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Specific Heat of the Spin-Fluctuation System UA12 f
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Axgonne National Laboratory, Axgonne, IElinois 60439

(Received 18 February 1975)

We report measurements of the specific heat of paramagnetic UA12 between 0.8 and 25
K in magnetic fields up to 43 kPe. A nearly field-independent T lnT term dominates the
temperature region below 10 K. The susceptibility was measured between 3 and 10 K
and varies as 1-AT2. These results, and earlier resistivity measurements, are con-
sistent with the predictions of the spin-fluctuation model. This is the first unambiguous
observation of the specific heat predicted by the spin-fluctuation model for an atomically
ordered paramagnet.

Experimental verification of the existence of
persistent spin fluctuations in exchange-enhanced
paramagnets has been unsuccessful for the most
part. In particular, the theoretically predicted
contributions to the specific heat and magnetic
susceptibility had never been unambiguously ob-
served in any uniform metal prior to this work. '
In this Letter we report low-temperature mea-
surements of the specific heat and susceptibility
of the narrow-band intermetallic compound UAl2
which strongly support the theoretical calcula-
tions and indicate the presence of spin Quctua-
tions associated with a narrow 5f hand. The ex-
istence of a low-temperature resistivity propor-
tional to T' previously led to the proposal of spin-
Quctuation scattering in UAl, .'

The spin-fluctuation modification of the elec-
tronic specific heat has been considered by a
number of authors. Doniach and Engelsberg' and
Berk and Schrieffer have shown that the absorp-
tion and re-emission of spin fluctuations renor-
malizes the electronic self-energy, leading to an
enhanced effective mass at low temperatures.
This effect manifests itself as a low-temperature
enhancement of the electronic specific-heat coef-
ficient, y, which falls off with increasing temper-
ature as T'ln(T/TsF) «» «TsF ~ Here TsF TF/~
is the characteristic spin-fluctuation tempera-
ture, and T, and S are the degeneracy tempera-
ture of the band and the Stoner exchange-enhance-
ment factor. Brinkman and Engelsberg' and Beal-
Monod, Ma, and Fredkin' showed that this effect
will be nearly insensitive to the presence of an
external field.

Exchange-enhanced pure metals, notably Pd,
exhibit enhanced low-temperature values of y,
but a spin-fluctuation contribution to the enhance-
ment is difficult to separate from that due to the
electron-phonon interaction, and quantitative com-
parisons with spin-fluctuation theory have been

largely unsuccessful. The known spin-fluctuation
system He' exhibits a T'lnT term in the specific
heat at very low temperatures, v but such terms
have not been observed in any metal prior to this
work. ' Very large exchange enhancements are
found in some alloys near the critical concentra-
tion for ferromagnetism. Upturns in C/T for
CuNi and RANi have been fitted by T' lnT terms
and attributed to spin fluctuations. '" However,
these effects are now known to be due to magnetic
clustering (superparamagnetism). '" In the case
of RANi this was demonstrated by the observation
that the upturn in C/T is suppressed by applied
fields much smaller than those needed to affect a
spin-Quctuation contribution of similar magni-
tude. "

The susceptibility of a spin-fluctuation system
has been calculated by Heal-Monod, Ma, and
Fredkin. ' For T «T,„/8"', y(T) is expected to
decrease from the Stoner-enhanced Pauli maxi-
mum as I —(3.2m'/24)(T/T «)'. A contribution of
this form has been observed in He' below 50 mK."

The specific heat, C, of UAl, was measured
between 0.8 and 25 K in applied magnetic fields
up to 43 kOe using dc techniques. Preliminary
data in zero field down to 1.8 K have been report-
ed previously. '~ The susceptibility, g, was mea-
sured in the temperature range 3-20 K using a
Faraday method with applied fields of 3-14.5 kOe.
The sample was arc melted from high-purity ma-
terials and x-ray patterns indicated only the pres-
ence of the cubic Laves-phase structure. Pre-
vious NMR"" and resistivity' measurements
show no indication of magnetic ordering down to
1.5 K.

The specific heat in zero field is shown in Fig.
I, plotted as C/T versus T'. The striking fea-
tures of the data are the magnitude and nonlinear-
ity of C/T at the lowest temperatures. The data
were analyzed assuming that the Debye T approx-
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FIG. 1. C/T versus T2 for UAI&. Fits using data
above 3 K were made with C =AT+BT3+ Df(T), where
f(T) =1/T (dashed curve), 1/T (dash-dotted curve),
and T lnT (solid curve). Inset shows. the same data
over a larger temperature range.
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FIG. 2. C/T versus T for UA12 in different applied
magnetic fields. The solid line represents the best fit
to the zero-field data.

(m */m) sF = 1+ p ln(S/3). (3)

Comparison of Eq. (2) to the least-squares fit to

imation describes the lattice below about 6 K, so
that the total specific heat can be written as

C =AT +BTs+ Df(T),

where the last term represents the contribution
responsible for the deviation from simple metal-
lic behavior. A computer fit using f(T) =T'lnT
describes the data very well for all temperatures
below 6 K (see Fig. 1)." Figure 1 also shows
that fits using f(T) =1/T' and 1/T, which would
characterize the high-temperature forms of
Schottky and spin-glass anomalies, are clearly
incompatible with the data. The specific heat
below 4.2 K in applied fields of 10 and 43 kOe is
shown in Fig. 2. C/T is depressed by less than
2' even with the larger field.

The specific heat exhibits the temperature de-
pendence expected for a spin-fluctuation system
well below T«and may be compared with the the-
ory, ~ which predicts

C =yT[m*m+ a(T/Ts„)'ln(T/T»)]+PT'. (2)

Here m*/m is the zero-temperature many-body
mass enhancement, which includes spin-fluctua-
tion and electron-phonon contributions, y is the
electronic specific-heat coefficient determined
from the band-structure density of states, n is
proportional to S(l —S ')', and PT' is the lattice
contribution. The spin-fluctuation contribution
to the mass enhancement is given by'

Eq. (1) gives A =(m*/m)y=143, B =P —(ey/TsF')
&&lnTsF = —4.38, and D = ny/TsF'=1. 94 when C
is expressed in millijoule/mole-kelvin. Combin-
ing the coefficients B and D yields 7sF = 12 K if
a, Debye temperature 8 = 250 K is assumed. "
Thus, the characteristic temperature, Ts&, for
specific heat is close to the value obtained from
the T' region of the resistivity (Ts~ =12- 16 K)
using Doniach's model. "

If a value for the electron-phonon enhancement
factor X is assumed, then (m*/m)s„and y can
easily be calculated by combining Eq. (3) with the
numerical value found for the coefficient A. To
do this, the measured susceptibility (corrected
for a known orbital contribution") is used to ex-
press S in terms of y, since Soc (X -)(„b)/y. Val-
ues of (m*/m)s„= 1.3-1.6 and y = 74-79 mJ/mole-
Ks (corresponding to S= 3.5) are obtained for
plausible values of X = 0.3-0.5. ' An analysis of
the data above 10 K, using a model for the lattice
specific heat based on the relative temperature
variation of 8 for isostructural Lahl»" yields
(1+X)y= 100 mJ/mole-K for UA1,. This is in
good agreement with the value obtained from Eq.
(3) and demonstrates that the magnitude of the up-
turn in C/T is fully consistent with the spin-fluc-
tuation model.

The spin-fluctuation contribution to C is expect-
ed to be sensitive to applied magnetic fields only
of order TsF or greater; this corresponds to II
&100 kOe for UA1,. Beal-Monod, Ma, and Fred-
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FIG. 3. Susceptibility y versus T2 for UA12. The sol-
id line corresponds to y=14.86xl0 (1—7.94&10 T )

emu/g.

kin' estimated the shift 5C/T caused by an applied
field IJ to be

5C/T= 0.1( ) (4)

at zero temperature. For H = 43 kOe and S = 3.5,
&C/T = 1.5%, in good agreement with the data
(see Fig. 2).

The susceptibility data up to 10 K are plotted in
Fig. 3, versus T'. Between 3 and 10 K the data
are fitted to better than 1% by y = 14.86 && 10"8(1
—7.94 &&10 ~T') emu/g. Above 10 K, y begins to
level off with increasing temperature. As report-
ed previously, "' above about 60 K, X decreases
again and follows a Curie-Weiss law above 100 K.
The low-temperature variation of X satisfies the
temperature dependence required for a spin-fluc-
tuation contribution' and yields a susceptibility
characteristic temperature, T» = 40 K. However,
as pointed out in Ref. 1, the similar temperature
dependences of contributions to y(T) due either to
spin fluctuations or to the narrow band required
for their existence make it difficult to separate
the two effects. If the existence of a narrow or
sharp feature in the density of states N(E) is as-
sumed (presumably associated with the 5f band),
then the observed y(T) might be explained by
band-structure effects alone. To first order, the
Stoner-enhanced susceptibility varies as 1-AT',
where A is proportional to the second energy de-
rivative of lnN(Z), evaluated at E =Z F. For a
parabolic band a degeneracy temperature TF = 64
K would yield the observed temperature depen-
dence of X. Although this would be an extremely
narrow feature in N(E) it is just what is required
to give T» =12-16 K for 8= 4. Such a band struc-

ture would also contribute a negative T term to
the specific heat, but, in the parabolic-band ap-
proximation, could only account for a 1.5-mJ/
mole-K' change in y at 5 K. This term would be
combined with the lattice contribution, leading to
an underestimate of 8 of about 3% if it is ignored.
A model density of states" which describes the
temperature variation of y over an extended tem-
perature range predicts a variation of y of about
2% between 0 and 5 K, which is negligible com-
pared to the magnitude of the observed upturn in
C/T.

The specific heat, susceptibility, and resistivi-
ty measurements provide a, unified picture of
UA12. The large value of y found verifies a. very
high density of states at the Fermi level, consis-
tent with the susceptibility data which indicate
an extremely narrow band feature near E F.'~

This leads to a low spin-fluctuation temperature,
as evidenced by the T' resistivity and the large
logarithmic term in the specific heat. The small
sensitivity of the T3 lnT term to applied fields
makes highly unlikely other explanations of its
presence based on magnetic interactions, such
as a superparamagnetism caused by atomic dis-
order.

Finally, we point out that a wide variety of
magnetic and nearly magnetic behavior is found
in actinide intermetallic compounds, primarily
because the degree of localization of the 5f elec-
trons is intermediate between that of the 3d and
4f electrons in transition and rare-earth metals. "
In particular, a number of paramagnetic actinide
intermetallics (e.g. , NpRh„PuZn, PuRh„and
PuAl, ) exhibit large low-temperature T' resistivi-
ties, '" and these materials are obvious candi-
dates for further study of systems with low spin-
fluctuation temperatures.
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The amorphous ferromagnetic alloy Fe~5P&5C&0 has been found to respond reversibly to
magnetic annealing treatments. The response has been studied {a) by measurements of
the AE effect, which is unusually large, (b) by measurements of the magnetostriction,
and {c)by torque curves which yieM a value of 550 erg/cm3 for the uniaxial a,nisotropy
parameter K„. Internal-friction measurements reveal that the alloy is also susceptible
to stress-induced ordering, with an activation energy of 2.2 eV.

It is well known that the structure-sensitive
ferromagnetic properties of certain crystalline
solid-solution alloys can be significantly modi-
fied and made uniaxially anisotropic by anneal-
ing in a magnetic field. "' This behavior has been
successfully explained in terms of a directional-
ity induced in the state of short-range order of

the alloy by the magnetization M, a process
which necessitates local atom motion below the
Curie point, T C. Although developed to explain
the behavior of crystalline alloys, this mecha-
nism is actually of wide generality and should al-
so apply to amorphous alloys, since only shoxt-
xange directional order is involved. In confirma-
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