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PRESSURE DEPENDENCE OF THE SUSCEPTIBILITY AND RESISTIVITY OF THE HEAVY- 
FERMION SUPERCONDUCTOR UPt 3 

J.J.M. F R A N S E ,  A.  D E  VISSER and A.  MENOVSKY 
Natuurkundig Laboratorium van de Universiteit van Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, The Netherlands 

The normal-state low-temperature anomalies of the heavy-fermion superconductor UP H are characterized by a 
degeneracy temperature of about 10 K. The pressure dependence of this temperature has been studied in susceptibility and 
resistivity measurements under pressures up to 4.5 kbar. These results are compared with forced magnetostriction, specific 
heat and thermal expansion data. 

I. Introduction 

The state of localization of the 5f electrons in 
actinide metals is a matter  of growing interest. 
Superconductivity in uranium intermetallics is 
more frequently observed at, smaller values for 
the distance between neighbouring uranium 
atoms in contrast to magnetic order  for which the 
opposite holds. This observation suggests a sup- 
pression of magnetic order and an enhancement 
of superconductivity with increasing pressure. In 
the limit of localized 5f electrons, pressure effects 
on the spontaneous magnetic moment  are found 
to be extremely weak, whereas in the itinerant 
case, magnetism is indeed suppressed with in- 
creasing pressures. For the superconducting inter- 
metallic uranium compounds, however, positive 
as well as negative pressure effects on the super- 
conducting transition temperature have been re- 
ported [1-6]. 

Several of the uranium intermetallics combine 
superconductivity with extremely large values for 
the coefficient of the electronic term in the 
specific heat. A prominent example is UPt3, for 
which compound high-pressure data are available 
in the superconducting and normal state. The 
high-pressure data include the pressure effects on 
resistivity and susceptibility in the normal state, 
besides data on the superconducting transition 
and the temperature dependence of the upper 
critical field [5-8]. Superconductivity in UPt 3 is a 
bulk property as Meissner experiments prove [9]. 
Nevertheless, the transition temperature is ex- 

tremely sensitive to stresses and /or  defects and to 
small amounts of non-magnetic impurities 
[10, 11]. This has led to speculations on triplet 
superconductivity and on electron pairing other- 
wise than by e lec t ron-phonon interactions. 

By discussing the heavy-fermion superconduct- 
ors in an almost-localized Fermi liquid model, 
Vails and Te~anovi~ arrived at an expression for 
the transition temperature for (p-type) supercon- 
ductivity [12]: 

T~ = 2T* e x p ( - 1 / a ) ,  (1) 

with T* a characteristic temperature which can be 
identified either as the degeneracy temperature in 
the specific heat (UPt3) or as a Kondo tempera- 
ture (CeCu2Si2, UBel3 ). With values for A of ½ 
and for T* of the order  of 10 K a value of T c of 
the order of 1 K follows, not far from the experi- 
mentally observed value of 0.52 K for UPt 3. The 
same authors proposed to test eq. (1) in high 
pressure experiments, arguing that the pressure 
dependence of A will be of minor influence. They 
expected an increase in the parameter  T* with 
pressure, due to an increase in the overlap be- 
tween f orbitals and as a consequence an increase 
of Tc with pressure too. 

Experiments, however, revealed a negative 
pressure dependence of T c, whereas the positive 
pressure dependence of T* was indeed observed 
[51. 

Values for the characteristic temperature T*, as 
derived from thermodynamic and transport prop- 
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erties range between 6.5 K and 26 K for UPt 3. 
Some of these properties reveal large anisotropies 
even in their pressure dependence.  Although 
anisotropies have been claimed to exist for the 
temperature dependence of the upper critical 
field [13], the zero-field value for the supercon- 
ducting transition and its pressure derivative as 
measured by a resistive or ac susceptibility tech- 
nique for vanishing current or in vanishing field 
are assumed to be independent of current or field 
direction with respect to the crystallographic 
axes. 

In this contribution we present a detailed dis- 
cussion of anisotropy effects in the pressure de- 
pendence of resisitivity and susceptibility as meas- 
ured in high-pressure resistivity and in forced 
magnetostriction measurements. These latter re- 
suits are compared with a direct observation of 
the pressure dependence of the susceptibility in 
high-pressure magnetization studies on a poly- 
crystalline sample. 

2. Experimental data 

2.1. Resistivity under pressure 

High-pressure resistivity data are shown in a 
plot of p v e r s u s  T 2 in figs. la and b for current 
directions along the b- and c-axis, respectively. 
According to these results a description of p with 
a term quadratic in T only holds at the lowest 
temperature end. Writing p = Po + PT we observe 
P0 to be pressure independent whereas the rela- 
tive pressure effect of PT increases at lower temp- 
eratures. Values for 

{pr(4.2 kbar) - 07.(1 bar)}/pv(1 bar)} 

measured along the a, b-axis range from - 0 . 3 2  to 
- 0 . 1 9  in the temperature interval 2 .5 -10  K and 
along the c-axis from - 0 . 2 7  to - 0 . 1 8 .  From the 
resistivity data of ref. [5], a value for 
{PT(10.2 kbar) - Pr(1 bar)}/PT(1 bar) of - 0 . 3 2  
can be derived along the c-axis between 0.5 K and 
1.1 K. In this case a value for (T*) 1AT*lAp of 
0.025 kbar t has been deduced, whereas in the 
present case, due to pronounced deviations from 
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Fig. 1. Electrical resistivity versus T ~ for the compound UPt~ 
at zero pressure ( × )  and at a pressure of 4.2 kbar ( © )  along 
the b-axis  (a) and  c-axis (b). 

a T2-dependence of the resistivity, no reliable 
value for the pressure dependence of T* can be 
offered. The temperature derivative of the resis- 
tivity has a maximum at 6.5 K and 7.5 K for the a, 
b axes and c-axis, respectively. These tempera- 
tures increase under pressure at a rate of (0.35 -+ 
0.1) K/kbar. Assuming that this temperature is 
proportional to T*, the corresponding value for 
(T*)-lAT*/Ap is (0 .05-+0.02)  kbar -~ in the 
pressure interval from 1 bar to 4.2 kbar. 
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2.2 Susceptibility under pressure 

High-pressure magnetization measurements 
have been performed on a cylindrical sample 
(diameter 6 mm, length 8 mm) with the external 
field parallel to the cylindrical axis. Due to pre- 
paration techniques, preferential orientations 
perpendicular to the cylindrical axis, occur for the 
c-axis. As a consequence, the susceptibility of this 
sample (104 × 10 9 m3/mol at 4.2 K) is close to 
the value of 107 × 10 9 m3/mol measured in the 
hexagonal plane of a monocrystalline sample at 
4.2 K [14]. Experiments have been performed at 
1 bar and 4.5 kbar in fields up to 8 T at tempera- 
tures below 30 K. The susceptibility decreases 
with increasing pressures resulting in a value for 
X- lZiXIZiP of -0.024 kbar-1. In the susceptibility 
versus temperature curves a maximum is ob- 
served around 16 K for field directions in the 
hexagonal plane. Such a maximum is absent along 
the hexagonal axis. The temperature, Tin, at 
which this maximum is observed in our experi- 
ments on the polycrystalline sample, shifts from 
17.6 K (1 bar) to 19.6 K (4.5 kbar). Taking this 
temperature to be proportional to the characteris- 
tic temperature T* we deduce (T*)-IAT * ~zip = 
0.025kbar J. We note that the quantity 
X(4.2 K)T  m is almost pressure independent for 
this sample, a result that is easily understood in a 
paramagnon model for instance [5]. 

2.3. Forced magnetostriction 

Forced magnetostriction data can be related to 
the hydrostatic pressure dependence of the molar 
magnetic moment by a thermodynamic Maxwell 
relation: 

(O M/Op)., T = -- ( 0  g / o P . o H ) p  ,T (2) 

or in terms of the relative pressure dependence of 
the molar susceptibility and molar volume by 
writing M = xH: 

X ( 0 1 n A ]  _ V ( O l n V ]  
-~o \ Op /t H,T IxoH \ Ol~oH / p,T " 

In order to study the forced volume magnetostric- 

tion of this hexagonal compound, the relative 
length changes along the a, b and c directions 
were measured for each of the field directions 
along these three axes. Experimental results for 
(/x0H) l0 In V/OtxoH a tp  = 1 bar and T = 4.2 K in 
units of 10 -7 T 2 are: 4.57, 4.66 and 0.31 for the 
external field along the a, b and c-axis, respective- 
ly [15]. 

Inserting these numbers in eq. (3), values for 
a In X/Op of -0.023 kbar -1 and -0.003 kbar -1 
have been calculated for field directions in the 
hexagonal plane and along the hexagonal axis, 
respectively. According to these results, pressure 
effects on the susceptibility of UPt 3 turn out to be 
largely anisotropic. High-pressure susceptibility 
experiments on a monocrystalline sample of UPt 3 
are in progress in order to confirm this result. 

3. Discussion 

Due to a lack of theoretical understanding of 
the low-temperature anomalies that are observed 
in the physical properties of the heavy-fermion 
superconductor UPt3, there is no proper defin- 
ition for a characteristic temperature. Ad hoc 
definitions such as the temperature at which a 
maximum in x(T) ,  ax/aT, ap/pT occurs, yield 
values for this temperature between 6.5 K and 
16 K. Pressure effects on this temperature are 
positive. Taking the characteristic temperature 
T* proportional to this temperature, we calculate 
values for (T*) 1AT*/Ap between 0.025 and 
0.050 kbar -1 from susceptibility and resistivity 
measurements in the pressure interval 1 bar to 
4.5 kbar. The x(T)  and p(T) curves measured on 
monocrystalline samples along different crystal- 
lographic axes show pronounced anisotropies. At 
the lowest temperature p(T) is approximated by 
Po + AT2 with values for A of 1.6 I~1~ cm/K 2 and 
0.7 ~D cm/K 2 for current directions perpendicu- 
lar and parallel to the hexagonal axis, respective- 
ly. With A proportional to (T*) -2 we obtain 
values for (T*) 1AT*/Ap which fall inside the 
above given range of values for this parameter. 
The same conclusion holds  for a value for 
(T*) 1AT* ~Zip derived from the pressure depen- 
dence of the susceptibility under the assumption 
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that  x ( T = 0 ) =  C / T *  with C an appropr ia te  
Curie constant .  Forced  volume magnetost r ic t ion 
measurements  however ,  show that the pressure 
derivative of  the susceptibility is strongly anisot- 
ropic. Low- tempera tu re  anomalies  in the suscep- 
tibility along the c-axis are hardly detectable and 
values for 0 In X/Op along this axis are one order  
of  magni tude  smaller than the cor responding  
values along the a and b axes. Anomal ies  con- 
nected with the large effective mass of  the elec- 
trons at low tempera tures  are apparent ly  absent  
in the susceptibility along the hexagonal  axis. 

When  compar ing  the high-pressure susceptibili- 
ty data with the forced volume magnetost r ic t ion 
results we have to keep in mind that volume 
changes in the magnetost r ic t ion measurements  in 
fields up to 3 T are at least two orders  of  mag- 
nitude smaller than the volume changes induced 
by a pressure of  4 kbar (the compressibil i ty of  
UPt  3 at room tempera ture  equals 0.48 Mbar  ~). 
Nevertheless,  when evaluat ing values for 
c) In Xu,h/Op f rom forced magnetost r ic t ion and 
high-pressure magnet izat ion studies we arrive at 
nearly identical results, indicating a linear 
pressure dependence  of  X~,b at least up to 
4.5 kbar. 

4. Conclusions 

Although  no clear-cut definition of  the charact-  
eristic t empera ture  for the low tempera tu re  
anomalies  in resistivity and susceptibility can be 
presented,  we have shown that values for the 
relative pressure dependence  of  T*, as deter-  
mined from the pressure induced shift in the 
maxima of  x ( T )  and Op/OT are between 0.025 
and 0.050 kbar  ~. Values for this pa ramete r  de- 
rived from a more  sophist icated analysis such as 
the pressure dependence  of  the coefficient A of  
the term in p quadrat ic  in t empera ture  
(0.025 kbar  I [5]), the combina t ion  of  specific 
heat and thermal  expansion (0.031 kbar  ~, [16]), 
the forced magnetost r ic t ion and the pressure de- 
pendence  of  the susceptibility at 4 . 2 K  

(0.024 kbar ~), all satisfactorily agree with the 
directly observed pressure induced shift in T*. 
The  positive value for c) In T*/Op  is firmly estab- 
lished by these different experimental  methods  
and clearly deviates f rom a value of  
- 0 . 0 2 6  kbar  i for c) In Tc/O p [5]. 
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