimental data for the whiskers and the polycrystalline samples

nearly coincide. This illustrates that the whiskers may be considered as

representative for the bulk material. The difference between the absolute

values for the two types of samples partly has its origin in anisotropy.

As discussed in section 4.5.1 due to preferential orientations, a polycry-

stalline sample has a resistivity almost equal to the basal plane value

(238 uQcm for pure UPt.), whereas a whisker represents the c-axis value

(132 uQcm).
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U(Pt1_xPdx)3 whiskers, for x=0.00 (o) , 0.05 (A) and 0.10 (V). The
current i s applied along the c-axis.

Fig. 6.9 Reduced r e s i s t i v i t y , p(T)/p(300 K), of polycrystal l ine
U(Pt1_xPdx)3 samples, for x=0.00 (o) , 0.05 (A) and 0.10 (V).
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Fig. 6.10 Reduced resistivity, p(T)/p(300 K), of polycrystalline
U(Pt1_xPdx)3 samples, for x = 0.00 (o), 0.01 ( d ) , 0.02 (+),
0.05 ( i ) , 0.10 (V) and 0.15 (x).
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Table 6.2 Residual resistivity, po, and room-temperature values p(300 K) in
p.Qcm for single- and polycrystalline U(Pt Pd ) , compounds.

Compound

X

0.00

0.01

0.02

0.05

0.10

0.15

Whiskers

?o

2.2

4.5

6.4

24.6

46.6

-

(Illc-axis)

p(300 K)

147

126

81

75

48

-

Polycrystalline

?o

6.1

18.6

36.4

101

633*'#

355#

samples

p(300 K)

240

264

238

251

539

334

*Irregular structure.
''Kondo-type compound.

Furthermore, cracks and an irregular texture enlarge the resistivity of the

polycrystalline samples. This is in particular the case for the specimens

with high Pd contents (x = 0.10, 0.15).

The main result from our measurements is the gradual change from the

spin-fluctuation-like behaviour observed for pure UPt (section 4.5.1) to a

Kondo-like resistivity for high Pd contents. In combination herewith we

observe a reduction of p(300 K) -p with increasing Pd concentration. Tem-

perature derivatives, Ap/AT, are shown in fig. 6.11 for some selected

polycrystalline compounds. The maximum in Ap/AT, at 6.5K for UPt , shifts

towards 5.5 K for the 1 % Pd sample. For the 1% and 5 % Pd samples Ap/AT

yields an anomaly near the temperature where the maximum in the specific

heat is observed. In particular a sharp minimum occurs at 5.6 K for the 5%

Pd sample. The resistivity of the Kondo-like compounds (x = 0.10, 0.15) is

shown in a plot of p(T)/p(300K) vs lnT in fig. 6.12. At the low-

temperature side the resistivity of both compounds deviates from the lnT

behaviour; coherence sets in. A low-temperature maximum, as we observe for

x = 0.15 near 5K, has also been observed by Stewart and Giorgi(1985) on an
U^ P t0 8OPd0 20^3 samP^e n e a r 2 0 K- A T -temperature dependence, as observed

for UPt, below 2 K, is not observable In the samples with low Pd contents In

the investigated temperature range. In searching an explanation for the

Kondo-like resistivity curves for the samples with x equal to 0.10 and
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Fig. 6.11 Temperature derivative of the resistivity, Ap/AT, vs T,
for polycrystalline U(Pt-|_xPdx)3 samples, for x = 0.00 (o),
0.01 ( D ) , 0.02 (+) and 0.05 (A).

Fig. 6.12 Reduced resistivity, p(T)/p(300 K), vs InT for
polycrystalline U(Pti_xPdx)3 samples, for x = 0.10 (V) and
0.15 (x).

0.15, we compare UPt with UPd . A concentration of ~10% Pd on the Pt

sublattice could, In principle, be sufficient to destroy, at least par-

tially, the hep structure, possibly leading to quasi-cubic uranium sites

that could act as Kondo impurities. However, analysing the X-ray patterns

for x<0.15, any sign of a (long-range) dhep structure was lacking and no

substantial broadening of the diffraction lines was observed. Analysing

the X-ray patterns for higher Pd concentrations, additional lines are found

indicating the presence of a second phase, which is not the UPd phase.

Whether the Kondo-type of resistivity curves are related to this second

phase remains a question to be answered.

6.5 Superconductivity

As follows from the specific heat measurements on these pseudobinary

compounds, the spin-fluctuation temperature decreases with increasing Pd

content, leading to an enhancement of the spin-fluctuation effects. An
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important question is whether the occurrence of superconductivity and

spin-fluctuation effects in UPt are closely related or not. Assuming that

such a close relation exists, one would not expect a large change in the

superconducting properties for samples with small amounts of Pd substituted

for Pt (x<0.01), since the spin-fluctuation effects do not change drasti-

cally in this Pd concentration range. However, no superconductivity has

been observed In a v(ptn agPdn o i \ samPle as follows from an ac-

susceptibility experiment down to 40 mK (de Vlsser et al. 1986e). The low-

field magnetization experiments on these pseudo-binary compounds and chemi-

cal analysis of the pure U, prove that the concentration of magnetic impur-

ities (probably Fe) is limited to 600 ppm, which is approximately a factor

of 10 less than the amount of Pd in this 1 % sample. An annealed single-

crystalline UPt sample, grown from this batch of U, was found to be super-

conducting at 0.48 K. An unan ealed U(Pt Pd oos^i samPle» !aa-'e of a

purer batch of uranium, was not superconducting either, whereas an unan-

nealed polycrystalline sample made from the same uranium, had a supercon-

ducting transition temperature of 0.38 K. Recently, samples with an even

lower Pd content (0.1 % and 0.2%) have been prepared. Superconductivity Is

observed in these samples at 0.460K (0.1%) and at 0.357 K (0.2%) (van

Sprang et al. 1986). Apparently, the superconducting ground state Is

rapidly destroyed by alloying UPt, with Pd.

From the resistivity data we conclude that the strong suppression of

superconductivity cannot simply be due to an impurity effect. From

table 6.2 it follows that the p -value of, for instance, the 0.5% Pd speci-

men lies in between 3 and 10 jificm. Yet, an annealed single-crystalline UPt

sample with a similar p -value (6.2 jiQcm) became superconducting near 0.5 K.

Also the presented Fermi-liquid model (section 5.5) is not able to account

for such a rapid depression of T . From the normal-state specific heat
c

data we calculate only a minor change In the pseudopotenttal g • for
x<0.01, and thus T would remain unchanged (eq.(5.3)), in contrast to the
= c

experimental findings.

Although the spin-fluctuation effects are enhanced on alloying with Pd,

superconductivity is suppressed. Apparently, the high y-value is not a

sufficient condition for a superconducting ground state. Therefore, the

present data are not In favour of a direct correlation between spin-

fluctuations and superconductivity. However, the occurrence of supercon-

ductivity might depend on a delicate balance between several factors, the
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presence of spin-fluctuations being one of them. More information is

needed on order to further elucidate this problem.

6.6 Discussion

From the specific heat, susceptibility and high-field magnetization

experiments on the U(Pt Pd ) compounds we conclude that a close connec-

tion between the thermal and magnetic properties exists: the characteristic

temperature as derived from the specific heat (T = 29 K), the temperature at

which the maximum in the susceptibility occurs (T =17 K), and the field
TH3X

at which the maximum in the differential susceptibility is found

(B = 20T), all reduce on alloying UPt with Pd. Accepting the analysis
max 3

as presented in chapter 4, this implies an enhancement of the spin-

fluctuation effects (lower excitation energy). For x>0.15 the spin-

fluctuation phenomena are lost.

As mentioned before, recently, neutron experiments revealed that the ano-

maly in the 5 % Pd sample at 5.8 K is associated with the onset of antifer-

romagnetism (Frings et al. 1986). From these first neutron data it follows

that the magnetic moments are aligned antiferromagnetically in the basal

plane. The ordered moment amounts to 0.6+0.2 \i /U-atom. Furthermore,

Frings et al. argue that the step-wise increase of the magnetization near

11 T in the polycrystalline 5 % Pd sample (fig. 6.7) is due to the breaking

up of the antiferromagnetic correlations in the basal plane, followed by a

ferromagnetic alignment at high fields. Magnetization data taken by van

Sprang et al. (1986) on a single-crystalline U(Pt gc^d r^? specimen at

4.2 K (below the ordering temperature), reveal the same anisotropy as

observed for pure UPt ; the main difference being the step-wise increase in

the basal plane magnetization at lower fields (~11 T, compare fig. 6.7). At

35 T the magnetization in the basal plane exceeds the value for the c-axis

by ~0.5 n^/U-atom. Assuming that the reorientatlon of the moments is

superimposed on an isotropic magnetization, the ordered moment as derived

from the magnetization data amounts to 0.5 (WU-atom, close to the value for

the ordered moment as reported by Frings et al. It is very likely that the

high-field anomaly observed for pure UPt is due to the same phenomenon.

However, in case of UPt no long-range antiferromagnetic order has been

observed, which implies that the order must be short-range. This offers

the following picture. In pure UPt short-range antiferromagnetic
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correlations, confined to the basal plane, set in near the temperature at

which the maximum in the susceptibility occurs, T = 17K. This short-range
max

order is destroyed by a field of ~20T. For the 2 % Pd sample the charac-

teristic temperature and field for the short-range correlation are slightly

lower, besides long-range order (accomplished between the hexagonal planes)

sets in at 3.6 K. In the 5% Pd compound the onset of short-range and

long-range order almost coincide. In the 10 % Pd compound the ordering

phenomena have nearly disappeared (only a small anomaly in c is observed

near 2 K). Besides, In this entire concentration range the large -y—value

remains, which shows that spin-fluctuations persist down to the lowest tem-

peratures. At higher Pd contents a second phase appears in the diffraction

patterns: the spin-fluctuation phenomena are lost, and a Kondo behaviour

results. These observations suggest that the compound UPt is close to an

antiferromagnetic instability: antiferromagnetlsm can be Induced by substi-

tuting small amounts of Pd for Pt. Similar ordering phenomena in the

U(Pt_ Pd ) compounds have recently been observed by Stewart et al. (1986).

In fig. 6.13 we present the resulting magnetic phase diagram for the
U(Pt Pd ) system. For low Pd concentrations superconductivity is rapidly

I x x J

destroyed; antiferromagnetlsm is observed In the concentration range 1 or

2% Pd up to ~10% Pd. A small concentration range remains where neither

superconductivity, nor antiferromagnetlsm is observed (~0.A-1 % Pd). This

shows that the superconductivity is not directly killed by the onset of

antiferromagnetism. The arrows In fig. 6.13 indicate the sign of the pres-

sure effect on the superconducting transition temperature and the spin-

fluctuation temperature as observed for pure UPt,: dlnT /dP = -26Mbar and
* -i 3 c

91nT /3P = 33Mbar , and on the NSel temperature as observed on a 5% Pd

specimen: 3lnT /5P = -55Mbar (van Sprang et al. , to be published). Apply-

ing pressure and alloying with Pd both yield a reduction of the volume. In

this respect the suppression of superconductivity and antiferromagnetism

might originate from a volume effect (note that this implies that T for
N

the 2 % Pd compound would increase with pressure). However, this would also

imply that at a sufficiently high pressure pure UPt would be an antifer-

romagnet (albeit in a small pressure range), which is apparently not the

case. Furthermore, the pressure effect on T of j for pure UPt, and on

T for x=0.05 (as follows from measurements of the resistive anomaly as

function of pressure) are of opposite sign.

Specific heat, susceptibility and resistivity measurements on a series of
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3 compounds revealed nearly identical low-temperature anomalies as

the Pd doped samples (Ramirez et ai. 1986, Stewart et al. 1986). In con-

trast to Pd doping, the volume increases, with respect to pure UPt , when

Th is substituted for U. Therefore, Ramirez et al. suggested that not the

volume but the c/a-ratio plays a dominant role: for both substitutions, Pd

and Th, the c/a-ratio decreases. This was further supported by recent

alloying studies with Ir and Au (Batlogg et al. 1986). When, on alloying,

the c/a-ratio decreases, antiferromagnetism is induced. At applying pres-

sure the c/a-ratio increases again, as follows from the anisotropic

compressibility (section 4.4), and TN decreases (note that this implies

that T^ for the 2 % Pd compound would decrease with pressure as well). A

numerical calculation shows that, assuming a linear pressure dependence of
TJJ> antif erromagnetism In the 5 % Pd specimen would be totally suppressed at
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a pressure of ~30kbar.

An explanation for the occurrence of antiferromagnetism in the doped UPt

samples can be offered by Fermi surface instabilities, due to doping

induced strains: a gap opens over a part of the Fermi surface, resulting in

a combination of spin density waves and antiferromagnetic order, like

observed in Chromium (Overhauser 1962). A similar explanation has been

offered for the occurrence of antiferromagnetism in the heavy fermion sys-

tems UCd (Fisk et al. 1984) and U Zn (ott et al. 1984a).
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CHAPTER 7 UPt,: EPILOGUE

7.1 Normal phase

In chapter 4 we presented studies of the magnetic, thermal, elastic

and transport properties of UPt in the normal-state. These studies were

based on a large variety of experiments, among which specific heat, thermal

expansion, susceptibility, electrical resistivity, magnetostriction etc.

Besides, we studied the effect of high-magnetic fields and high pressures.

Most of these experiments have been performed on good-quality single-

crystals.

We have shown that the thermal properties can be fairly well described In
3 *

the Fermi-liquid model, including a T ln(T/T )-contribution to account for

spin fluctuations. The magnetic properties are strongly anisotropic: a

two-dimensional character of the field effect (confined to the hexagonal

plane) results. On the one hand, the observed anomalies in the suscepti-

bility at T = 1 7 K , and in the high-field susceptibility at B = 20 T (at

liquid helium temperatures), seem to originate from spin-fluctuation

effects as well. On the other hand, these anomalies are reminiscent of a

type of antiferromagnetlc order. On alloying with Pd, pseudobinary com-

pounds U(Pt Pd ) order indeed antiferromagnetically (for a limited con-

centration range). Obviously, the compound UPt is close to an antlfer-

romagnetlc instability, which can be triggered by substituting small

amounts of Pd for Pt.

Below we present a few remaining experimental and theoretical aspects, in

order to complete the discussion about the normal phase of UPt,.

Recently, Aeppli et al. (1985) and Johnson et al. (1986) performed inelas-

tic neutron scattering experiments on UPt . From these experiments direct

evidence for spin-fluctuations was deduced. The energy scale for the

spin-fluctuations was found to correspond to a large effective mass, in

rough agreement with the low-temperature specific heat data. Diffraction

patterns recorded for a powdered sample at 5, 20 and 300 K were similar

(Johnson et al.), once more excluding the possibility of long-range anti-

ferromagnetic order below ~17K.

We want to emphasize that the low-temperature anomalies are not caused by

crystal-field levels, as might be suggested by the resemblance between UPt

and, for instance, the hexagonal crystal-field compound PrNI . The
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susceptibility of PrNi peaks at 17K (Craig et al. 1972), as is the case

for UPt . Measurements on a single-crystalline specimen revealed a nearly

identical anisotropy in %, as found in UPt . Also thermal expansion data

for PrNi (Ott et al. 1976) and UPt. are much alike (apart from the low-

temperature upturn in a/T, which is only observed for UPt ) . Furthermore,

non-linearities have been observed in the basal-plane magnetization of

PrNi above ~ 8 T (Nait Saadal980). The ground state of PrNi in the LS-
3 4+

coupling scheme is H, (Pr ) . Due to the crystal-field the J = 4 multiplet

is split into 3 singlets and 3 doublets. The lowest level is a singlet
4 1

(T ) and the first excited level, also a singlet (r ) , lies at an energy

distance of ~20K. The low-temperature and high-field anomalies in the

case of PrNi are attributed to crystal-field effects. Assuming an Identi-
3

cal ground state for UPt (a crystal-field split H, state), we calculate

from the observed anisotropy in x> a value for the crystal-field parameter

B of 6.5 K, quite close to the value of 5.8K reported for PrNi (Andres et

al. 1979). Nevertheless, the corresponding anomalies in case of UPt are

not caused by crystal-field effects. Evidence hereto mainly arises from

the absence of a Schottky anomaly in the specific heat, and is further sup-

ported by comparing magnetization and magnetoresistivity data for single-

crystalline UPt and PrNi . In particular, the magnetoresistance of PrNi

at 4.2 K, for a current along the hexagonal axis and the field applied in

the basal plane, increases monotoiiically as a function of the field, from

3.0 uQcm at zero field to 3.5uQcm at 35 T (de Visser et al. 1986b), whereas

for UPt a large peak is observed near 20 T. Besides, at room temperature p

of PrNi amounts to 27 uQcm, much lower than the corresponding value for

UPt. (132 uQcm). Also magnetization curves of PrNi at 4.2 K, measured for

the different crystallographic axes in fields up to 35 T (de Visser et al.,

unpublished), have a quite different shape, when compared with the

corresponding curves for UPt . To summarize: we believe that no low-

energetic crystal-field levels play a role In the low-temperature proper-

ties of UPt .

In discussing the thermal properties of UPt , we focussed on a Fermi-

liquid analysis. Below we briefly compare a few aspects of this analysis

with a similar analysis in the paramagnon model. In the Fermi-liquid model

the enhancement of the susceptibility of the Interacting system with

respect to x °f t n e non-interacting system is expressed by

S= (m /m)(l+Fa)~1 (eq.(2.29)). With the values m*/m=180 and Fa = -0.788,
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3 *

as derived from the linear and T ln(T/T )-terms in the specific heat, S

amounts to 849 (table 4.2). In the paramagnon model the ratio of x f<>r the

exchange enhanced system and the Paul! susceptibility, x > i s given by the

Stoner enhancement factor S (eq.(2.3)). Usually, x ^ s calculated from the

unenhanced linear term in the specific heat, y • I n the case of UPt y
can be obtained from a two-parameter fit (linear and cubic terms) to the

2
specific heat in the temperature range 9-15 K, yielding y = 225 mJ/K molU

4 °
(and f) =0.85raJ/K molU) (Frings 1984). Assuming such a large y -value,
the spin-fluctuation enhancement factor \ amounts to 0.88, which implies

* s t

only a small mass enhancement m /m=1.88 (we neglect the enhancement due to

the electron-phonon interaction). With the experimental value for x °f
-9 3

90x10 m /molU (averaged over the three crystallographic directions), and

X as calculated directly from y , we subsequently derive a rather low

value for S: 2.32. A higher value for S results when the density of states

that follows from band-structure calculations is used. Several groups per-

formed band-structure calculations (Strange and Gyorffy T985, Sticht and

Kublerl985, Oguchi and Freeman 1985, Boring et al. 1985, Wang et al.1985
2

and Albers et al. 1986) yielding y-values between 14.9 and 22.5 mJ/K molU

(values for \ f range from 18 till 27). By calculating x from these

band-structure derived y-values, we obtain values for S between 23 and 35.

The corresponding mass enhancement, m /m, ranges from 17 till 26. The low

value for the effective mass as derived in the applied paramagnon model

(when compared to the mass enhancement obtained in the Fermi-liquid model)

is partly due to the fact that we did not take into account the mass renor-

malization that arises from the band structure. In the Fermi-liquid model

the renormalization of the electron mass has been calculated with respect

to the free electron mass.

In section 4.3.2 we showed that the experimental value for the enhanced
*

linear terms in the specific heat and thermal expansion, F , amounts to 68
* e

at 1 K (eq.(4.16)). In the paramagnon model r can be expressed as

where Xs represents the spin-fluctuation enhancement factor for the linear

term in the thermal expansion: a /3 = y T = y (1 + X )T (we neglect the

enhancement due to the electron-phonon interaction). f represents the

Griineisen parameter for the unenhanced linear terms in c and a (eq.(4.11)).
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Assuming r ~x f°r f-electrons, we calculate using eq.(4.11) from
^ 2 — ft — 9 *

(y =)y = 225mJ/K molU a value for Y of 2x10 K . Since y amounts to
1.08xl0"6K~2 (table 4.3), XSf is large. We calculate \ s f=53. The

ex a
corresponding enhancement factor for the specific heat, X , equals 0.88

sf 2
and the ratio X /X r amounts to 60. Employing y=20mJ/K molU, as follows

oc s t
from the band-structure calculations, we derive the much larger enhancement
factors Xs =613 and X =20. Their ratio amounts to 31.

a sf sf

The ratio X /X can also be calculated from the volume dependence of the

exchange enhancement factor S, employing the relationship (Fawcett et

al. 1970):

\ - ' + r lnS BlnV l'-^-
st e

The relative volume dependence of S can be related to the pressure depen-

dence of the susceptibility by

Slnx ,7 ,.
e ^ ' ''

j
olnV K dP e

With the averaged value of -20 Mbar for the relative pressure dependence

of x a t 4-2 K (section 4.7.2), and S = 2.32 we calculate \ /X f = 21 , whereas

for S = 26, as follows from the band-structure calculations
2

(y = 20 mJ/K molU), a value for this ratio of only 6.2 results. Apparently,
sf

the ratio X /\ as calculated from the volume dependence of the Stoner
o sr

factor is lower than the value as calculated from the specific heat and

thermal expansion data. This inconsistency puts some question marks as to

the foregoing analysis in the paramagnon model. Nevertheless, several

authors focussed on an analysis in the paramagnon model, when discussing

the spin—fluctuation phenomena in UPt (Fay and Apple 1985 and Brodale et

al.1986).

As mentioned above band-structure calculations have been performed by

several groups. The basic result of these calculations is a broad Pt 5d

band below E (width ~ 7 eV) and a narrow spin-orbit split U 5f band above

E (width ~ 2 e V ) . Most of the calculations yield a sharp peak in the den-

sity of states with a width of 0.1 eV at the beginning of the U 5f band. E

is located near this peak. Hybridization between the two bands removes

states from the top of Pt 5d band and places them in energy region of the U
2

5f band. The calculated Y~value amounts to ~20mJ/K molU, implying that an

enhancement factor of about 20 is needed in order to account for the large
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experimental y~ v al u e > This enhancement factor takes into account the

spin-fluctuation effects. The band-structure calculations are consistent

with high-resolution (0.13 eV) photoemisslon studies (Arko et al.1984), in

which a narrow structure of —0.15 eV has been observed at E .

We made several attempts to observe the de Haas-van Alphen effect on a

Czochralski-grown specimen (RRR = 80) in the Amsterdam High Field Installa-

tion (T=1.5K, B = 4 0 T ) . However, these attempts were unsuccessful,

max

which we attributed to the high effective electron mass. Recently, a major

achievement in this field was made by Taillefer et al. (1986), who performed

dHvA experiments on a high-purity single-crystalline UPt sample

(RRR ~5 0 0 ) , in the temperature range 20-150 mK. Preliminary estimates of

the cyclotron masses range from 25 to 90 times the free electron mass,

which undoubtedly proves the existence of heavy electrons in UPt .

In spite of the tremendous effort to unravel the intriguing low-

temperature properties of UPt , some of them remain quite puzzling. In

particular, the possible interrelation of spin-fluctuations, antifer-

romagnetism and superconductivity is an intriguing question. Hopefully, in

the near future, theorists will be able to develop models that can success-

fully account for such Interrelations in the field of heavy fermions. From

the experimentalists side, other alloying studies, and the search for more

heavy-fermion systems, are requested In order to grasp the underlying phy-

sics.

7.2 Superconducting phase

In chapter 5 we discussed the superconducting properties of UPt •

Meissner effect experiments demonstrated that the occurrence of supercon-

ductivity is a bulk property. The uranium 5f-electrons are Involved in the

formation of the superconducting condensate, as follows from the magnitude

of the anomaly in the specific heat at T . The large initial value for the

temperature derivative of the upper critical field can be analysed in a

rather conventional way, yielding the Fermi wave number of the heavy elec-

tron liquid before it enters the superconducting state. Several unconven-

tional features have been observed in the superconducting phase. The elec-

tronic properties (specific heat, thermal conductivity and sound attenua-

tion) follow a power law, rather than an exponential temperature depen-

dence. Taking into account entropy balance, residual linear terms are
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found In the specific heat (and thermal conductivity), which shows that

parts of the Fermi surface remain normal. The observed temperature varia-

tion of the electronic properties Is highly suggestive for a polar like

odd-parity superconducting phase. A strong dependence of T on stress, and

the absence of a Josephson current in a weak link between a conventional

superconductor and UPt , are consistent herewith. A Fermi-liquid analysis

of the superconducting transition temperature, using Landau parameters

derived from the normal-state thermal-properties, favours triplet supercon-

ductivity. On substituting Pd for Pt, superconductivity Is rapidly des-

troyed: T < 0.040 K for 0.5 atom X Pd.

c

In view of the present state of the theory none of these unconventional

properties can be taken as decisive proof for spin-fluctuation mediated

odd-parity superconductivity. Recently, Oguchi et al. (1986) could explain

several of the observed properties, based on a model for conventional pho-

non mediated superconductivity, albeit with an anisotropic gap. From their

band-structure calculations the electron-phonon interaction was deduced:

strong for electrons on the Pt atoms, quite weak for electrons on the U

atoms. The corresponding anisotropy in the electron-phonon coupling con-

stant, \ , , leads via the the hybridized wave functions to strong gap

ph

anisotropy. With a calculated average value for X of 0.33 and an assumed

Coulomb pseudopotentlal of 0.1, Oguchi et al. calculate T =0.2 K (the

experimental value amounts to 0.5 K) using McMillan's formula. This would

show that phonon mediated singlet superconductivity is possible in UPt ,

the superconductivity being driven by the strong electron-phonon interac-

tion at the Pt sites. The strong reduction of T on substituting Pd for Pt

has been taken to support this model: strains or Pt defects would largely

affect the electron-phonon interaction, thus reducing T .

Weighing the pros and cons of odd-parity superconductivity a conclusive

judgment cannot be given at present. Obviously, UPt is a very likely can-

didate for unconventional spin-fluctuation mediated superconductivity. If

UPt proves to be an odd-parity superconductor a wealth of exotic physics

may lie ahead.
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SUMMARY

This thesis deals with a novel type of intermetallic compounds: the

so-called heavy-fermion systems. The most striking property of these

-mainly on Ce or U based- materials is an anomalously large linear elec-

tronic term In the low-temperature specific heat. This term is attributed

2 3
to a large effective mass (10 -10 times the free electron mass) of the 4f

or 5f-electrons, that arises from the formation of a strongly Interacting

electron system. The apparently itinerant nature of the f-electrons at low

temperatures gradually changes into a localized one at elevated tempera-

tures. Surprisingly, a superconducting ground state is found for some of

the heavy-fermion system (CeCu Si , UBe , and UPt ) .

In this booklet we presented an experimental study of one of the heavy-

fermion superconductors: UPt (T =0.5 K ) . The normal-state properties of

this material are governed by pronounced spin-fluctuation effects. The

unusual coexistence of spin-fluctuations and superconductivity Is strongly

suggestive for an unconventional type of superconductivity, mediated by

spin-fluctuations Instead of phonons, with the condensate formed out of

odd-parity electron states.

The first chapter may be read as a rather general introduction to the

field of the heavy-fermions. In the second chapter we presented a theo-

retical background for the properties of UPt . Chapter 3 dealt with the

sample preparation and the measuring techniques.

In chapter 4 we presented a series of experiments on the normal-phase of

UPt , among which studies of the specific heat, thermal expansion, sound-

velocity, magnetization, electrical resistivity, magnetoresistivity and

magnetostriction. Furthermore, the influence of high-magnetic fields (35 T)

and high-pressures (5 kbar) has been studied. Most of these experiments

have been performed on single-crystalline samples, since the properties of

UPt, were found to be strongly anisotropic. In analysing the thermal pro-

perties we focussed on the phenomenological Fermi-liquid approach. The

specific heat, and to a less extent the thermal expansion, could be

analysed with an additional rln(T/T )-contribution, that accounts for the

spin-fluctuation effects. Also the Gruneisen parameter for the enhanced

linear terms in the specific heat and the thermal expansion was found to be

substantially enhanced. This Illustrates that the thermal expansion Is a

more sensitive probe for heavy-fermion behaviour than the specific heat.
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From the analysis of the specific heat data, within the Fermi-liquid model,

a quasipartlcle mass of 180 times the free electron mass was deduced. The

electrical resistivity of UPt reveals a strong coherence below ~100K, but

shows no Kondo-lattlce behaviour as observed for the other heavy-fermion

systems. Anomalies in the susceptibility (at 17 K) and in the high-field

magnetization and magnetoresistivity (at 20 T at low-temperatures) could be

explained within the spin-fluctuation model as well. Otherwise, these

anomalies are suggestive for the presence of short-range antiferromagnetic

coirelations. A study of the variation of the spin-fluctuation temperature

as function of pressure, by means of resistivity and susceptibility meas-

urements, yields a suppression of the spin-fluctuation phenomena.

The superconducting phase of UPt has been discussed in chapter 5.

Meissner-effect studies showed that superconductivity in UPt is a bulk

property. Measurements of the upper-critical field were analysed in a

rather conventional way, yielding the Fermi-wave number of the heavy elec-

trons at the Ferml-surface. Several other properties of UPt (e.g.

specific heat and thermal conductivity) show a rather unusual temperature

dependence, that might be explained as to originate from a polar-like odd-

parity state. Residual linear terms in the specific heat (and thermal con-

ductivity) suggest that a part of the Fermi—surface remains normal down to

OK. A Fermi-liquid analysis of the superconducting transition temperature,

employing Landau parameters derived from the normal-state properties, also

favours odd-parity superconductivity. Decisive proof for a novel type of

superconducting ground state in UPt could, however, not be extracted from

these experiments.

In chapter 6 we studied a series of pseudobinary U(Pt Pd ) compounds
I ™x x 3

(x<0.30). On substituting Pd for Pt, first an enhancement of the spin-

fluctuations effects Is observed, followed by a suppression at higher Pd

contents (x>0.10). Furthermore, antiferromagnetic order is observed in

the concentration range 1-10% Pd. This shows that UPt is close to an

antiferromagnetic instability. Superconductivity is rapidly destroyed by

alloying. Fermi-surface Instabilities, likely induced by a variation of

the c/a-ratio, might be responsible for the occurrence of antiferromagne-

tism in these compounds. This may probably serve as an important link con-

cerning the interrelation of spin-fluctuations, superconductivity and anti-

ferromagnetism.

In the last chapter we presented some final remarks and the conclusions.
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SAMENVATTING

Dit proefschrift handelt over een nieuw type interraetallische verbin-

dingen: de zogeheten zware-fermion systemen. De opvallendste eigenschap

van deze -voornamelijk op Ca of U gebaseerde- materialen is een grote ano-

male lineaire electronen bijdrage tot de soortelijke warmte bij lage tem-

peratuur. Deze electronen term wordt toegeschreven aan een hoge effectieve
2 3

massa (10 -10 maal de massa voor het vrije electron) van de 4f of 5f elec-

tronen, veroorzaakt door een sterk wisselwerkend electronen systeem. De

itinerante aard van de f-electronen bij lage temperatuur gaat geleidelijk

over in een gelocaliseerd gedrag bij hoge temperatuur. De ontdekking dat

sommige zware-fermion verbindingen (CeCu Si , UBe , en UPt ) supergeleidend

worden beneden 1 K kwaia als een grote verrassing.

In dit boekje worden de resultaten beschreven van een experimenteel onder-

zoek aan êên van de zware-fermion supergeleiders: UPt (T =0.5K). In de

normale toestand wordt dit materiaal gekarakteriseerd door sterke spin-

fluctuatie verschijnselen. Het -ongebruikelijke- samengaan van spin fluc-

tuaties en supergeleiding suggereert een onconventioneel type supergelei-

ding, namelijk electron-electron geïnduceerd, i.p.v. electron-phonon

geïnduceerd. Het supergeleidend condensaat zou hierbij opgebouwd zijn uit

electronen paren met een oneven baanmoment ("odd-parity").

Het eerste hoofdstuk diende als een algemene inleiding tot het ver-

schijnsel zwaar-fermion systeem. In het tweede hoofdstuk werden enkele

toepasbaar geachte modellen beschreven. Hoofdstuk 3 werd gewijd aan de

preparaat bereiding en de gebruikte meettechnieken.

In hoofdstuk 4 presenteerden we een serie experimenten, uitgevoerd aan

UPt in de normale toestand. Ondermeer werden bestudeerd de soortelijke

warmte, thermische uitzetting, elasticiteit, magnetisatie, electrische

geleiding, magnetoweerstand en magnetostrictie. Ook werd de invloed van

hoge magneetvelden (35 T) en uitwendige druk (5 kbar) gemeten. De meeste

van deze experimenten werden uitgevoerd aan éênkristallijne preparaten,

aangezien de eigenschappen van UPt sterk anisotroop zijn. De soortelijke

warmte, en (in mindere mate) de thermische uitzetting, konden geanalyseerd
3 *

worden met een T ln(T/T )-bijdrage, welke karakteristiek Is voor spin-

fluctuatie effecten. De GrUneisen parameter voor de versterkte lineaire

termen in de soortelijke warmte en de thermische uitzetting neemt een zeer

hoge waarde aan. Hieruit volgt dat de thermische uitzetting een gevoeliger
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meettechniek voor het zware-fermion gedrag is dan de soortelijke warmte.

De analyse van de soortelijke warmte in het Ferrai vloeistof model leidde

tot een massa van de quasideeltjes die 180 maal de vrije-electron massa

bedraagt. De electrische geleiding van UPt vertoont coherentie ver-

schijnselen beneden ~100K. Een Kondo-rooster gedrag, kenmerkend voor

andere zware-fermion verbindingen, werd niet waargenomen. Anomalieën in de

susceptibiliteit (bij 17K) en in de hoog-veld-magnetisatie en magnetoweer-

stand (bij 20 T en lage temperatuur) konden ook verklaard worden in het

spin-fluctuatie model. Anderzijds lijken deze anomalieën gekoppeld te zijn

aan het voorkomen van antiferromagnetische wisselwerking met korte dracht.

Uit metingen van de susceptibiliteit en de electrische geleiding als func-

tie van uitwendige druk kan een onderdrukking van de spin-fluctuatie effec-

ten geconcludeerd worden.

De supergeleidende fase van UPt werd behandeld in hoofdstuk 5. Door mid-

del van het Meissner effect werd bewezen dat supergeleiding in UPt een

intrinsieke eigenschap is. Een analyse van metingen van het bovenste kri-

tische veld resulteerde in het Fermi golfgetal van de zware electronen aan

het Fermi oppervlak. Verschillende andere eigenschappen van UPt

(waaronder de soortelijke warmte en de thermische geleiding) vertonen een

ongewone temperatuur afhankelijkheid. Lineaire termen in de soortelijke

warmte en de thermische geleiding bij T = 0K, duiden erop dat een gedeelte

van het Fermi oppervlak normaal blijft. Deze eigenschappen wijzen op een

anisotrope "gap" over het Fermi oppervlak, gekoppeld aan het voornoemde

type supergeleiding. Een zelfde conclusie kon getrokken worden uit een

analyse van de supergeleidende overgangstemperatuur in het Fermi vloeistof

model. Een definitief be-.rijs voor het bestaan van een nieuw type super-

geleiding is echter nog niet i'oorhanden.

In het zesde hoofdstuk werd een serie experimenten aan pseudobinaire

U(Pt Pd ) , verbindingen beschreven. Het vervangen van Pt door Pd leidt

in earste instantie tot een versterking van de spin-fluctuatie ver-

schijnselen; voor hogere concentraties Pd worden deze onderdrukt (x>0.10).

Daarnaast werd antiferroraagnetische ordening waargenomen in het concentra-

tie gebied 1-10% Pd. Instabiliteiten van het Fermi oppervlak,

mogelijkerwijs geïnduceerd door een verandering van de c/a verhouding,

lijken de oorzaak van het optreden van antiferromagnetisme in deze verbin-

dingen. Supergeleiding wordt zeer snel onderdrukt door Pd substitutie.

Tot slot werden in hoofdstuk 7 de conclusies gepresenteerd.
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