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The properties of NigGa show considerable variability depending upon annealing conditions.
We measured three samples and for the best (selected by the criteria of field-independent
and low susceptibility, temperature-independent susceptibility at low temperature, and qua-
dratic magnetostriction) we obtain from the magnetostriction a value, 8In7/8lnV=1.4, for
the volume dependence of the product, I =IN,, of the exchange interaction and the bare den-

sity of states.

The specific heat, measured ina 100-kOe field to suppress spin-fluctuation

and superparamagnetic effects, and the low-temperature susceptibility, give a value $=30

for the exchange-enhancement factor.

The thermal expansion has an unusual temperature

dependence in zero field and is drastically changed by applying a 90-kOe field. This measure-
ment and the measurement of the specific heat in a large field were unsuccessful in distinguish-
ing spin-fluctuation effects from the superparamagnetic effects which undoubtedly occur even

in our best sample of Ni;Ga.

I. INTRODUCTION

One expects by analogy with the behavior near the
ferromagnetic phase transition that a paramagnetic
metal having exchange interactions nearly strong
enough to produce ferromagnetism at zero temper-
ature will exhibit anomalous properties at low tem-
peratures. Theferromagnetic system retains appre-
ciable short-range order above its Curie tempera-
ture and one expects the nearly ferromagnetic sys-
tem likewise to develop short-range order at low
temperatures. In both cases, critical-state spin
fluctuations (long-wavelength low-frequency damped
spin waves) enhance not only the magnetic suscepti-
bility, but also the specific heat. In a paramagnet,
the low-temperature specific heat linear in temper-
ature is enhanced because of virtual scattering of
electrons on the Fermi surface by spin fluctua-
tions,*?which corresponds to an enhancement of the
effective mass of the electrons. Doniach and Engels-
berg? showed that, because of the variation of the
electron self-energy as one moves away from the
Fermi surface with increasing temperature 7, the
specific heat has an additional term of the form
T3 In(T/T,), where T, is the characteristic temper-
ature of the spin fluctuations.

The low-temperature thermal expansion should
also be enhanced by spin fluctuations because of
the volume dependence 8 InI/dInV of I, which is
the product IN; of the exchange interaction and the
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bare density of states. When the exchange-enhance-
ment factor S is large (defined as the ratio with re-
spect to N, of the density of states calculated from
the low-temperature paramagnetic susceptibility),
one expects the thermal-expansion enhancement for
9lnI/8InV of order unity to be large also. It

should be more pronounced than the specific-heat
enhancement approximately in the ratio S I-(a lnl_/
31nV)/(81nN,/8 InV). In Sec. II we derive this ex-
pression for a uniform exchange-enhancement mod-
el, and also show that 8 In f/ 9InV can be evaluated
from S and the magnetostriction. The same ratio
expresses the magnitude of the thermal-expansion
anomaly relative to the low-temperature specific-
heat anomaly, both of which are of the form
T*In(T/T;).

The predicted enhancement of the specific heat
was observed in paramagnetic NiRh® and PdNi ¢ al-
loys. The enhancement increases as the concentra-
tion of Ni approaches the critical concentration for
ferromagnetism, and the NiRh alloys also develop
a low-temperature anomaly similar to the predicted
T°In(T/7T,) term. We described previously mea-
surements of the magnetostriction and thermal ex-
pansion of NiRh® and PdNi ® alloys, which are roughly
in accordance with these theoretical predictions,
though the thermal expansion of NiRh alloys appears
to be very sensitive to annealing.”

Hahn and Wohlfarth® have proposed that the low-
temperature anomaly in the specific heat (and there-
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fore also in the thermal expansion) of paramagnetic
NiRh alloys is caused by the superparamagnetic be-
havior of Ni-rich ferromagnetic clusters rather than
by spin fluctuations. The sensitivity of the thermal
expansion to annealing indicates that inhomogeneity
is indeed an important factor in the NiRh alloys,
though the magnetization and magnetostriction are
quite reproducible after annealing.’

The compound NizGa is a strongly exchange-en-
hanced paramagnet at the stoichiometric composi-
tion.® The slight excess of Ni in NigGayy, Or a
trace of Fe impurity, gives rise to ferromagnetic
ordering. ' With suitable annealing NizGa can be
prepared with a high degree of atomic order in the
face-centered-cubic CuzAu structure. van Laar
and Loopstra!! performed a neutron study on filings
of the stoichiometric compound annealed at 700 °C
and found the order to be 99.2+0.6%.: This encour-
ages the belief that NizGa is a system in which one
might observe spin-fluctuation effects without the
complications due to the superparamagnetism asso-
ciated with inhomogeneities.

We present in Sec. III the experimental technique
and in Sec. IV the results of our measurements of
the magnetostriction, thermal expansion, and tem-
perature dependence of the magnetic susceptibility
of NigGa. We found that the low-temperature sus-
ceptibility of three samples of NizGa varied about
the average by about + 35%, and the magnetostric-
tion of the one having the highest susceptibility was
much higher than that of the other two samples. The
sample having the lowest susceptibility had a mag-
netization accurately linear in field H up to
H~14kOe and independent of temperature T below
T ~4 °K. Its magnetostriction was accurately qua-
dratic in field up to H~ 37kOe, unlike the higher-
susceptibility samples which showed larger magneto-
striction at low fields suggestive of superparamag-
netism.

This behavior of the lowest-susceptibility sample
encouraged the hope that it would not exhibit super-
paramagnetism in its thermal properties. A very
pronounced low-temperature anomaly in the thermal
expansion, and a small but clearly evident specific-
heat anomaly in the same temperature range, were
thought to signal the spin-fluctuation effects pre-
dicted for a strongly exchange-enhanced paramagnet.

When the thermal expansion was measured in a
large field, H=90kOe, the low-temperature anom-
aly disappeared. The specific-heat anomaly was
also reduced, but not completely removed, by the
application of a large field. This suppression by a
field of the low-temperature anomalies in the spe-
cific heat, and more clearly in the thermal expan-
sion, suggests that their origin is in the superpara-
magnetic behavior of locally ferromagnetic Ni-rich
clusters. Hahn and Wohlfarth® proposed a model
which describes the low-temperature specific-heat
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anomaly of a system containing ferromagnetic par-
ticles by assuming them to have uniaxial magnetic
anisotropy, and pointed out that for this model a
magnetic field would decrease the superparamag-
netic contribution to the specific heat. Brinkman
and Engelsberg'? showed that a large field would
suppress the contribution of spin fluctuations to the
specific heat (and therefore also to the thermal ex-
pansion), but one would not expect so large an effect
as we observe for the parameters appropriate to
NizGa. It seems therefore that even our best sample
of Ni;Ga did not provide the hoped-for unambiguous
evidence for spin-fluctuation effects in the thermal
properties.

II. SPIN-FLUCTUATION CONTRIBUTIONS
TO THERMAL EXPANSION

We now proceed to derive the effects of spin fluc-
tuations on the thermal expansion for a uniform ex-
change-enhancement mode, following Brinkman and
Engelsberg’s'?discussion of the specific heat. The
magnetic susceptibility for this model may be writ-
ten, as in the Stoner model,

X =20 ENo/(1-T)=2S 2N, 1)

where S =1/(1-T) is the exchange-enhancement fac-
tor. The mass enhancement is

m/my=1+A1nS, (2)

the coefficient A being much less than unity because
of the finite range of the interaction, '* which strong-
ly reduces the large mass enhancement predicted
by the zero-range model. The electronic specific
heat including the term which arises from variation
of the electron self-energy away from the Fermi
surface is

C,/CS=m/my+BS(T/T,In(T/T,), (3)

where C5=3m*Nok®T, B is a numerical coefficient,
and

T, =4Tg /7S, (4)

Tp being the Fermi temperature.

As the temperature approaches zero, the second
term in Eq. (3) vanishes, and to determine the ex-
pected behavior of the thermal expansion we differ-
entiate the first term to obtain the electronic
Gruneisen parameter

3 InC, 91nN, my

_ 9 InS
Y=oV v 'm ®)

3lnV *

We write Eq. (5) in the form

My 3InS My -91lnTJ (3
m 8nV ™ " m SIaLnV’ ©

Ay =y -'yozA

where vy, is the Gruneisen parameter without spin
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fluctuations. Thus for a nonzero value of 9 1nI—/
8 InV, the zero-temperature Grineisen parameter
is enhanced by spin fluctuations. From the defini-
tion,

y =B/KC,, ()

where B is the volume coefficient of thermal expan-
sion and k the compressibility, we obtain the ratio
of the shift in the low-temperature value of 8 to the
shift in the low-temperature value of C,,

AB/By _,, 1 8InS
Ac,/CY v,InS 8 InV

We candetermine 81nS/0 InV [=SI(8 InI/8 InV)= (S-1)
X (81nT/81nV)] from the magnetostriction, using a
thermodynamic relation corresponding to the iso-
thermal, isobaric conditions,

19V
vor "X

(8)

9 Iny
PETA (9)

which with Eq. (1) gives,

dlny  8InS
oV " oy *

(10)

As temperature increases, the second term in Eq.
(3) causes the specific heat to decrease rapidly.
The corresponding low-temperature anomaly 58 in
the thermal-expansion coefficient is obtained by tak-
ing the volume derivative of the entropy. Neglecting
the derivative of the slowly varying logarithmic
term, we obtain

58/ Bq =_!._ 8 1nS

6C,/C% v, 81nV ’

(11)

which is rather similar to the expression for the rel-
ative enhancements of the Griineisen y and the spe-
cificheat, apartfrom the relatively small InS factor
in the denominator for Eq. (8).

III. EXPERIMENTAL TECHNIQUE

The thermal expansion and longitudinal magneto-
striction of the NizGa samples were measured by a
capacitance method. The capacitance dilatometer
is described in Ref. 14. Its thermal expansion was
calibrated against intrinsic Si, whose thermal expan-
sion was measured absolutely by Sparks and Swen-
son.® The thermal expansion coefficient at each
temperature was obtained by computing a least-
squares fit of the function (a,+a,T% +a,T*) to the set
of five data points centered on that temperature, and
then differentiating this function.

The magnetic susceptibility as a function of field
and the magnetization in fixed field as a function of
temperature were measured with a pendulum mag-
netometer. The specific heat was measured by the
heat pulse method.

The NizGa samples were made by melting together
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TABLE I. Annealing and properties of NigGa samples.

b

Xg
(10" emu)

Sample Anneal RRR?
NigGa A 3 days at 1000°C 11 110
NiyGa B 3 days at 1000°C

4 days at 950°C 28 57
NizGaC 3 days at 1000°C

4 days at 950°C 44

7 days at 1000°C 42 73

®RRR is the residual resistivity ratio between room
temperature and 4.2 °K,

bxg is the susceptibility per g as temperature tends to
Zero.

the stoichiometric quantities of high-purity Ni and
Ga in an alumina container iz vacuo and cooling
slowly in a Bridgman furnace. The samples were
annealed in vacuo for several days with the results
shown in Table I. The high value of the residual
resistivity ratio for sample NigGa C indicates that
this is the most well-ordered sample, but the lower
value and smaller temperature dependence of the
low-temperature susceptibility for Ni;Ga B suggests
this sample to be the least affected by superpara-
magnetism. The field dependence of the magneto-
striction supports the conclusion that NizGa B is the
best sample for exploring spin-fluctuation effects,
with the least likelihood of their being masked by
superparamagnetic effects. We describe in Sec. IV
the thermal expansion and specific-heatdata for this
sample in zero field and in a large field.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The susceptibility of the three NigGa samples as a
function of temperature is shown in Fig. 1. The
susceptibility of NizGa B is considerably lower than
that of the other two samples, especially at low
temperature where for this sample alone the sus-
ceptibility is independent of temperature below
T~4°K. Thevalue y,(0)=56.7x10%emu of the
susceptibility extrapolated to zero temperature is
considerably lower than the value y,(0)=79.4x107®
emu reported by de Boer. ™! This may indicate
that our sample NijGa B is nonstoichiometric, since
xg(O) drops rapidly as the Ni concentration de-
creases, to the value x,(0)=35%x10"® emu for
Nigy sGags s- ' However, the high value of the resi-
dual resistivity ratio for both NisGa B and NizGa C
given in Table I suggests this not to be the case, and
the low value of y, (0) may be due to better ordering
than de Boer’ s sample.'® The temperature depen-
dence of the susceptibility for NigGa B is qualitative-
ly similar to that reported by de Boer. "

The susceptibility of samples Ni;Ga A and NizGaC
is even higher at low field, but decreases with in-
creasing field and becomes field independent above
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perature T in a field H=14. 24 kOe.
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about 4 kOe. For a field-independent susceptibility
the magnetostriction should be quadratic in field, as
may be seen by integrating Eq. (9). We see in Fig. 2
that for NigGaA and NizGa C the magnetostriction
becomes quadratic in the field only above about
20kOe. Furthermore, NizGaA has a magnetostric-
tion about six times greater than that of the other two
samples, which we attribute to ferromagnetism or
superparamagnetism associated with Ni-rich regions
in this sample. By contrast, NizGa B has a field-
independent susceptibility up to H~ 14 kOe, and as
shown in Fig. 2 its magnetostriction is quadratic in
field up to H~ 37 kOe. These results indicate that
Niy;Ga B is the best candidate for an experimental
study of the thermal properties to look for spin-
fluctuation effects, and the remainder of the paper
will be devoted to measurements on this sample.

()

X 108

H2 (0e?)

FIG. 2, Magnetostriction of Ni;Ga up to a field H=37
kOe at 4.2°K. [ NizGaA4; ONiyGa B; @ NizGa C.
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FIG. 3. Magnetostriction of sample Ni;Ga B up to a

field H=100 kOe at 4.2 °K.

The magnetostriction of Ni;Ga B deviates from a
quadratic field dependence at higher fields, as shown
in Fig. 3. This behavior is consistent with the field
dependence of the susceptibility at higher fields found
by de Boer et al., ™ and is qualitatively in accord-
ance with the Stoner-Wohlfarth theory for a nearly
ferromagnetic metal. 2 When the Belov equation?!
is modified to describe the relation between the mag-
netostriction w and the magnetization M of a strong
paramagnet, ? one obtains a quadratic relationship
w ~M? similar to that predicted for a weak itinerant
ferromagnet.?’ We were unable to check this rela-
tionship since our magnetization measurements only
extend to a low field, H~14 kOe, and itis clearly
unsatisfactory to use this magnetization data of
de Boer et al. ® obtained for another sample.

The specific heat of NigGa B shown in Fig. 4 has

150
Xl10-4
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/T (cal °K2mole~!)
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! 1 1
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FIG. 4. Specific heat C, of sample Ni;GaB up to a
temperature T'~14°K, O — field H=0; @ — field H=100
kOe.
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a low-temperature anomaly beginning between 7 and
10 °K. The application of a field of 100 kOe decreas-
es the specific heat over the whole temperature range
and diminishes but does not suppress the low-temp-
erature anomaly. Putting aside for the present the
question of the origin of this field-dependent low-
temperature anomaly, we might assume that extra-
polation of the high-field curve to zero temperature
would give a more reliable value, (C,7), =80x10™*
cal °’K"?mole™! for the specific heat in the absence of
spin-fluctuation or superparamagnetic effects, than
extrapolation of the zero-field curve. This value
gives a density of states 4. 8(eV)'1mole‘1, and if we
take this to be the value of the bare density of states
Ny, we can evaluate from the exchange-enhanced
susceptibility 57x 10°® emu g™ (see Table I) an ex-
change-enhancement factor, S =30.

The thermal expansion coefficient of NizGa B di-
vided by the temperature, which is shown in Fig. 5,
has a low-temperature anomaly starting at 7'~ 25 °K,
with a sharp upturn with decreasing temperature at
T=~6 °K. The application of a field of 90 kOe dras-
tically changes the thermal expansion. The mea-
surements were taken only to 20 °K since it was diffi-
cult to calibrate the germanium resistance ther-
mometer in a field above the boiling point of liquid hy-

a/T (°K~2)

° ! I L

[¢] 200 400 600 800
T2 (°k?)
FIG. 5. Linear thermal expansion coefficient @ of

sample NizGa B up to a temperature T ~28°K. O — field
H=0; @ — field H=90 kOe.
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drogen.? The curve for the thermal expansion in a
field appears to extrapolate roughly as shown by the
dashed curve in Fig. 5to approachthe zero-field curve
at about 25 °K. At low temperature the thermal ex-
pansion decreases rapidly in contrast to the behavior
in zero field.

We consider first the zero-field curve. The char-
acteristic temperature 7T of spin fluctuations in
NiyGa can be evaluated by the use of Eq. (4). We
use de Boer’ s!” estimate of the degeneracy temper-
ature Ty =375 °K, and our estimate of the exchange-
enhancement factor S =30, and obtain a value
Ts=16 °K. The sharp upturn in the zero-field curve
of Fig. 5 occurs at a temperature much higher than
one would expect for spin fluctuations having this
characteristic temperature. For comparison, the
low-temperature anomaly in the specific heat of
Nig,e3Rhg,37, Which was attributed by Bucher et al. 2
to spin fluctuations, occurs at about 5 °K though
their estimate of ~ 250 °K for T, is much higher
than in NizGa. The anomalously high thermal ex-
pansion extending to about 25 °K is clearly not due
to spin fluctuations. Hahn and Wohlfarth® showed
that superparamagnetic behavior resulting from lo-
cal ferromagnetic regions with magnetic anisotropy
E , gives a roughly constant contribution to the spe-
cific heat up totemperature T, ~E ,/kp. If we make
the reasonable assumption that the volume depend-
ence of E, is negative, this would result also in a
positive contribution to the thermal expansion. Hahn
and Wohlfarth showed also that the application of a
field should remove this anomalous specific-heat
contribution, and therefore also the thermal expan-
sion anomaly, up to a temperature of about 2y H/k.
A field of 90 kOe corresponds to an equivalent temp-
erature of only 12 °K, so that it is surprising that
the thermal expansion is strongly affected to as high
a temperature as 25 °K.

Brinkman and Engelsberg'? showed that a field
having an equivalent temperature of the order of
T should suppress the mass enhancement associ-
ated with spin fluctuations. In Fig. 5 the low-temp-
erature thermal expansion anomaly starting at about
6 °K in zero field appears to be reversed in sign in
a high field. This behavior is difficult to understand
if we attribute the anomaly either to spin fluctuations
or to superparamagnetism resulting from inhomo-
geneities.

Finally, we can estimate 8 InI/81nVfrom the mag-
netostriction. We estimate the value 8 Iny /8 InV =42
by substituting in Eq. (9) the volume magnetostric-
tion of NisGa B, (1/V)aV/6H=1.00%10"* H Oe™,
obtained from Fig. 2 with the assumption that the
magnetostriction isisotropic, the magnetic suscepti-
bility at zero temperature, y =5.1x10™* emu cm™3,
obtained from Table I, and the compressibility?
k=4.65%10"" cgs. A very rough estimate of y, for
substitution in Eq. (10) is obtained by taking the low-



3644

est-temperature value of a/7 from the high-field
curve in Fig. 5, (@/7),=0.2%x1078 (°K)"%, and the

igh-field low-temperature value (C,/T),=85x10"*
(cal °’K?mole™) from Fig. 4 which gives y,=1.0,
and therefore 81nS/9InV=41. The resultant value
91nl/8InV =1.4 is of the same sign and approximate-
ly equal to the value 1.0 observed in NiRh, "but oppo-
site in sign to the value -2.0 for Pd.®

We are unable to draw any definite conclusions

from the behavior of the thermal properties of NizGa.
The thermal expansion in zero field suggests that
both superparamagnetic and spin-fluctuation effects
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are present, but the application of a large field does
not appear to help to distinguish between them. We
expect from the theory of spin fluctuations that the
thermal expansion will show their effects much more
clearly than the specific heat for reasonable values
of the volume dependence of the exchange interac-
tion, and our results indicate that the same is true
for the superparamagnetic effects.
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