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High-field specific heat of the spin-fluctuation system UA12
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Measurements of the low-temperature specific heat, both in 0- and 7-T applied field, and magnetic

susceptibility on polycrystalline, unannealed single-crystal and annealed single-crystal samples of
UA12 show no sample dependence for these properties to +5%, in contrast to recent results for
TiBe2. Measurements of the specific heat of the annealed single crystal of UA12 from 2 to 23 K in

fields to 12.5 T and from 4 to 16 K in fields to 17 T indicate a partial (-40%) suppression of the

spin-fluctuation contribution, which occurs at 2 K in 12.5 T, and the possible existence of a small

competing effect which increases the specific heat with increasing field above 4 K. These results are

compared with recent magnetization and magnetoresistivity results which indicate suppression of
spin fluctuations in UA12 between 15 and 20 T.

I. INTRODUCTION

0.141y=N(0)(1+ysF+y - h) (2)

by the applied field, where N(0), the bare electronic densi-

ty of states, is "dressed" by both an electron-phonon in-

teraction, y, ph and the spin-fluctuation interaction ysF.
However, magnetization measurements on Pd to 30 T
show no apparent field-dependent susceptibility to 2%. A
further problem is that the observed magnitudes of field
effects, i.e. [y(H) —y(0)]/y(0), in the LTSH for Pd, Sc,
LuCo2, and CeSn3 (Ref. 7) are much larger than would be

predicted from estimates based on the spin-fluctuation
temperature Tsp and the Stoner enhancement factor S de-

rived from resistivity or susceptibility data. In Pd, for ex-

ample, TsF is estimated to be about 250 K and S is about
10. Hertel, Appel, and Fay predict a 1% depression of

Only two metallic systems are known which exhibit
what has been called' the only "hard proof ' of spin fluc-
tuations, that is, a T lnT term in the low-temperature
specific heat (LTSH). Such a divergent LTSH term was
discovered in UA12 in 1975 and in TiBe2 in 1982. Many
other systems exist for which spin fluctuations have been

suggested, e.g., Pd, Sc,' LuCo2, and CeSn3. Measure-
ments made on these systems include resistivity, magnetic
susceptibility, and LTSH. Such measurements as a func-
tion of applied magnetic field are of particular interest due
to the expectation of suppression of spin fluctuations and
therefore changing physical properties at some applied
field.

Unfortunately, many of these measurements seem to be
contradictory. For example, the LTSH of Pd in an ap-
plied magnetic field of 11 T shows an 8% decrease in the
coefficient y of the term linear in temperature T,

C =yT+PT' .

This was interpreted as a partial suppression of the spin-
fluctuation mass enhancement of the electrons

1+ysF for a 10-T applied field versus the reported 7% ef-
fect. One possibility is that estimates of TsF based on the
temperature where the susceptibility has a peak may be in-

correct. It has been suggested that this peak for LuCo2
may be due to a band-structure effect, rather than due to
spin fluctuations.

Firstly, one advantage in measuring either TiBe2 or
UA12 is that, with some approximations discussed below,
one may derive TsF from the T lnT term in the LTSH
with the knowledge that at least TsF is derived from an ef-
fect generally believed' due to spin fluctuations. Secondly,
one can measure C(H) in the temperature range where the
T lnT term is quite sizable and therefore once again be
reasonably certain that one is measuring the response of
the spin fluctuations to field.

We have previously reported' such LTSH measure-
ments to 17 T for TiBe2. The present work is a similar
study for UA12, and provides a comparison to a recent
study" of the magnetization and magnetoresistance of
UAlq.

II. EXPERIMENTAL

Owing to the sample dependence of p, 1, C, and

[y(H) —y(0)]/y(0) observed' for the TiBe, system, the
present work used three different samples of UAl2.. an
unannealed, polycrystalline, arc-melted sample prepared at
Los Alamos, plus an unannealed and an annealed single-
crystal sample prepared at Argonne National Laboratory.
The latter two samples came from a large single crystal
grown by the induction-melting floating-zone technique in
an argon atmosphere. The residual resistivity ratio (be-
tween 300 and 4 K) for the unannealed single crystal was
about 12. The annealed single crystal was kept at 1000 C
for 2.5 d under argon at twice atmospheric pressure and
had a resistivity ratio (between 300 and 4 K) of 23. The
lattice parameters measured by a Debye-Scherrer powder
camera for the polyscrystalline, unannealed, and annealed
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FIG. 1. Shown is the percentage error, 100X (C
—C)/C (where C is derived from Ref. 26), found in measuring
the LTSH of a 212-mg sample of high-purity Ge at zero (closed
circles), 10- (dashes), 12.5- (pluses), and 17-T (closed triangles)

applied field. For a detailed discussion of measurement tech-

nique in applied field, see Refs. 10, 13, and 15.
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single-crystal samples were 7.7639, 7.7640, and
7.7656+0.0003 A, respectively.

The susceptibility of the three UA12 samples was mea-
sured at 1.2 T in a vibrating sample magnetometer'
adapted to a superconducting magnet. The low-

temperature specific-heat apparatus has been described
elsewhere. ' ' ' Two sets of LTSH data were taken in

overlapping field ranges. The first set of LTSH data was
obtained at the Francis Bitter National Magnet Laborato-
ry in a water-cooled, high-power Bitter magnet in fields of
0, 6.5, 11.4, 14.2, and 17.0 T. The second set of field data
mas measured at Los Alamos in a superconducting state
magnet in fields of 0, 7, 11, and 12.5 T. Agreement be-
tween the two sets of data at similar fields was better than
+2%. LTSH measurements in the normal-state magnet
were limited to T & 4 K due to the large amount of electri-
cal and vibrational noise present in the Bitter magnet (see
Ref. 13 for a complete discussion). Measurements in the
superconducting magnet extended down to 2 K. Tempera-
tures in zero field were accurate to 0.050 K; temperatures
in field were determined by using both a capacitance ther-
mometer and the known' magnetoresistence of a carbon-
glass thermometer. The uncertainty of this temperature
determination in a field mas less than 0. 1 K. Addition-
ally, the LTSH of a piece of high-purity Ge was measured
in field in both the Bitter and the superconducting mag-
nets as a check on the accuracy of the C(H) data. These
results are shown in Fig. 1. Clearly, the accuracy of the
measurements in field is close to the accuracy of the zero-
field results.

III. RESULTS AND DISCUSSION

The susceptibility of all three different samples was
measured to be (15.1+0.7)X10 emu/gG at 4.2 K.
These data were taken on small pieces {& 200 mg) of the
samples to avoid the problem of a non-zero-field gradient
over the volume of the sample. This number is in agree-

FIG. 2. LTSH data for polycrystalline (open circles), unan-

nealed single-crystal (closed circles), and annealed single-crystal
UA1~ (open triangles) from 1.4 to 24.5 K. These data, plus the
data of Ref. 2, all agree to within +2%. Not shown for the sake
of clarity in this figure are data in 7 T for all three samples for
T &4 K which show very little change (1—2% increase) from
the zero-field values.

ment with the results of Trainor et al. , obtained by using
a Faraday balance, and of Franse et al. ,

" using an in-
tegration method, of 1=14.7)&10 emu/g G. Using yet
another method, that of extraction, Fournier' obtained
X(4.2 K)=13.8)(10 emu/g G for UA12.

The main result of the susceptibility measurements in
the present work that we wish to focus on is the lack of
significant sample dependence. The specific-heat data on
the same three samples are shown in Fig. 2 and also show
no sample dependence (to +2%). In addition, these data
agree to within approximately 2% of the original pub-
lished data of Ref. 2 over the whole temperature range of
measurement. This indicates that the UA12 system does
not have the side issue of sample-dependent properties
which has hampered the understanding of TiBez.

A. LTSH at zero field

The zero-field data of Fig. 2 may be expressed as

C/T =yo(1+AsF+~e-ph)+ET +aT +5T lnT . (3)

A least-squares computer fit of this expression to the
zero-field (closed circles) LTSH data for the annealed
UA12 crystal over the temperature range 2—23 K is shown
in Fig. 3. The accuracy of the fit to these 32 data points is
as good as the scatter in the data, +2%. In order to com-
pare these results to the earlier analysis of the LTSH of
UA12 by Trainor et al. ,

' a fit only to the low-temperature
data (shown in the expanded inset in Fig. 3) has also been
done using Eq. {3)without the aT term. The results of
both these fits are shown in Table I. The aT term is
needed to fit the negative curvature of the data shown in
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which —T lnTs„ is part of T in Eq. (3) above] only at
low temperatures. However, the supposition that A,sF is
negligible in UA12 already at 10 K seems inconsistent with
the spin-fluctuation temperature derived in the very same
work of 23—25 K.

Nevertheless, without a calculation for yo (mJ/moleK ),
or equivalently the bare electronic density of states N(0)
for UA12, some approximation must be made to obtain the
Stoner enhancement factor S in order to calculate TsF,

ymeasured/ 2 N (0) (4)
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FIG. 3. LTSH data in 0—17 T for the annealed single crystal
of UAl~. The solid line through all the zero-field data (closed
circles) is a least-squares computer fit of the data to Eq. (3). The
solid line through the low-temperature zero-field data shown in

the inset is a similar fit, with the T term omitted. The closed
squares are data in 8 T for T (25 K and in 7 T otherwise, the
dashes are data in 11 T, the pluses are data in 12.5 T for T & 20
K and 14.2 T otherwise, and the closed triangles are data in 17
T. A data point (C/T =127.1 mJ/moleK; T =4.248 K ) at 4
T is omitted for clarity. The dotted lines are drawn to follow

Eq. (7) using 8D ——304 K to give approximate values for full

suppression of the spin fluctuations as discussed in the text.

00

Fig. 3 above T =300 K and clearly makes very little
difference in the other parameters. Also shown in Table I
are the results' of a three-term fit [Eq. (3) with no aT
term] to the data of Ref. 18. Agreement is again fairly
close.

The authors of Ref. 18 extracted the spin-fluctuation
temperature TsF from their fit to the data by making an
approximation to yo(1+I,, ~h) from their LTSH data from
10 to 20 K and presuming that spin fluctuations (A,sF)
were unimportant in that temperature range. Visually,
this is a compelling argument. Figure 3 shows the telltale
upturn due to the T lnT/TsF term [the negative part of

where

N (0)=0.1415yo .

Once S is known along with yo, then one uses 5, the coeffi-
cient of the T lnT term in Eq. (3), and the theory of Ref.
19 to calculate TsF.

' 1/2 2
3n' yP'"=
4 56

1
1 ——

S

How shall yo be approximated? In a normal metal

T
—=y,(1+A, ,„)+PT',

where p (mJ/mole K ) is related to the Debye temperature

8D via
1/3

1944X 3
D (8)

Thus, on a C/T vs T plot such as in Fig. 3, the intercept
at T =0 is yo(1+ A,, ~s) and the slope of the data is just p.
From knowing 8D for LaA12 (=374 K), P '=0.208,

UAI2
HD

1/2
LaAl&

LaAl&
QH

m

where m is the mass of the respective compound. A dot-
ted line fitting a relationship as in Eq. (7) and having this
slope is drawn in Fig. 3, giving yo(1+A,, ~h) =96. Using
A,, h-0. 3, Eq. (5), and X "'"' =15.1&&10 6 emu/gG,
Eq. {4) gives S=4.35. TsF is then 30 K if 5 is derived

only from the low-temperature data {Table I), and 28 K if
5 is derived from the high-temperature data.

TABLE L Analysis of the LTSH data (mJ/mole K) in Fig. 3 for annealed, single-crystal UA12.

$0( 1 +~SF+~ -ph )

142.3

142.1

142

—3.644

—3.437

—3.48

—0.00169 1.566

1.413

1.35

(four-term fit to
data over entire
temperature
range)
(three-term fit
to the low-

temperature
data only)
(three-term fit
from Ref. 17 of
their data from
09to3K)
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A way to bypass the uncertainty of approximating yo
(1+)(,, ~h) is to use the coefficient of the T term in Eq.
(3)

l8—

lnTsF
g

+~0+in(0 79)eP 1
(10)

to calculate TsF if N(0) and therefore S is known, Eq. (4).
However, there is disagreement' ' ' over what to use for
80. This uncertainty leads to a factor of 2.11 (=8) be-
tween results from the two theories for TsF. Therefore
Eq. (6) should be used to obtain Tsp.

B. LTSH in fields to 17 T

The field data are shown by different symbols in Fig. 3.
The highest field data (14.2 and 17.0 T) exist only for
T & 4 K. The dotted line in Fig. 3 and in the expanded in-

set serve as an ansatz for what the specific heat would ap-
proximately be in the absence of spin fluctuations. Refer-
ence 18 chose an intercept yo(1+A,, ~h) slightly lower (90
vs 96) than the one chosen in the present work, i.e., the
percentage of the LTSH assigned to spin fluctuations in

Fig. 3 is a conservative, lower-limit estimate.
What is immediately striking about the C(H) data in

Fig. 3 is that there is no apparent suppression of the spin-
fluctuation-caused upturn in the specific heat up to fields
of 17 T for T)4 K. In fact, the field appears to increase
the specific heat slightly (4—6% at 17 T) for T& 5 K.
[LTSH data in 7 T for all three samples (not shown in Fig.
2 for sake of clarity) for T &4 K shows that the field ef-
fect on the specific heat, at least to 7 T, is sample indepen-
dent to +1%.]

This decrease in field of the specific heat only at the
very lowest temperatures is in contrast with the results'
for TiBe2, where the magnitude of the decrease grew
smaller as temperature increased but did not vanish until
about 15 K. However, since TiBe2 has a significantly
higher S (65) than UA12 and a TsF which is approximately
the same, ' one would expect qualitatively a field effect
smaller in UA12 than in TiBe2, since at low fields

C(H) —C(0) H S
C(0) TsF lnS

The right-hand side of this relation, assuming TsF is iden-
tical for UA12 and TiBe2, is a factor of 5 larger for S =65
than for S=3.2. [C(12.5T)—C(0)]/C(0) at 2 K is
—10.5%%uo for UA12 and approximately' —20% for TiBe2
for 12.5 T. The slight increase in the LTSH for T&4 K
in field appears to be outside the error limits graphically
sho~n in Fig. 1 ~here the error in C(H) for a standard is
shown.

It is possible that this 4—6% increase of the data for
T &4 K in 17 T is due to a competing effect, i.e., some
part of the specific heat which, as temperature increases,
increases slightly with field. At T &4.5 K, an increase in

P [Eq. (7)] for CeSnq has been seen which saturated at
about 6 T at a value twice the zero-field value. This in-
crease was ascribed in a qualitative way to an induced
magnetic moment on the Ce atoms which had been seen

by neutron scattering. Although a similar induced mag-
netic moment on the U atoms in UAlz has also been ob-
served by neutron scattering, ' what is observed in the
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FIG. 4. This figure shows the percent decrease in the LTSH
at 2.1 K vs field. The dotted line is the corrected decrease vs

field assuming a competing effect of + 3% at 11 T, as discussed
in the text. It should be noted that the percent decrease at 4 T
(3.4%) is somewhat larger than that reported in Ref. 2 at the
same temperature and field.

field data for UA12 is quite different from the results for
CeSn3. Not only does the increase appear not to saturate
up to 17 T, the increase is found at higher temperatures.

The percentage decrease in C with field is plotted in

Fig. 4 at the lowest temperature of measurement. If the
11-T point at T2=53.5 K2 [i.e., at a temperature where
spin fluctuations are unimportant (see Fig. 3)] is used to
infer the percentage change to be assigned to the compet-
ing effect, the percentage decrease shown in Fig. 4 for 11
and 12.5 T would be increased by 3%. These two possibil-
ities for hC(H) at 2.1 K are shown as solid and dotted
lines, respectively, in Fig. 4. The dotted line shown in the
inset in Fig. 3 may be used as discussed above for an indi-
cation of how far the LTSH would need to be decreased to
correspond to full suppression of spin fluctuations. At 2.1

K, full suppression of the spin fluctuations in UA12 would
be accompanied by approximately a 26%%uo decrease in the
specific heat. With the use of the steeper of the two lines
in Fig. 4, this amount of decrease is extrapolated to occur
at 26 T. Of course, this is really only a very rough ap-
proximation due to (1) the scatter in the data in Fig. 4; (2)
the uncertainty in assigning a contribution to the supposed
competing effect; (3) the possibility that the correct
behavior of BC/BH is nonlinear.

Therefore, while the 17-T LTSH data for UA12 shown
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in Fig. 3 appears at first glance in contradiction to the re-
cent statement" that spin fluctuations in UA12 are fully
suppressed between 15 and 20 T, the lower-field LTSH
data below 4 K implies the presence of an effect which
partially counteracts the expected" decrease in the LTSH
due to suppression of spin fluctuations.

IV. CONCLUSIONS

K remains unexplained.
(A recent, more thorough measurement of a Ge stand-

ard in high field, with over 20 data points, indicates that
about half of this unexplained increase above 4 K in field
is due to a slight decrease in the thermal conductivity of
the platform support wires. The remaining 3%
anomalous increase may be said to be within our error
bars. )

UA12, in contrast to TiBe2, exhibits very little sample
dependence in both its low-temperature susceptibility and
specific heat. Partial (-40%) suppression of the spin-
fluctuation-caused upturn in the low-temperature specific
heat of UA12 is observed at 2.1 K in 12.5 T, consistent
with both the rather low spin-fluctuation temperature cal-
culated in the present work and recent magnetization and
resistivity experiments" in high field. An increase in the
specific heat with increasing field at temperatures above 4
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