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Magnetic ordering of Ane92Feess. A calorimetric investigation
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In an attempt to further understand the magnetic ordering found in lower concentration of Au Fe
alloys, the specific heat of a single crystal of Auo»Fe008 was measured in the temperature range 3-50
K. A prior susceptibility measurement on the same, sample showed a sharp cusplike peak at 29 K.
However, there is no indication of a cooperative-type peak in the specific heat and the magnetic
entropy shows only 22% of the iron ions are being ordered between 29 and 0 K. These results appear
to be in disagreement with the mictomagnetic description of the susceptiblity and with the existence of
cooperative order as originally suggested by the susceptibility result.

INTRODUCTION

This xneasurement of the low-temperature spe-
cific heat of a single-crystal Auo 9~Feo 08 sample
was a continuation of a low-temperature low-field
susceptibility measurement' on the same sample.
The cusplike peak seen in the susceptibility sug-
gested a magnetic ordering at a mell-defined tem-
perature. By extending the temperature range of
measurement above the ordering temperature, it
was expected that these heat-capacity data would
help in characterizing the magnetic ordering in
dilute A.uFe alloys.

The magnetic and transport properties of alloys
containing transition-metal solutes have been
studied for many years in the hope that an under-
standing of the interaction and ordering of magnetic
moments would be attained. Two areas were de-
fined from these investigations: the formation and
properties of single magnetic impurities, and the
interaction between magnetic impurities leading to
ordering. These areas and properties of dilute
alloys are covered in a review article by van der
Berg. More recently, an excellent review arti. cle
by Phillips' summarized the theoretical and experi-
mental results on the heat capacity of dilute alloys.

The main contributions to the heat capacity of
dilute alloys are those of the conduction-electron-
impurity interactions (Kondo effect) and the impu-
rity-impurity interactions. Since each type of in-
teraction has a characteristic temperature associ-
ated with it, the heat capacity of a particular sys-
tem may be dominated by conduction-electron-im-
purity interaction in one concentration and tempera-
ture region, and by impurity-impurity interaction
in another. Typically for impurity-impurity inter-
action, its magnetic heat capacity at low tempera-
tures is proportional to the temperature and may
be independent of the concentration of the solute
(e.g. , CuMn 4') or some other nonlinear function
of the concentration. Also it has an ordering tem-
perature proportional to the concentration. The
magnetic heat capacity associated with conduction-

electron-impurity interactions is a single-impuri-
ty effect and typically is an anomaly proportional
to the concentration (e.g. , CuFe ) and is linear in
temperature.

The AuFe system is particularly interesting as
both single-impurity effects and different types of
long-range order are observed in different concen-
tration ranges. For concentrations of iron greater
that 12 at. %, long-range ferromagnetic ordering
exists. For concentrations less than 12 at. %, high-
field magnetization, magnetic remanence, and
thermoelectric-power~ '~ results indicate no mag-
netic txansitions but suggest the existence of micto-
magnetism. Mictomagnetism is a system chaxac-
terized by superparamagnetism athightemperatures
and a gradual freezing in of the spin orientations
when the temperature is lowered. However, mag-
netic susceptibility, '2 Mossbauer, ~ and re-
sistivity studies for these concentrations indicate
that a magnetic ordering exists with a well-defined
ordering temperature To, and show a nearly linear
concentration dependence of To. These studies,
the negative values of the paramagnetic Curie tem-
peratures for concentrations of 1-3 at. % and small
positive values for 4-8 at. %, and a recent low-
field susceptibi. lity investigation" showing sharp
cusplike peaks at well-defined temperatures (e.g. ,
see Fig. 2) seem to suggest antiferromagnetic or-
dering for concentrations of iron less than 12 at. '%%uo.

This susceptibility peak is explained in terms of
mictomagnetism ' as an accelerated rate of the
freezing in of the superparamagnetic moments at
the ordering temperature.

Previous heat-capacity measurementsao~' on
AuFe alloys (0. 092~ c~ 8 at. %) were undertaken
only at temperatures below 4. 2 K, well below the
ordering temperatures for the higher solute con-
centrations. These results suggest that impurity-
impurity interactions are the dominant effect as
the magnetic heat capacity is approximately con-
centration independent and linear in temperatux e.
The controversy still persists as to the nature of
the magnetic order in the concentration region be-
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low 12 at. %. Thus the present heat-capacity mea-
surement on a Auo 93Fe() «sample having the char-
acterlstlc susceptibility of magnetic ordering was
undertaken well beyond its ordering temperature
of 2S K to help clarify the existence of the ordering.

EXPERIMENTAL METHOD

The sample, a single crystal of Auo 9,Feo «, '
was in the foxm of a bullet and weighed approxi-
mately 10-', g. The heat-capacity measurement
was made using a standard heat-pulse technique
and a 3He cryostat which has been described else-
where. 34 The addenda included the thermometer,
heater wire, glyptal, etc. ; and the total addenda
heat capacity was measured separately over the
same temperature range 3-50 K. A commercially
calibrated Qe thermometer~' was used in this tem-
perature range. The total systematic error is
estimated to be less than 1% below 30 K and in-
creasing to a maximum of 2/0 at the highest tem-
pertures.

The magnetic specific heat is defined as the dif-
ference between the measured specific heat and
the specific heat of the same alloy as if the impuri-
ty atoms were nonmagnetic. With the addition of
iron impurities, the increase in the electronic
specific heat with respect to pure gold is considered
negligibly small. However, a pronounced influence
on the lattice specific heat is expected, owing to
the large difference in atomic masses of Au and Fe.
The lattice specific heat was estimated by calculat-
ing the ratio of the measured Debye temperature
of this alloy to that of pure Au~6~8 at the lowest
temperature, and keeping this ratio constant for
all temperatures. This approximation may still
leave the magnetic specific heat with substantial
error at higher temperatures as it completely
neglects the influence of the iron on the shape of
the phonon dispersion curves.

RESULTS

ture region maintains an approxi. mate linear rela-
tionship with the temperature, C =aT, where a
=7. 1+0.2 mJ/(mole of alloy Ka). This value of a
is in excellent agreement with previous low-tem-
perature results~'~3 on AuFe aQoys.

The linear temperature dependence observed in
the magnetic specific heat can be explained by the
usual theories of magnetical, ly ordered systems
of dilute localized moments. These moments in-
teract through a spatial oscillating coupling of the
Ruderman-Kittel-Kasuya- Yoshida type which leads
to a molecular-field distribution p(H, T). Various
molecular-field models have been proposed and
can be successfully applied to describe the tem-
perature dependence of the magnetic specific heat.
However, these models do not lead to a sharp cusp-
like behavior in the susceptibility as seen in the
AuFe alloys. The static spin-density wave mech-
anism' for antiferromagnetic order can explain
both the linear temperature dependence in the spec-
ific heat and the cusplike susceptibility. However,
this mechanism predicts a sharp discontinuity in
the specific heat at the ordering temperature To.

In Fig. 2 the measured specific heat is displayed
up to 50 K. Deviations from the low-temperature
T law for the lattice specific heat show up quite
clearly above 15 K. This is due to the rather low
Debye temperature of this alloy (e~= 167 K). In
the entire temperature range 3-50 K, the specific
heat appears to be a monotonic increasing function
of the temperature. In contrast, the magnetic
specific heat of a system undergoing a cooperative-
type ordering is expected to show a X-type anomaly
or at least a discontinuity at the ordering tempera-
ture. The measured specific heat around the or-
dering temperature of 29 K (T~o= 821 K~) shows no
indication of an anomaly that could be associated
with the onset of cooperative order or the complete

The specific heat of the Auo 93Feo oe sample is
shown in Figs. 1 and 2 as plots of C/T vs T~ as
well as that for the calculated nonmagnetic con-
tribution to the specific heat of the alloy. The low-
field susceptibility which is shown in the insert of
Fig. 2 shows a sharp cusplike peak at a weQ-de-
fined temperature of 29 K, similar to the results
of Cannella and Mydosh. ~~ This sharp peak in the
susceptibility is suggestive of a material ordering
antiferromagnetically near its Noel temperature.
Another interpretation is that these transitions cor-
respond to the accelerated freezing in of random
spin orientations, si.milar to the "freezing point"
of a spin-glass system.

The low-temperature specific heat shown in Fig.
I is identical in character with that of other dilute
alloys. The magnetic specific heat in the tempera-
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FIG. 1. SPeclflc heat of Aup, p2Fep, ()83 in the low-tem. -
perature region is shown as a plot of C/T vs T2. The
soj.id curve is the calculated nonmagnetic contribution to
the specific heat of the alloy,
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FIG. 2. Specificheatof Auo ~)Feo 08in the temperature region 3-50 K is shown as a plot of C/7 vs T . The solid curve
is the calculated nonmagnetic contribution to the specific heat of the alloy between 0 and 30 K. The insert shows the sus-
ceptibility results of the same sample, which were provided by S. A. sterner.

freezing in of the superparamagnetic moments.
Taking into account the scatter of the data, an
anomaly larger than 20% of the magnetic specific
heat should have been readily observable. This
corresponds to a change of 1.5 mJ/mole K in the
C/& vs &' curve.

As a consequence of the small positive value of
the Curie temperature (ec= 4 K) and of the cusplike
susceptibility peak, it could be expected that co-
operative magnetic order predominates with short-
range order barely noticeable in this sample. Thus
it would be expected that the disorder of the mag-
netic ions would be nearly complete by the ordering
temperature of 29 K. Since cooperative ordering
of the ions must be complete at absolute zero, the
entropy associated with the magnetic specific heat
from 0 to 29 K should be nearly equal to chin(28
+1), where c is the concentration of the iron
ions, 8 is the gas constant, and S is the electron
spin of the ions. From low-field susceptibility
results, ~' the value of the spin S is determined to
be 3 for this concentration of S-at. % Fe. The mea-
sured entropy to 29 K is only 0.22 of eB ln7, so
that approximately 22% of the magnetic moments
are disordered at the ordering temperature. The
entropy measurement is irreconcilable with the
assumption that cooperative magnetic ordering is
occurring at 29 K in an S-at. %-Fe sample.

The specific heat and the susceptibility of a sin-
gle crystal of Auo 99Feo o, have been measured in
the temperature range 2-30 K. These results (see
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FIG. 3. Specific heat of Auo 99Feo 0& in the tempera-
ture region. 2—12 K is shown as a plot of CjT vs T .
The solid curve is the calculated nonmagnetic contribu-
tion to the specific heat of the alloy. The insert shows
the ac susceptibility results of the same sample.

Fig. 3) show similar characteristics as those for
Auo 92Feo oe. The cusplike susceptibility peak oc-
curs at 8. 3 K, the specific heat shows no indication
of a discontinuity nor a cooperative-type peak, and
the magnetic entropy from 8. 3 to 0 K is only 0.21
of cR ln(V). The low-temperature magnetic spe-
cific-heat contribution can be expressed as C
=(3.9 +0. 1)T in units of mJ/(mole of alloy K), which
is in good agreement with previous results. 2'3~
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CONCLUSION

This specific-heat and entropy measurement on
Auo 92Feo 08 between 3 and 50 K does not support
the assumption of magnetic transitions due to co-
operative ordering at well-defined temperatures as
originally suggested by the low-field susceptibility
and Mossbauer results, nor does it support the
mictomagnetism concept used to explain the mag-
netic and transport properties of the A.uFe alloys
with solute concentrations below 12 at %.. Further

experimental investigations and theoretical develop-
ments are necessary in order to understand the
mechanisms responsible for all properties of these
dilute AuFe alloys.
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