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Thermal and magnetic properties of the spin-chain material Pr;Ru0O,
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We present measurements of the magnetic moment and specific heat of single crystals of insulating Pr;Ru0O-,
with octahedral RuOg4 and pseudocubic PrOg chains, separated by layers of sevenfold-coordinate praseody-
mium ions. The susceptibility indicates that antiferromagnetic order sets in at Ty=54 K, with polarization
approximately along the chain direction, but the susceptibility anisotropy above T indicates that the exchange
interaction is strongly anisotropic, with competing ferromagnetic interactions. This competition presumably

gives rise to the observed metamagnetic behavior for applied fields along the chain direction. The specific heat
anomaly at T is unusually mean field in shape and roughly consistent with ordering of the moments of the
ruthenium ions and the ‘“chain” praseodymium ions, whereas the remaining interlayer praseodymium ions
appear to be magnetically inert. A Schottky-type anomaly at low temperature, however, suggests that the
“ordered” chain praseodymium ions are still sensitive to a crystal field.
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I. INTRODUCTION

Ruthenium-based oxides provide an excellent opportunity
to study electronic and magnetic states. In this paper, we
report our experimental investigation of the magnetic and
calorimetric properties of high-quality single crystals of
Pr;Ru0O;. This compound belongs to a class of ruthenates
with a formula of LnsRuO; (Ln for lanthanides) with
fluorite-related phases, either crystallizing in the Cmcm space
group of the orthorhombic system or in a disordered fluorite
phase, depending on the size of the Ln cations relative to
pentavalent cation Ru.!™

It was shown® that the Pr cation is large enough for
Pr;RuO; to crystallize in the ordered phase. Its crystalline
structure is layered along the a axis, each bc-plane layer
containing chains of corner-sharing RuOg octahedra zigzag-
ging along ¢ axis, flanked by edge-sharing eightfold coordi-
nated PrOg distorted cubes involving one-third of the Pr ions.
The other two-thirds of the Pr ions, with sevenfold oxygen
coordination, are between the layers. The layer separation is
about 5.5 A, significantly larger than the intralayer chain
separation of about 3.7 A. This characterizes an almost one-
dimensional configuration and it is one of the reasons these
materials attracted attention, since their anisotropy could
translate into specific magnetic and electronic properties due
to the dependency of electron magnetic coupling on the crys-
tal directions. For example, spin-density waves,® spin-Peierls
transitions®, or the Haldane-gap opening in an integer-spin
Heisenberg antiferromagnet'’ are phenomena associated with
low-dimensional spin systems. Another reason for studying
the Pr;RuO; ruthenate is the presence of multiple magnetic
constituents: the common highly oxidized Ru>* 4d cations
(spin §=3/2) could experience spin interactions with the
magnetically active Pr** ions, in addition to the intrachain
coupling and the degeneracy removing interaction with the
crystalline electric field.

Previous measurements made on this material were on
powdered samples. The present measurements were made on
single-crystal samples for which, in principle, the lower den-
sity of sinks for vacancies (such as grain boundaries or dis-
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locations) and resulting less clustered distribution should de-
crease the impurity contribution and hence favor the intrinsic
features compared to polycrystalline samples.

Single crystals of Pr;RuO,; were synthesized by the
floating-zone technique using a commercial image furnace
(NEC-SC 1I). The starting materials were PrsO;, and RuO,
powders with an atomic ratio of 2.7:1. The mixture of RuO,
and PrqO;; was ground in a mortar and preheated at 900 °C
in air for 15 h. The heated powder was then reground and
formed into a rod 6 mm in diameter and 70 mm in length
using hydrostatic pressure, which was sintered in air at
900 °C for 15 h. After these initial heat treatments, crystals
were grown in the image furnace under an O, pressure of
around 0.25 MPa. The single crystals obtained from this
growth were characterized by powder x-ray diffraction and
energy-dispersive x-ray spectroscopy. All results indicate
that the crystals are single phase with lattice parameters (a
=10.9802 A, »h=7.3839 A, ¢=7.5304 A), consistent with
published values.>®

II. MAGNETIC PROPERTIES

The magnetic properties of the Pr;RuQO; single crystals
were measured using a Quantum Design MPMS LX 7T
SQUID magnetometer, with the field aligned approximately
parallel or perpendicular to the crystalline ¢ axis. The direc-
tion of the field in the ab plane was not determined. The
results shown below were for an irregularly shaped crystal of
mass 0.8 mg; similar results were obtained for other samples.

Shown in Fig. 1 is the magnetic susceptibility y (defined
as M/B in the low field limit) as a function of temperature
for fields B=0.01 T parallel and perpendicular to the ¢ axis.
The susceptibility is strongly anisotropic, with y;>x, at
high temperatures, indicating that the easy axis for the spin
polarization is along the RuO4 and PrOg chains. Also as ex-
pected, the two components of the susceptibility bracket
those measured for powder samples.®” There is a sharp peak
in y; and a cusp in x, at 54 K that defines the Néel tempera-
ture, Ty, i.e., the onset of antiferromagnetic order, with the
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FIG. 1. The magnetic susceptibility y (defined as M/B) as a
function of temperature for y; and x, at B=0.01 T. (Inset): Ax™' vs

T, where Ay = y— xp; note that dots are the data, and solid lines are
guides to the eye.

magnetization of the sublattices again (approximately) along
the chain direction. Note that while antiferromagnetic order-
ing at Ty=54 K is consistent with that seen in polycrystalline
samples,””’ the data in Fig. 1 show no sign of a second,
weaker magnetic ordering (~35 K) observed in the poly-
crystalline samples.®” While the origin of the discrepancy is
not entirely clear, it cannot be ruled out that this anomaly is
not intrinsic to the material but is due to crystalline defects
affecting the spin structure.

Unconventional magnetic interactions are indicated by the
high-temperature susceptibility. For temperatures between
150 and 350 K, the susceptibility is an excellent fit to the
Curie-Weiss law [ xy=x,+C/(T-6c)], as shown in the inset
to Fig. 1, where (y—x,)~' vs T is plotted. The fitting param-
eters are the temperature-independent term, x,
=1.74 memu mol~! for the ¢ axis and 2.29 memu mol~! for
the perpendicular direction, the Curie temperature 6.
=+48 K for the ¢ axis and -21 K for the perpendicular di-
rection, and the Curie constant C=4.21 emu K mol™' for
both directions, corresponding to an effective moment, g
=5.81 up, where up is the Bohr magneton. It is remarkable
that 6. is negative for the perpendicular direction and posi-
tive (and larger) for the ¢ axis, as shown in the inset of Fig.
1 [note that polycrystalline samples have a small, positive 6
(Refs. 5-7)], indicating that the exchange coupling is antifer-
romagnetic for the perpendicular direction and ferromagnetic
and twice as strong for the ¢ axis. Such a strong exchange
anisotropy is presumably due to spin-orbit coupling of the
praseodymium ions.

The polycrystalline samples had somewhat larger Curie
constants (5.4-6.0 emu K mol~') and negligible values of the
temperature-independent term (y,). This is presumably due
to the analysis, e.g., temperature ranges of the fits. For ex-
ample, we note, as shown in the inset to Fig. I, that
(x=Xxo)~" is a much more linear function of temperature for
T> 150 K than for the polycrystalline sample of Ref. 5.

In contrast, the increase in susceptibility at low tempera-
tures does not fit a Curie-Weiss law for either direction. This
increase and the small magnitude of the low-temperature
susceptibility are discussed further below.

The magnetic anisotropy is also illustrated by the isother-
mal magnetization, M. Shown in Fig. 2 is M(B) at T=2 K
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FIG. 2. The isothermal magnetization M(B) at T=2 K for M,
and M | .

for the ¢ axis and the perpendicular direction (i.e., that of
Fig. 1 for which the cusp in y is observed). The most re-
markable feature is that while M, remains paramagnetic,
there is an abrupt rise in M|, which marks a metamagnetic
transition at B.=3.5 T, a reversal of the local spin directions
that changes the magnetic state from antiferromagnetic to
ferromagnetic via a first-order transition. (For other direc-
tions in the ab plane, behavior that is intermediate between
M, and M | is observed.) A metamagnetic transition occurs in
an antiferromagnet that has both strong anisotropy and com-
peting ferromagnetic interactions,'! as we observe. It is in-
teresting, therefore, that La;RuO,, with only a single mag-
netic species, exhibits a spin-flop (i.e., rotation of the spin-
sublattice polarization) rather than a metamagnetic transition
in a magnetic field.* As shown in Fig. 2, the saturation mo-
ment of our Pr;RuO; crystal is M =4.8 ug/f.u. at T=2 K;
with increasing temperature, M, decreases slowly and the
transition broadens.’

III. SPECIFIC HEAT

For heat-capacity measurements, we used the ac-
calorimetry technique with chopped light as the heating
source.'? Since the incident power is unknown, only relative
values of the heat capacity were obtained, so the specific heat
(cp) was normalized using higher-temperature values ob-
tained with differential scanning calorimetry.'3 In the 15-250
K temperature range, the measurements were performed on a
21-mg sample mounted on a thermocouple thermometer,
while in the 3-20 K range the sample was mounted on a
cernox bolometer. (Note that in both cases the heat capacity
of the thermometer was much less than that of the sample.)
The chopping frequency w was tested and adjusted in differ-
ent temperature intervals to be between the internal and
external relaxation times (typically, w/27=~4 Hz for
thermocouple-based measurements and w/27w= 10 Hz in the
temperature range using the bolometer). We did not observe
any significant frequency dependence or hysteretic depen-
dence on temperature. The inset to Fig. 3 shows the specific
heat, normalized to the gas constant R=8.31 J mol™' K~!, as
a function of temperature, with the normalizing DSC data.
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FIG. 3. The specific heat vs temperature near 7. The smooth
curve shows the background estimated by fitting the specific heat
away from the transition to a third-order polynomial in 7. (Inset):
The specific heat over the entire temperature range (solid curve) and
the differential scanning calorimetry results (dashed curve).

Note that at room temperature the specific heat is ~90% of
its Dulong-Petit value (33R), as expected.

We also attempted measurements on the 0.8 mg sample of
Figs. 1 and 2, but the internal and external time constants
were too close for quantitative measurements. The results,
however, were qualitatively similar to those of the larger
sample.

Figure 3 shows the specific heat between 20 and 80 K; a
large anomaly is observed at Ty=54 K. As for the suscepti-
bility, we do not observe a second anomaly at 7=35 K;
whereas a Acp~0.7R anomaly was observed at 35 K by
Harada and Hinatsu,® our noise level gives Acp<<0.03R at
this temperature, again suggesting that the 35 K anomaly is
caused by defects affecting the spin order in the polycrystal-
line material. Otherwise, our anomaly Ty is very similar in
shape and size to that of Ref. 6. In particular, the anomaly is
surprisingly “mean field” in shape, not only in being much
steeper (i.e., “vertical”) on its high-temperature side than on
its low-temperature side, but in only extrapolating to its
background value (the smooth curve in Fig. 3) at T~ Ty/2.
Of course, mean-field specific heat anomalies are unusual for
Néel transitions in localized systems, so our observed
anomaly, Acp~2R, should be considered an upper limit to
its mean-field value.

The low-temperature specific heat is shown in Fig. 4. In
the inset, we plot cp vs T, while ¢p/T vs T? is plotted in the
main figure. For temperatures between 12 and 20 K, the spe-
cific heat can be well represented by cp=7yT+BT°, with
slope S~ 1.2 mJ mol~! K™, as was also observed by Zhou et
al.” for their powder sample. If entirely due to phonons, this
would give a (per atom) Debye temperature of ©,~300 K,
but the B7° term presumably also has a contribution from
antiferromagnetic magnons, which would increase O . From
the data above 12 K, one would also estimate vy
~ 160 mJ mol™! K2, However, we also observe a plateau in
cp at low temperature (see the inset), so that cp/T starts
increasing below 10 K; Zhou et al.” observe a somewhat
smaller increase (and no T term). This upturn in cp/T,
which can be fit as a Schottky anomaly, can give rise to our
apparent yT term, as discussed below.
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FIG. 4. The low-temperature specific heat, plotted as cp/T vs
77, with the Schottky anomaly fits discussed in the text. The upper
inset shows cp vs T. The lower inset shows the proposed splitting of
the I's triplet: the Kramer’s doublet (arrows), with magnetic mo-
ments u, are Zeeman split by the exchange field (B.,) while the
nonmagnetic singlet (“0) is split from these by the crystal field of
the distorted cube, giving net splitting 6= 14 K.

IV. DISCUSSION

As mentioned above, the crystal structure features a zig-
zag chain of corner-sharing RuOg4 octehedra and a row of
edged-sharing PrOg pseudocubes that alternately run along
the ¢ axis.>® Hence, the magnetic interaction along the ¢ axis
is expected to be stronger than for other directions. Further-
more, the chain magnetic interactions may be stronger for
the Ru d electrons than for the Pr f electrons, since the
corner-shared octahedra, with ~180° Ru-O-Ru bond angles,
are much more favorable for superexchange interactions than
the edge-shared pseudocubes, with ~90° Pr-O-Pr bond
angles, so the ruthenium magnetic interactions are expected
to drive the transition. For example, it was found that doping
on the ruthenium sites affects much more strongly the phase
transition than doping on the praseodymium sites.” Of
course, interchain magnetic coupling is also needed for the
phase transition, and the chain Pr ions are expected to be
sensitive to, and probably order in, the alternating exchange
field established by ruthenium ordering. The magnetic inter-
actions of the interlayer praseodymium ions, both to each
other and the chains, are expected to be much weaker, since
the ionic spacing is large and there are no oxygen ions ap-
propriate to act as intermediaries for superexchange.®

A model of the magnetic ordering should account for the
following features: (i) the values of the saturated magnetiza-
tion, M, and high-temperature Curie constant; (ii) the (rela-
tively small) susceptibility and increase in ¢p/T at low tem-
peratures; (iii) the mean-field anomaly in cp at Ty. While a
quantitative explanation of all these features is beyond the
scope of this paper, below we suggest a model that qualita-
tively accounts for them.

The Curie constants for free Pr’* (J=4) and (orbitally
quenched)  Ru’* (§=3/2) ions are 1.56 and
1.87 emu K mol~!, respectively, so the Curie constant ex-
pected for Pr;RuO; would be 6.6 emu K mol~! if all the Pr
moments are unquenched, much greater than the observed
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value of C=4.2 emu K mol~!. On the other hand, if the
sevenfold-coordinate crystal field of the interlayer praseody-
mium ions renders these into nonmagnetic singlets so that
only the chain Pr moments are active, the expected value
would be 3.4 emu K mol~!, much closer to the observed
value. Alternatively, one might suppose that the orbital mo-
ments are quenched for all the Pr ions, which therefore have
Curie constants 1.0 emu K mol™' (appropriate for S=1, L
=0), giving a total Curie constant of 4.9 emu K mol™, also
close to the observed value. However, the saturated magne-
tization above the metamagnetic transition, M
=4.80 upg/f.u. is close to the value obtained assuming full
orbital quenching of not only the Ru’* ions (3 up) but also
the chain Pr’* ions (2 ), with no interlayer praseodymium
moment. Hence both properties imply that the interlayer
praseodymium ions are in singlet states; the change from free
J=4 moments above T to orbitally quenched S=1 moments
at high fields and low temperatures for the chain Pr ions may
signal a subtle d-f coupling, perhaps facilitated by the ferro-
magnetic order above the metamagnetic transition. Also note
in Fig. 2 that there appears to be an additional anomaly in M
at B=3.9 T (absent in polycrystalline samples), suggesting
that the spin polarization occurs in steps, e.g., the Ru and Pr
spins may become ferromagnetically aligned separately.

This picture is also supported by the small value of the
low-temperature susceptibility. While there is an upturn in y
at low temperatures, the low-temperature susceptibility is
over an order of magnitude smaller than would be expected
if Pr moments remain disordered at the transition.

The complexity of the spin structure and unconventional
nature of the antiferromagnetism are expected to be born out
by measurements of the susceptibility anisotropy in the ab
plane. In particular, in preliminary measurements we have
observed that rather than a cusp, a small peak is observed at
Ty for most in-plane directions, i.e., there seems to be a
unique “hard axis” rather than a “hard plane,” as for conven-
tional antiferromagnets. A possible reason is that the alternat-
ing ruthenium and chain praseodymium moments may polar-
ize in different directions. The in-plane anisotropy is being
further investigated.

The value of y,, the temperature-independent term in the
Curie-Weiss fits to the high-temperature susceptibility, is
similar to that of highly correlated metallic ruthenates with
the Ruddlesden-Popper structure, and the apparent value of
the linear specific heat coefficient, y~ 160 mJ mol™' K2, is
even larger than the coefficient observed in these materials.'*
These values seem to suggest that there is a sizable density
of states in Pr;RuO,, and its insulating character results in
localization due to strong scattering rather than a band or
correlation gap. (For example, an unusually large 7y is also
observed in insulating Gd,RuOs."%) However, these values of
Xo and vy give Wilson ratios of only 0.94 for the ab plane and
only 0.71 for the ¢ axis. These small values in what would
presumably be a strongly correlated conductor suggest that
both x, and y do not originate from a “hidden” Fermi sur-
face, e.g., xo may be a Van Vleck contribution from the
praseodymium ions and 7 an artifact of the upturn in cp/T at
lower temperatures.

In particular, we have fit the low-temperature specific heat
to the Schottky expression for excitation of a two-level sys-
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tem: cp=BT+vgR(5/T)? exp(8/T)/[1+g exp(5/T)]?, where
0 is the excitation energy, g is the ratio of the ground-state
degeneracy to that of the excited state, and v is the number of
excitations per formula unit, without inclusion of a y7T term.
Two such fits, discussed below, are shown in Fig. 4; for all
fits, the excitation energy 8= 14 K. While the fits are rough,
they show that Schottky-type anomalies at low temperatures
can give rise to an apparent y at higher temperature.

We associate the Schottky anomaly with crystal-field ex-
citation of the praesodymiums. While Pr crystal-field split-
tings are typically large (~100 K), the distortion of the PrOg
pseudocubes will open small gaps between states that are
degenerate for the undistorted cube. For example, for a cubic
crystal field with a large separation of ligands, appropriate
for the PrOg chains,>® the crystal-field ground state of a J
=4 ion is a I'5 triplet, consisting of a Kramer’s doublet de-
generate with a singlet.'® Then the small value of & might be
associated with the splitting of this degeneracy due to the
distorted cubic environment.>® The doublet, in turn, will be
split by the alternating exchange field established by the an-
tiferromagnetic ruthenium ordering. The net result, as shown
in the lower inset to Fig. 4, may be a small splitting ()
between the “spin-up” member of the doublet and the singlet
state. Then, as the exchange field becomes established at T,
only approximately half of the chain praseodymium ions will
go into the spin-up state, with the others in the singlet, if &
<T. As the temperature falls below &, the spin-up state will
become fully occupied. (Note that this may also account for
the increase in y at low temperatures.)

The dashed curve in Fig. 4 shows a fit with g=1, consis-
tent with our model, yielding B=1.2ml mol ' K™, §
=143 K, and v~ 1/2, i.e., implying the existence of a su-
percell, which has not been observed. On the other hand,
setting v=1 (appropriate for the chain praesodymiums)
yields the fit shown by the solid curve, with g
=1.1 mJ mol”' K™, 6=13.9 K, but g~?2, i.e., a degenerate
ground state, inconsistent with our model. This cannot be
improved by inclusion of a yT term in the fit, as this de-
creases the magnitude of v/g. (Also note that much better
v=0 fits to the specific heat than those shown can be ob-
tained with larger and unphysical values of v and g.)

Despite these problems with the fits, we assume that, by
including coupling between the Pr moments, the basic idea
of our model, that the exchange field and small crystal field
split the I's triplet as shown in Fig. 4, is correct, and we use
these to discuss the specific heat anomaly at 7. In particular,
we assume that, because of the nearby singlet with 6<< Ty,
the orbital degeneracy of the chain praesodymiums changes
from three to two at the transition.

As described in Sec. III, the specific heat anomaly is very
mean field in shape, implying that the interactions are much
longer range than usual for a nonitinerant Néel transition.
This may be a consequence of the Ru-Pr interchain interac-
tion effectively coupling more distant ruthenium moments.
The anomaly for a magnetic transition in mean-field theory is
given by!” Achz(SR/Z)E[(I‘f—l)/(F?+ 1)], where the sum
is over different ordering moments and T'; is the ratio of
degeneracies above and below the transition, i.e., I'=3/2 for
the chain praesodymiums. Harada et al.>* have argued that,
in related Ln;RuO; lanthanide compounds, the crystal field
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also reduces the (S=3/2) ruthenium ground state to a Kram-
er’s doublet, so we assume I'=2 for the ruthenium ions. Then
the expected total specific heat anomaly is Acyp=2.5R, close
to the observed value (Acp~2R). While this concurrence
may be fortuitous, given our approximations (e.g., in dealing
with the praseodymium crystal field and neglect of spin cou-
pling above Ty), it certainly is consistent with our assump-
tion that the interlayer praesodymiums do not participate in
the transition, which would make the anomaly much larger.

We expect the entropy change at the transition to be AS
=R In(I"))=1.1R. Of course, estimating the entropy from
the specific heat, AS=[dT Acp/T, depends critically on
one’s estimate of the specific heat background. Harada and
Hinatsu® found a large transition entropy (=3R) by assuming
that the background (phonon) specific heat was the same as
that of LazNbO,, which, as they discuss, is a questionable
estimate for such a high 7. Instead, using the cubic baseline
shown in Fig. 3, we obtain the rough estimate AS~0.5R,
suggesting that the correct baseline is either considerably be-
low our estimate or that, despite the mean-field shape, there
is a considerable fluctuation region above 7, as assumed in
Ref. 6.
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In summary, we present measurements of the magnetic
and thermal properties of crystals of the spin-chain com-
pound, Pr;RuO;. The material undergoes a Néel transition at
Ty=54 K, which is unusual in its degree of anisotropy and
apparent mean-field behavior. Unlike for powder samples, no
second anomaly at 35 K is observed. The anisotropy and
competing interactions result in a metamagnetic transition
for fields along the chain direction. Both the specific heat and
magnetization suggest that the interchain praesodymiums are
not magnetically active so that only the chain praseodymium
ions order with the rutheniums at 7. However, this order is
not complete in that the chain praesodymiums are still sub-
ject to a small (6~ 14 K) crystal-field excitation, resulting in
a low-temperature Schottky anomaly in the specific heat.
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