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LETTER TO THE EDITOR 

Pressure dependence at low temperatures of thermo- 
dynamic properties of the heavy fermion compound CeAI, 

T H K Barron 
School of Chemistty, Univenity of Bristol, Canlock‘s Cluac, Bristol BSS lTS, UK 

Received 17 June 1992 

AbshcL Values of ( a p / a P ) ,  derived thermodynamically from the zero pressure 
ultrasonic data of Nibch and co-workers indicate that the absolule magnitude of lhe 
volumetric thermal expansion coefficient p should be initially enhanced by pressure both 
a1 very low temperatures where 6 is negative, and at higher lemperatures when p 
becomes positive. Values of [ a 2 ( C p / T ) / 8 P 2 ] , .  similarly derived, are in qualitative 
agreement with measurements of C p  under pressure above 0.5 K, bul at lower tempera- 
tures exacerbate an apparent inconsistency with thermal expansion data noted earlier by 
Brodale and co-worken; it is unlikely that this anomaly is due solely to sample variation. 

CeAI, has been named as a prototype heavy fermion material (Ott 1987). At high 
temperatures it behaves like a CurieWeiss antiferromagnet with a single f-electron 
localized on each Cc3+ ion. No phase transitions occur as thc temperature is lowered, 
and at low temperatures highly enhanced heat capacity and magnetic susceptibility 
indicate that the f-electrons are now highly correlated and hybridized with the con- 
duction electrons, forming a vcry narrow band in  the density of states. However, no 
quantitative theory has been cstnhlishcd (Grcwc and Stcglich 1991). 

S o  far it has been possiblc to prepare only sniall (- inm-sized) single crystals 
of CeAI, (Jaccard el a/ 19S7). and the data discussed in this letter all come from 
measurements on polycrystalline samples. CeAI, is dilficult to obtain pure, and 
samples usually contain appreciable concentrations (a fcw per cent) of &AI, and 
Ce,AI,, (Ribault el a1 1979). In addition, the texture of the po1yct)stals may not 
be macroscopically uniform: for example, Jaccard et a1 found that CeAI, formed 
chiefly at the surface of their annealed material, and that oriented regions of CeAI, 
extended over distances of some mm, giving rise to macroscopic anisotropy. It is 
therefore not surprising that properties can be strongly sample-dependent (Ribault 
et a1 1979, Brodale et a1 19S6; see also figure 1 below). Furthermore, differences 
between heat capacity measurements by Andres et al (1975) and by Bred1 et a1 (19S4) 
on samples ‘cut from the same button’ suggtxt that properties may change during 
sample storage, although the differences could also be due to inhomogeneity of the 
original button. It follows that the quantities derived in the present letter from the 
results of measurements on different samples cannot be precise. However, CeAI, 
cxhibits such extreme behaviour that even semi-quantitative or qualitative results are 
significant. 

At low temperatures the thermal expansion is very large and changes sign with 
temperature (figure 1). This behaviour is related to the pressure dependencc ol the 
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Figure 1. CoeWcient of volumelric expansion p for 
polycryslalline CcA13. -, Ribault d 01 (1979); 

,-Andre CI a1 (1975) (. . . . . ., extrapolation). 

heat capacity by the thermodynamic relation 

P(C,/T) lap], = - [a(PWaTl p (1) 

where p is the coefficient of volumetric expansion. The heat capacity below 1 K has 
been measured by Brodale et nl(19S6) at a number of pressures (figure 2). The results 
correlate well with those for above 1 K, in that they indicate a change of sign in 
[a(C,/T)/aP],  a t  about 2 K when p passes through a maximum. There is however 
no indication of another change of sign in [a(C,/T)/aP],  at lower temperatures, 
which we should expect to see when p passes through its minimum value somewhere 
below 0 5  K Brodale et ai believed that the most probablc explanation is that the 
change of sign does indeed occur, but only at pressures lowcr than 0.4 kbar. 

The present letter examincs additional information, which is available from the 
temperature dependence of the compressibility x. 

The key thermodynamic rclation is 

[aR/sP].,. = a’inI’/BPdT = -[t)\,./iW] ,,. (2) 

d?P/aPD?’ = -[a’X,/aT?], (3) 

DiRerentiation with rcspect to T gives 

and so, by equation (l), after removal of terms negligible for &AI, at low tempera- 
tures, 

[ a 2 ( C , / T ) / d P 2 ] ,  Y V [ a 2 x T / a T Z ] , .  (4) 

\T is related to the adiabatic compressibility by 

ST/XS = 1 + P7T (5) 
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Figurc 2. CpIT for polycrystalline CeAl:! a t  various prcs\ures @rodale et of 1966). 

whcrc y is the thermodynamic Griineisen function (see e.g. Barron er RI 1980) dcfined 
hY 

y E [ a ( Y \ ; ) / i 3 / j ] , . .  = ~ \ / / X , ~ C ! , , .  (6) 

If needed, equations (1) to (4) can he generalized for anisotropic materials; e.g. (2) 
becomes 

[%/al,lT,,, = [a.?,,/8TI, (7) 

where (Barron er a1 19SO) aA is a thermal expansion component, 1, a stress compo- 
ncnt and s?,, an isothermal elastic compliance. 

We make the usual assumption that ultrasound in heavy fermion materials is 
transmitted adiabatically (Thalmeier and Liithi 1991)i. Ultrasonic velocities have 
been measured between 50 mK and 175 K hy Nihch et ai (19SO), in a polycrystalline 
sample from the same batch as the sample used by Andres el aE (1975). Values of the 
compressibility below 1.2 K (derived from figure 45 of Thalmeier and Liithi (1991)) 
are plotted as xs in figure 3. The variation with temperature is due predominantIy 
to that of the longitudinal sound velocity. At higher temperatures xs continues t o  
dccrcase with temperature, but at a slower rate. 

Bccause p is so large, the difference bctwccn xs and sT cannot be neglected 
cvcn at very low temperatures (Liithi and YOShi" 19S7). In applying equations (5) 
and (6) we havc a choice of expcrimental valucs for p and C,. Smoothed rcsulrs 
ohtaincd with two ditfcrcnt data scts are shown in ligurc 3. Set A, with p from 
Rihdult el ci/ (IY79) and C!,, Irom Brodale cl ( I /  (1986), is prcferred tor consistency 
with thc direct pressure mcasurcmcnts of BrixJalc er r d  ; their zero pressure heat 

t The llieoly of I3cdtcr a i d  Fulde (1967) suggests that for sufiluicntly IOW ultrasonic frequencies this 
might =use xs lo be underestimated by an amount of comparable odcr 10 XT-XS; bul no quanlitative 
estimates are available. 
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Figure J. CompresibiliIy of polyclyslaliine &AI?. 
0 ,  xs (Niksch er al 1980); -, XT (data set A); 
- - -, XT (data set B). 

capacity curve at low temperatures is fairly close both to that of Bred1 et a1 (1984) 
for a sample from the same batch as that used for the elastic measurements, and to 
that of Benoit er al (1981) for the sample used by Ribault ef a! to measure p. Set B 
uses the markedly different earlier values for both p and C,, of Andres et a1 (1975), 
so as to give some indication of the dependence of our wnclusions on the choice of 
data. The curves have been extrapolated to zero slope at T = 0 in accordance with 
the third law. 

By cquation (2), figure 3 shows that 13 should dccrcase under pressure below 
ahout 0.45 K and thcrealtcr incrcase with prcssure. Thc magnitude of [ a p / a P ] ,  
over parts of the low temperature range is large (table 1). It is interesting that ,@ 
and [a/3/aP], both change sign, so that the absolute magnitude of the thermal 
expansion increases with pressure both below - 0.45 K, when 4 is negative, and 
above - 1.0 K, when p is positive. Elastic measurements under moderate pressure 
should determine whether this is because the material becomes more compressible or 
because the temperature variation of the Gruneisen function becomes steeper. 

Tabk 1. Magnitudes of lhemodynamic properties of polycrplalline CeN3 below 1 R 

T Data set ( a p l a P ) ,  [ a ( c P l ~ ) l a ~ l T  [ a z ( ~ ~ I ~ ) I a ~ z l ~  
(K) (10-5K-' kbar-') (J mol-'K-* k b a r ' )  (Jmol-lK-' hbar-?) 

0.35 A -5- 2 0 
B -3 -5 -1 

0.5 A 0 
B 1 

0.8 A I2 
B 11 

1.0 A 9 
B 9 

- 4  -3 
-9 -2 
-3 0 
- 4  0 
-3 1 
-2 1 
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Despite the greater uncertainty caused by taking second derivatives, there is little 
doubt that [ i 3 Z ~ T / a T Z ] p  and consequently [ d 2 ( C p / T ) / a P 2 I T  are positive at suf- 
ficiently low temperatures, negative between -0.3 and -0.8 K, and thereafter positive 
until much higher temperatures. This means that the increase of C, with pressure 
at very low temperatures and its decrease with pressure between the minimum in p 
and -0.8 K both initially become steeper with increasing pressure; it is only above 
about 0.S K that the decrease in C, with pressure becomes initially less steep as the 
pressure is increased. 

To obtain numerical estimates from equations (1) and (4) we take the molar 
volume as 51.5 cm3mol-'. The data shown i n  figurcs 1 and 3 then lead to the 
rough cstimates of pressure dcrivativcs shown in table 1. Consistency with the direct 
pressure measurements shown in figure 2 is reasonable a t  higher temperatures. For 
cxamplc, at 0.50 K the ncgativc initial slope of C , / T  against P is not large enough 
by itsclf to account for a drop of 0.7 J mol-'K-? in an interval of 0.4 kbar, even if 
wc rake thc largcr of thc two experimental valucs, but [?j ' (C, /T)/ irPZ],  is also 
strcmgly negative. Around 0.35 K, however, where Brodalc et al found a similar drop 
in C , / T  over 0.4 kbar, not only is the initial slope positivc for our preferred set A 
(for set B it is still negative but smaller in magnitude), but also [E+*(C,/T)/aP2], 
is now approximately zero (still negative but smaller for set B). One effect of the 
present analysis is thus to exacerbate the anomaly in this region first pointed out by 
Brodale el nl . 

To sum up, the negative value of ( a p / a P ) ,  at the lowest temperatures gives 
further confirmation that the extreme heavy fermion properties of CeAI, are initially 
cnhanced by the application of pressure. First and second pressure derivatives of 
C',/T are in qualitative agreement with direct pressure measurements a t  higher 
temperatures, but around 0.35 K the data are hard to reconcile with each other. The 
cffect of the application of moderate pressures on a variety of properties should thus 
be a rewarding field of investigation, particularly if samples are carefully prepared 
and measurements of different properties (including texture) are made on the same 
samplc. Measurements carried out shortly after sample preparation and then repeated 
aftcr suitable intervals should reveal any cfl'ccts of aging. 

I thank Profcssor M Springlord for comments on the lirst draft of this letter, and the 
rcfcrce for strcssing the importance of texture and for drawing my attention to the 
papcr of Jaccard et a/ . 
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