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The magnetostriction of Pd:Ni alloys shows that the volume derivative of the localized
exchange enhancement is large and positive in contrast to the corresponding parameter
in Pd. The low-temperature thermal expansion has a logarithmic singluarity near the
critical concentration and shows an anomaly in its temperature dependence like that pre-
dicted theoretically.

As small amounts of ¹ are alloyed into Pd,
the low-temperature electronic specific heat in-
creases rapidly'~~ as does the magnetic suscepti-
bility. This mass enhancement associated with
exchange enhancement was predicted for uniform
systems, ' but Lederer and Mills' pointed out
that a model in which the exchange enhancement
is localized on the Ni atoms is more physically
reasonable. The calculation of Engelsberg,
Brinkman, and Doniach' for such a model showed
that the mass has a logarithmic singularity near
the critical concentration for ferromagnetism.
They also found that the localized-exchange-en-
hancement model, like the uniform-enhancement
model, contains a term in the low-temperature
specific heat of the form T'lnT. Fulde and Lu-
ther' calculated the effects of impurity scattering
and concluded that the Ts lnT term is likely to be
suppressed in disordered alloys. Brinkman and
Engelsberg' pointed out that the spin-independent
impurity scattering replaces the T'lnT behavior
of the specific heat C~ by a term having Tsi2 de-
pendence, which is more singular at zero tem-
perature in the usual plot of C„/T vs TI.

To explore this problem we measured the ther-
mal expansion of several paramagnetic Pd:Ni al-
loys. The thermal expansion divided by the com-
pressibility is the volume derivative of the entro-
py and should exhibit an anomaly of this nature
more strongly than the specific heat itself. W' e
find that the most concentrated alloy has a low-
temperature thermal expansion anomaly, which
is also detectable in its specific heat. The low-
temperature electronic Griineisen parameter in-
creases with Ni concentration and has a logarith-
mic singularity in accordance with the theoreti-
cal prediction' for the mass enhancement. The
magnetostriction in the alloys is proportional to
the susceptibility enhancement, and the propor-
tionality constant measures the volume deriva-
tive of the localized exchange enhancement.

Two samples of Pd were measured. PdA was
prepared by arc-melting wire supplied by Mat-
they-Bishop, and PdB from Pd sponge supplied
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where v is the compressibility V '(&V/Bp)T. The
susceptibility yA of the localized-exchange-en-
hancement model for a many-impurity system is'

X~ XPd (1-CXPd I tf), (2)

where C is the impurity concentration and yPd is
the host susceptibility. ~Ieff is the localized ex-
change enhancement

~i
fi

= ~1/(i-~lxpd(0) j,

~I being the difference between the impurity and
host repulsive potentials and Xpd(0) the suscepti-
bility at the impurity site. Differentiation of Eq.
(2) with respect to volume gives the magneto-

by Engelhard. The only ferromagnetic impurity
detected by spectrochemical analysis was Fe at
a level of 4 ppm in PdA and about 10 ppm in PdB.
However, the susceptibility measurements show
PdB to have appreciable temperature dependence
at low temperatures, indicating the presence of
undetected magnetic impurities. The Pd:Ni sam-
ples were prepared by arc melting from the
Matthey-Bishop Pd and annealed for 70 h at 1100
'C at pressures below 10~ Torr. The longitudi-
nal magnetostriction in fields up to 35 kOe and
the thermal expansion were measured by a capac-
itance method. The construction of the capaci-
tance cell is similar to that of the differential
cell described by White. " The cell is made from
Cu which was found to have a negligibly small
magnetostriction. The thermal expansion of the
cell was calibrated against intrinsic Si, whose
thermal expansion was measured absolutely by
Sparks and Swenson. "

We assume the magnetostriction to be isotropic
and write the longitudinal magnetostriction
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Table I. Magnetostriction and thermal expansion of Pd and Pd:Ni alloys.

Sample
106X&(a= 0)

—i) (8 lnXA/&»y)~= 0 mA/m Pd &A

PdA
PdB
0.6% Ni
1.0' Ni
1.8% Ni
1.89% Ni

4.2 K
1.4'K

6.73
7.55

10.6
14.7
23.8

40
47.5

—3.5
-2.9
-1.0

2.7
7.2

14.6
}

1.00
1.00
1.13a

19a
1.28 a

1 43b

2.77
2.77
3.25
3.7
4.4

6.2

Ref. l.
Our data [see Fig. 3(b)].
The thermal-expansion data for PdA and PdB differ less than their experimental scatter. The resultant aver-

age value of the electronic thermal expansion is o. = (53+3)x 10 T, somewhat greater than the value in the litera-
ture (Hef. 13) which was measured for a sample containing 80 ppm of Fe (G. K. White, private communication).

striction of the alloy,

8 lnX& ~ lnXPd

8 lnV 8 lnV

/S inhI f
S in'

SlnV slnV $Pd
(4)

XA——
I

Xpd

N(0) N(0)
Pd 1-IN(0) 1-I ' (5)

Since the susceptibility of pure Pd is essential-
ly independent of field H up to 35 kOe, its inte-
grated fractional length change [l(H)-l(0)]/l(0) is
quadratic in H from Eq. (1) and provides a mea-
sure of & lnyPd/s lnV. The Pd:¹alloys show
field dependence of both y~ and [l(H)-l(0)]/l(0)H,
as one expects for a localized-exchange-enhance-
ment model. " Their differential values at zero
field and the resultant values of 8 in'/s lnV from
Eq. (1) are adopted for comparison with the theo-
ry and are given in Table C. Two values are giv-
en for the alloy containing 1.89lo Ni, which showed
significant temperature dependence at liquid-he-
lium temperatures.

As shown in Fig. 1(a) these results are in fair-
ly good agreement with Eq. (4). They do not give
a linear plot when the equation for the single-im-
purity limit is used instead of Eq. (4). The ex-
perimental points in Fig. 1(a) lie near the straight
line with slope 4.0, giving S 1nLLIef f/S lnV =7.5.
This large positive value for the volume deriva-
tive of the impurity repulsive potential is physi-
cally reasonable and is to be contrasted to the
small negative value for the volume derivative of
the Pd host potential I. Thus if we differentiate
the expression for the enhanced susceptibility of
Pd,

Z
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FIG. 1. The magnetostriction and thermal expansion
of Pd:Ni alloys. (a) Magnetostriction versus suscepti-
bility enhancement. (b) Electronic Gruneisen parame-
ter versus the ratio of the magnetostriction to the mass
enhancement.
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The volume derivative of the density of states
N(0) is about 1.5, a typical value for the elec-
tronic Gruneisen parameter for transition metals
not having pronounced exchange enhancement, "
and the enhancement factor (1-I) ' is about 10
for Pd. Substitution of 8 lnypd/S 1nV = -3.5 (Ta-
ble I) in Eq. (5) gives S 1nl/S lnV = -2.

%e now consider the thermal expansion. En-
gelsberg, Brinkman, and Doniach' show that in
the many-impurity system near the critical con-
centration for ferromagnetism,

rit ff Pd

the mass enhancement is

m 9 i ) 9
=—ln I =—ln(EI y ),m 20 C . -C/ 2o eff A'

0 crit
(8)

where a is the range parameter for the exchange
interaction in the Pd host. Differentiation of Eq.
(8) with respect to volume gives the thermal ex-
pansion at zero temperature, which we express
as an electronic Griineisen parameter

& lnN(0) s lno

A 8 lnV lnV

m 9 I'9 lnx 9 ln91

)
0

i

A eff
m 2a(&lnV &1nV

A

The values of yg (=3n/tcC„) obtained by extra-
polation of the linear thermal expansion n of the

we obtain

S in' & lnN(0) I & lnI

81nV 8 lnV 1-I 8 lnV

s im(0) I s i~(0) s inI
+ + . (6)

8 lnV 1-I 8 lnV 8 lnV

&C 3m 1 (T)2 T)
C ' 5 (1-I)(1-c)iT J T

I in (io)

with T~ = (4/w)(1-I )(1-c)TF. The corresponding
thermal-expansion anomaly 4a/ao is obtained by
taking the volume derivative of the entropy. Ne-
glecting the derivative of the slowly varying log-
arithmic term, we have

Pd:Ni alloys to zero temperature are given in
Table I. Figure 1(b) shows that our experimen-
tal data are in good agreement with Eq. (9). The
linear fit has an intercept which gives, with our
previous estimate S In&(0)/& lnV= 1.5, a value
8 in'/& lnV = —0.5 for the volume derivative of
the range parameter. The slope of the line gives
(mO/mpd)9/2o= 0.22. This agrees well with the
value (mo/mpd)9/2m= 0.19 obtained by use of
Eq. (8), which we find gives a linear plot using
Schindler and Mackliet's low-temperature specif-
ic-heat data. Thus both the thermal expansion
and the specific heat exhibit a logarithmic singu-
larity in accordance with the theoretical predic-
tion.

There has been considerable interest' ' in the
possible existence of a low-temperature anomaly
in the specific heat, which is caused by the vari-
ation of the electron self-energy by virtue of its
interaction with spin fluctuations as one moves
away from the Fermi surface. Doniach and En-
gelsberg showed that a term of the form T'lnT
appears in the uniform-exchange-enhancement
model, and the specific heat of strongly para-
magnetic Ni:Rh alloys' seems to exhibit such an
anomaly. The specific heat of Pd:Ni alloys, '~

which one might expect to correspond to that of
the localized-exchange-enhancement model, was
not found to have a low-temperature anomaly.
In this model, when impurity scattering is ne-
glected, the specific-heat anomaly near the criti-
cal concentration (c = C/Ccrit g 1) is of the form'

bn/n, f I 9 lnI c & inc)
+

&C /C (1-1 & lnV 1 —c 8lnV)
V V

((9 & 9 9 lm9l9)) 9 (91nX 9 ]nest
eff+ + -j.

8 lnV ~ lnV 1-c 8 lnV 8 lnV

We "se Eq. (6) and the expression' c = c MeffN(0)/(1-I ) to obtain the latter form of Eq. (11), which

1185



VQLUME 21, NUMBER 16 PHYSICAL REVIEW LETTERS 14 OCTOBER 1968

I.8

O
X

l.6

0

O~.0
O

30 I-
20

2(b)] also shows an anomaly whose magnitude
relative to the thermal expansion anomaly is in
fairly good agreement with the estimate provided
by Eq. (12). These results support Brinkman
and Engelsberg's contention that impurity scat-
tering does not eliminate the low-temperature
anomaly.

In conclusion, we have shown that in Pd:¹ial-
loys, (1) the volume derivative of the localized
exchange enhancement is large and positive in
contrast to the small negative volume derivative
of the exchange enhancement in pure Pd, (2) the
low-temperature thermal expansion has a loga-
rithmic singularity near the critical concentra-
tion like the low-temperature specific heat, and

(3) the thermal expansion has a low-temperature
anomaly considerably larger than the specific
heat anomaly in accordance with the exchange-
enhancement theory.

We are grateful to S. Engelsberg for stimulat-
ing discussions and to T. R. Kyle for assistance
in the measurements.
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FIG. 2. The thermal expansion and specific heat of
the Pd-1. 89% Ni alloy. (a} Solid line represents ther-
mal expansion of the annealed sample; dashed line,
quenched sample. (b) The specific heat (annealed sam-
ple only}; the box in the lower right-hand corner is a
blowup of the main figure up to T2=20.

gives

&a/n, -5+ 4c/(1-c)
4C /C ' 2.8

(12)

The thermal expansion of the most concentrat-
ed Pd:Ni alloy [Fig. 2(a)] exhibits a strong anom-
aly below -7'K To explore the possibility that
this might be due to concentration fluctuation ef-
fects, the sample was remelted and quenched
rapidly to enhance any such effects. The anoma-
ly in the quenched sample is in fact somewhat
smaller than in the annealed sample [Fig. 2(a)].
The specific heat of the annealed sample [Fig.
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