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Specific heat near Tlv in (Pr, Nd, Sm, t d, and Dy) Ba2Cu307.
Evidence for spin-exchange-driven ordering
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(Received 24 July 1987)

Magnetic ordering at 2.2 K has been reported for GdBa2Cu307. In order to characterize the
relevant magnetic interaction we have synthesized and measured the specific heat of polycrystal-
line RBa2Cu307, where R Pr, Nd, Sm, Gd, and Dy. The ordering temperatures are found to
vary systematically with the de Gennes factor, suggesting the dominance of spin-spin exchange
over dipolar energies for these compounds. The field dependence of the specific-heat peak for
DyBa2Cu307 implies the order is of antiferromagnetic nature.

One of the interesting aspects of the high-T, supercon-
ducting compound GdBazCu307 is that magnetic ordering
occurs around 2 K, and is seemingly independent of the
superconducting electrons, as first demonstrated by %'illis
et al. ' The coexistence of superconductivity and magnetic
order in this compound is intriguing because of the special
conditions usually required to support both types of order.
In addition, there is also the possibility that this com-
pound, and the other rare-earth analogues, will provide,
due to their extreme crystalline anisotropy, a new set of
model systems in which to study two-dimensional magne-
tism. It is essential, therefore, to understand the nature of
the interaction responsible for the ordering, as well as the
spin configuration of the ordered state.

We have synthesized the compounds RBa2Cu307,
where R Pr, Nd, Sm, Gd, and Dy, and measured their
specific heat in order to establish a systematic trend be-
tween the ordering temperature and the magnitude of the
local R + moments involved. Similar to the Gd com-
pound, the Sm and Dy compounds order at 0.60 and 0.92
K, respectively, but with the entropy expected for a Kra-
mers doublet. The Nd compound exhibits ordering-pre-
cursor behavior down to 0.5 K, and exhibits a broad
crystal-field anomaly in the neighborhood of 1 K. No evi-
dence for electronic order is found for the Pr compound.
Above 0.6 K, T& in these compounds scales linearly with
the de Gennes factor (gj —1) J(J+1), where gj and J
are the Lande g factor and total moment, respectively.
This implies that the ordering in this temperature range is
dominated by a spin-spin exchange interaction. The or-
dering peak in DyBa2Cu307 decreases with increasing
field, the behavior expected for an antiferromagnet.

Specific-heat measurements were performed in a top-
loading He cryostat, using the semiadiabatic heat-pulse
method. The calorimeter consisted of a 0.254 x 6.35
x 6.35 mm sapphire plate, onto which a small piece of the
interior of a Speer resistor, along with a 350 0 strain
gauge were epoxied, for use as a thermometer and heater,
respectively. The samples, which were typically —20 mg,
were aftixed along a smooth, flat surface with ( 1 mg of
silicone vacuum grease. The addendum contribution to
the heat capacity was measured separately and is negligi-
ble (( 1%) in the region of interest.

The samples used in the present study were prepared by
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FIG. 1. Specific heat of RBa2Cu307, for R Nd, Sm, Dy,
and Gd.

standard ceramics procedures as described in Ref. 2.
Powder x-ray diH'raction revealed no crystalline impurity
traces & 5%. The samples (with the exception of
PrBa2Cu307) were further characterized by ac suscepti-
bility and resistance measurements and exhibited super-
conducting transitions less than 2 K wide. Room-tem-
perature resistivities were in the range p & 10 m Q cm.

In Fig. 1 we show the specific heat for four of the com-
pounds. The ordering temperatures for the Sm, Dy, and
Gd compounds are 0.60, 0.92, and 2.2 K, respectively. Al-
though Ndaa2Cu307 does not exhibit ordering in the
present temperature range (T & 0.5 K), the upswing in C
below 0.7 K is possibly an indication of a lower-
temperature phase transition. The broad hump in the Nd
curve has an integrated entropy of nearly R ln2 and corre-
sponds to a crystal-field doublet centered at around 4 K.
Such a level most likely results from splitting of the I 8

quartet of J —', due to the monoclinic distortion of the
ligand field at the rare-earth site. Data on the Pr com-
pound lie oA' the scale of Fig. 1 and they form a relatively
featureless line yielding a low temperature y —200
mJ/molK . A small upturn observed below 0.8 K might
be interpreted as the onset of electronic magnetic order-
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ing, but is more likely the result of nuclear ordering.
In Fig. 2 we show the specific heat of SmBa2Cu307

from 0.5 to 3 K on a smaller scale than that of Fig. 1. The
sharp peak at 0.60 K is interpreted as the development of
(two-dimensional) long-range magnetic order among the
Sm + ions since the entropy, shown in the inset, is tending
towards the value R ln2 expected for degeneracy lifting in
a system of Kramers doublets. In Fig. 3 we show the
DyBa2Cu307 data, which display qualitatively similar or-
dering at 0.92 K. The behavior for these two ions is in
contrast to the Gd compound which develops an entropy
of R ln8 corresponding to the full spin degeneracy,
2S+1 =8, of trivalent Gd.

In Fig. 4 we show the eff'ect of applied magnetic fields
greater than 0, i on the ordering behavior of
DyBa2Cu307. The ordering peak moves to lower temper-
atures as the field is increased, the usual behavior of anti-
ferromagnets. The broadening of the peak is interpreted
as resulting from the random orientation of the individual
crystallites. The data in Fig. 3 were obtained after cooling
the sample from T, -90 K in zero applied field, and in or-
der of increasing field. In fact, upon lowering the applied
field, hysteretic behavior corresponding to flux trapping
was observed. Therefore, the phase diagram shown in the
inset of Fig. 3 is a function of the penetration depth of the
crystallites as well as the interactions between the mag-
netic moments.

The two types of interaction usually responsible for lo-
cal moment ordering at low temperatures are the dipole-
dipole interaction and the spin exchange mechanism. One
can estimate the relative strength of the former interac-
tion by comparing the ordering temperature to the bind-
ing energy of a moment interacting with its nearest neigh-
bors via its dipole field. Although these two energy scales
are approximately equal for each of the Gd and Dy com-
pounds, for the Sm compound one calculates a dipole en-
ergy 4(gjp&J) /a —0.023 K, much smaller than the or-
dering temperature of 0.6 K. This result illustrates the
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FIG. 3. Specific heat of DyBa2Cu307. C is extrapolated to
T 0 using a T law appropriate for antiferromagnetic mag-
nons. The entropy is shown in the inset, where the horizontal
dashed line corresponds to R ln2.

need to consider an exchange mechanism. Further evi-
dence for the dominance of a spin exchange energy comes
from the linear dependence of T~ on the de Gennes factor
(gJ ~) J(J+ I) as shown in Fig. 5. This is the expected
behavior of T~ for a system whose Hamiltonian consists
only of an S S exchange term, assuming the coupling pa-
rameter remains constant as J is varied, and that
S~ (gq —I)J. In the present study, however, we consider
ordering of the eA'ective spins S,g corresponding to a
crystal-field multiplet. While it is not obvious that
Sgff a: (gj —I )J, the observed correlation can be interpret-
ed as empirical evidence for the validity of this relation.
For the sake of comparison we also plot the variation of
T~ with (gJJ), the scaling form for dipole-dipole ener-
gies (assuming equivalent moment configurations). This
illustrates the lack of systematic behavior for a coupling of
this form.
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FIG. 2. Specific heat of SmBa2Cu307. C is extrapolated to
T 0 using a T3 law appropriate for antiferromagnetic mag-
nons. The entropy is shown in the inset, where the horizontal
dashed line corresponds to R ln2.
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FIG. 4. Specific heat in a field for DyBa2Cu30&. The inset
shows the peak temperatures as a function of field.
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FIG. 5. Ordering temperatures for the compounds described
in the text. Solid circles or bars refer to lower horizontal scale,
and open circles or bars refer to the upper scale. Open and
closed icons for the same compound are connected by dashed
lines. Data for the Er compound is from Ref. 7.

Various alloys of rare earth and yttrium also obey the
scaling of Curie temperature with (gj —1) J(J+1).
For these, and other rare-earth metals, the exchange in-
teraction is believed to be of the indirect, Ruderman-
Kittel-Kasuya- Yosida (RKKY) type. Although the
monotonic behavior sho~n in Fig. 5 seems to indicate that
such an exchange mechanism is operative, it is not possi-
ble, on the basis of the present data, to rule out a
constrained-orbital superexchange interaction. If, howev-
er, an itinerant mechanism is the correct interpretation for
the present compounds, then it offers an explanation for a
second ordering anomaly seen both in specific-heat mea-

surements on GdBazCu307 (Ref. 7) and in ultrasonic
sound velocity and thermal relaxation measurements on
the Sm compound. For RKKY systems, multiple transi-
tions frequently occur due to a reorientation of the spins
into a helical state resulting from the long-range oscillato-
ry nature of the interaction. ' On the other hand, the de-
velopment of three-dimensional correlations cannot be
ruled out for explaining these phenomena.

Finally we comment on the behavior of the other
members of the substitution series. To our knowledge, the
specific heat has been measured elsewhere only for Ho
(Ref. 11) and Er (Refs. 7, 11), as well as the Gd (Ref. 1)
and Dy (Refs. 7, 11) compounds studied in the present
work. For the non-Kramers Ho a nuclear ordering peak is
observed at 0.17 K, and for the Kramers ion Er an order-
ing peak at 0.59 K with R ln2 entropy is found. The ab-
sence of purely electronic ordering in Ho can be taken as
an indication of a ground-state singlet. The transition
temperature for Er places it above the line drawn in Fig.
5. However, differences in lattice parameters (interaction
strengths) and especially the influence of the dipole-dipole
energy for the large-(gJJ) Er ion might explain the
discrepancy. Thus with the exception of the Tb com-
pound, which we have not been able to isolate in single-
phase form, and Pm, which is intensely radioactive, the
rare earths 4f" for n =2 through 11 have been scanned
(Eu + has no moment). The observation that the low-
lying magnetic states in all of these materials are either
Kramers doublets or crystal-field singlets leads to the
question of whether or not this is a general result of the
monoclinic symmetry of the crystal field. More work is
needed to determine the effective g factors, the range of
the interactions both within and between planes, and the
spin configurations in the ordered state.
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