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We use numerical simulation methods to determine the magnetic specific heat of EugsSro.7s
and EugssSro46S as a function of field and temperature over the range 0.1<7 =<3 K and
0=<B=<6T. For x =0.25 agreement with experiment is obtained at 1 K for B > 1 T; for x =0.54
agreement is obtained at 1 K in zero field and for fields above 1 T. Possible explanations for the
discrepancy at low fields are advanced. The calculations are carried out in the independent-boson
approximation so that as a by-product we obtain data on the field dependence of the distribution
of magnon modes. The effect of fields above 3-4 T is to introduce a uniform shift in the magnon
energies. At low fields the effect is more complicated as it involves a change in the relative distri-
bution of the modes as well as a shift in their energies. Since the calculations involve no adjust-
able parameters, they provide additional confirmation of earlier results that magnons make the
dominant contribution to the specific heat of Heisenberg spin glasses at low temperatures.

I. INTRODUCTION

The influence of applied magnetic fields on the various
properties of spin glasses is proving to be a rich area for
experimentation and theory. Recently, data have been
presented on the variation of the specific heat of
Eu,Sr;—,S with field and temperature.!~> Experimental
studies of this compound are especially valuable since the
microscopic exchange interactions are known.* As a
consequence, quantitative comparisons can be made be-
tween theory and experiment, which are often impossible
with metallic spin glasses. In the case of the specific heat,
direct contact can be made at low temperatures between
experimental results and the predictions of a noninteract-
ing-boson model in which the excitations are magnons as-
sociated with small-amplitude spin oscillations.®

Previous calculations®’ showed that the boson model
gave a good account of the zero-field data up to tempera-
tures on the order of 0.5T, where T is the freezing tem-
perature as determined by the peak in the zero-field sus-
ceptibility. Recently, it was demonstrated that the model
also worked well at high fields B =3 T, where the ground
state is such that essentailly all spins are aligned with the
field.>?

In this paper we also carry out calculations of the mag-
netic specific heat in the independent-boson approxima-
tion. Our work differs from that of Refs. 3 and 8 in that
we treat low fields, B <3 T, where the spins are not fully
aligned. We also differ in that we calculate the density of
states by the direct diagonalization of a dynamical matrix,
whereas in Refs. 3 and 8 the density of states is determined
by a continued-fraction technique. Generally speaking,
however, both approaches yield comparable results for
similar parameters.

In Sec. II we present our results for the density of states
at various values of the field for x =0.25 and 0.54. The
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data on the field dependence of the specific heat are given
in Sec. III. Section IV is devoted to a brief discussion of
our findings.

II. DENSITY OF STATES

Our results for the density of states for x =0.25 and
0.54 are displayed in histogram form in Figs. 1 and 2. In
each case the field values are B=0T,0.23 T, 1.15T, 2.30
T, 4.61 T, and 10.5 T. The data shown in Fig. 1 (x =0.25)
came from the analysis of three configurations each with
343 spins. The data in Fig. 2 (x =0.54) were obtained
from four configurations with 270 spins. In all cases the
equilibrium configurations and the magnon energies were
obtained by general methods described elsewhere.>® The
only modifications brought about by the field are (1) the
minimization algorithm involves rotation into the direction
of the sum of the external and the exchange fields and (2)
the dynamical matrix P;; [Eq. (3.13) of Ref. 5] is aug-
mented by the addition of the term

ZyBH?ijk.

Here pup is the Bohr magneton and ¥; is the cosine of the
angle the applied field H makes with the jth spin in its
equilibrium orientation. All calculations were carried out
using the values J;=0.22 K and J,=—0.10 K for the
nearest- and next-nearest-neighbor exchange integrals,
respectively.

The data in Figs. 1 and 2 show that a gap in the density
of states is induced at fields above 1-2 T. The gap ap-
pears at a point where nearly all the spins are aligned with
the field. At higher values, 3-4 T, the effect of the field is
to induce a uniform shift in the magnon energies. This
behavior can be understood as follows. An examination of
the dynamical matrix for a fully aligned array shows that
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FIG. 1. Density of states for x =0.25. (a) B=0 T, (b)

B=023T, (c) B=1.15T, (d) B=230T, (¢) B=4.61 T, (f)
B =10.50 T. Energy is in Kelvin. Combined data from three
configurations, each with 343 spins.
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FIG. 2. Density of states for x =0.54. Labeling of the histo-
grams the same as in Fig. 1. Combined data from four configu-

rations, each with 270 spins.
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if H(1) and H(2) denote values of the field which are suf-
ficient to produce complete alignment, then the shift in the
eigenvalues is 2ug[H (1) —H(2)]. At low fields, where
there is incomplete alignment, the change in the density of
states cannot be described solely in terms of a shift but
also involves a change in the relative distribution of the
modes.

III. SPECIFIC HEAT

In the independent-boson approximation the magnetic
specific heat is given by the expression

Cu=(/kT " dE E*p(E)[eE/KT(E/KT — 1) =2

where p(E) denotes the density of states. Our results for
the field dependence of the specific heat at 1 K are shown
in Figs. 3 and 4, where we plot both theoretical and experi-
mental data for x =0.25 and x =0.54. Here the experi-
mental data are obtained from Ref. 3.

In the case of Fig. 3 (x =0.25) the theoretical data,
shown as open circles, were obtained from three configura-
tions each with 343 spins. The broken curve, drawn as a
guide to the eye, indicates good agreement for fields above
1 T. At lower fields the agreement breaks down. Such a
result is to be expected since T at this concentration is
equal to 0.8 K. As mentioned, in zero field the theory is
inapplicable for 720.577.
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FIG. 3. Specific heat at 1 K vs applied field; x =0.25. The
solid circles are experimental data from Ref. 3. The open circles
are calculated values. Average over three configurations, each
with 343 spins.
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FIG. 4. Specific heat at 1 K vs applied field; x =0.54. The
solid circles are experimental data from Ref. 3. The open circles
and open triangles are calculated values. Open circle: average
over four configurations, each with 270 spins. Open triangle:
average over three configurations, each with 467 spins.

Our results for x =0.54 are displayed in Fig. 4 along
with the experimental data from Ref. 3. As in Fig. 3 the
experimental data are represented by solid circles. The
open circles are obtained from an analysis of four configu-
rations, each with 270 spins; the open triangles are data
from three configurations, each with 467 spins. The bro-
ken curve is a guide to the eye. There is good agreement
between experiment and theory in zero field (7,=2 K)
and above 1 T. Below 1 T the theoretical data fall below
the experimental results. This discrepancy appears real
since we obtain virtually identical results with both size ar-
rays.

The temperature dependence of the specific heat for
x =0.54 is shown in Fig. 5 for B=0T, 09 T, and 6 T.
The theoretical results were obtained from an analysis of
three configurations, each with 467 spins. Apart from the
upturn in the experimental data near 0.1 K, which
is due to the contribution from the nuclei, there is good
agreement between experiment and theory for both B =0
T and B=6 T. The data for B =0.9 T show a deviation
between experiment and theory below 0.5 K, consistent
with the low-field results shown in Fig. 4.

IV. DISCUSSION

In assessing the findings reported in Secs. II and III it is
important to keep in mind that the theoretical results were

FIG. 5. Specific heat vs temperature; x =0.54. (a) B=0T,
(b) B=09 T, (c) B=6 T. The experimental data points are
from Refs. 3 and 8. The theoretical curves were obtained by
averaging over three configurations, each with 467 spins.

obtained with no adjustable parameters. As such they pro-
vide direct evidence of the appropriateness of the indepen-
dent-boson model for the magnetic specific heat of spin
glasses with Heisenberg interactions—a result which
is consistent with earlier findings for CuMn’ and
Cd; - Mn,Te.!'? In the case of x =0.25 we have noted
that the breakdown in the theory reflects the failure of the
independent-boson approximation at high temperatures
and low fields. For x =0.54 the most noticeable dis-
crepancies between experiment and theory occur at low
but finite fields, 0 < B<1 T. There appear to be at least
two possible explanations for this. It can happen that our
minimization procedure does not generate appropriate
equilibrium configurations at low fields. Also, since the
calculated values of the specific heat lie below the mea-
sured values, it may be the case that excitations other than
magnons, e.g., tunneling modes, are making a non-
negligible contribution in the low-field regime.
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