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Heat capacity and critical behavior of hexagonal YMnQO;
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We report heat capacity (C,) measurements on high-quality single crystals of hexagonal YMnOj, a ferro-
electric and frustrated triangular antiferromagnetic (AF) compound. The obtained values of the critical expo-
nent « and amplitude ratio A*/A~ for the AF transition are in good agreement with the standard three-
dimensional Heisenberg universality class, and not with a chiral universality class associated with the 120° spin
structure. The low-temperature C,, deviation from the Debye law can be adequately fitted with a single Einstein
contribution, indicating that there is no evidence of the anomalous magnetic contributions reported earlier. We
also suggest that there is no intrinsic linear term in the low-temperature C,,. These results are consistent with

conventional long-range AF ordering in YMnOs5.
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I. INTRODUCTION

Recently, there has been a resurgence of significant inter-
est in multiferroic materials, where ferroelectricity and mag-
netism coexist in a single compound. The coupling between
these two order parameters is of fundamental interest, and
may open routes for device applications. Among the various
multiferroic materials reported recently, the rare-earth man-
ganites show particularly interesting phenomena that are as-
sociated with the frustration of the Mn moments. In perov-
skite. RMnO; (R=Tb,Dy) (Ref. 1) and orthorhombic
RMn,Os (R=rare earth) (Ref. 2), the frustration of different
Mn interactions is believed to be responsible for the magne-
toelastically induced lattice modulations, which result in
spontaneous polarization and ferroelectricity. As a direct con-
sequence of the strong spin-lattice coupling, large magneto-
dielectric effects and electric polarization switching with the
magnetic field are observed. In RMnOj5 with the smaller rare-
earth ions®
(R=Ho—Lu,Y,Sc), the structure is hexagonal P6;cm with
high ferroelectric Curie temperatures of ~1000 K. In this
structure, the Mn?* ions form triangular planar sublattices in
the z=0 and 1/2 layers, which are stacked in the ABAB
sequence along the z axis. For these systems, the geometrical
frustration of antiferromagnetic (AF) spins on the triangular
lattice results in the 120° spin ordering below the Néel tem-
perature Ty of 70—130 K. Due to the large difference be-
tween the ferroelectric and spin-ordering temperatures, the
coupling between the ferroelectricity and magnetism is ex-
pected to be small. However, for magnetic R>*, the interac-
tions between the ferroelectric polarization, the frustrated
Mn** moments, and the magnetic moments on the R ions
give rise to a complex magnetic phase diagram, whose sta-
bility can be controlled by an external electric field.®

In any case, the quasi-two-dimensional nature of the crys-
tal structure® and the geometrical spin frustration of the tri-
angular lattice are the sources of interesting magnetic behav-
ior in hexagonal RMnQOj5. For YMnO; (Ty=75 K), previous
neutron scattering studies’® reported the presence of uncon-
ventional spin fluctuations both above and below Ty, which
may be related to the anomalous increase in the thermal con-
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ductivity upon magnetic ordering.’ These results were inter-
preted as evidence of strong geometrical frustration and/or
low dimensionality, although it remains to be seen how the
long-range order'® can coexist with significant spin fluctua-
tions in the Néel state for the triangular lattice. Perhaps even
more surprising suggestions have been made in previous
heat-capacity (C,) studies''* on RMnO; (R=Y,Lu,Sc),
where the large deviation of the low-temperature (T<Ty) C,
from the Debye law has been attributed to the residual mag-
netic contribution. This contribution is extremely large, and
the broad shape of this anomaly implies that most of the
spins are in a spin-glass-like state,'® which is also inconsis-
tent with the observation of 120° long-range spin structure.
However, these studies have not considered the low-energy
Einstein modes, the presence of which would significantly
reduce the proposed magnetic contributions. Moreover, a sig-
nificant linear term (~12 mJ K> mol™") in C, for YMnO,
was also reported,'* which would indicate the presence of
spin-glass contributions or unconventional magnetic excita-
tions.

In addition to the unusual spin fluctuations, the questions
regarding the symmetry of the order parameter and the na-
ture of universality associated with the 120° spin structure
have not been resolved. For triangular-lattice antiferromag-
nets with the 120° structure, the extra twofold degeneracy of
chirality (corresponding to clockwise and counterclockwise
spin arrangements) has been predicted to result in new uni-
versality classes for three-dimensional (3D) XY and Heisen-
berg models,'> with CsMnBr; and VBr, being the respective
examples.!® For these chiral universality classes, large
changes in the heat capacity critical exponent « and ampli-
tude ratio A*/A~ are reported, with the chiral XY and Heisen-
berg universality classes having «=0.34 and 0.24, compared
to @=—0.01 and —0.12 for the standard XY and Heisenberg
models, respectively (see Table I). As both @ and A*/A™ are
significantly different between the chiral and standard
classes, it is usually possible to distinguish these two classes
with appropriate analysis. In a study employing single-
crystalline RMnO5, Katsufuji et al.'' have obtained a=0.25
from dielectric susceptibility measurements on YMnOs,
which is closer to the chiral than the standard universality
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TABLE 1. Critical exponent « and amplitude ratio A*/A~ for
various chiral and standard three-dimensional models (from Ref.
15), and the results for YMnOs;.

Model a AT/AT
Chiral XY 0.34(6) 0.36(20)
Chiral Heisenberg 0.24(8) 0.54(20)
Standard XY -0.01 0.99
Standard Heisenberg -0.12 1.36
YMnOj5 -0.16(1) 1.43(2)

classes. Moreover, they have obtained a=0.22 for T>Ty
and a=0.10 for T<Ty from C, measurements on LuMnO3.
While these values are also closer to the chiral universality
classes, the different values for 7> Ty and 7T<Ty are not
consistent with the scaling prediction and may have arisen
from the unconventional analysis employed in Ref. 11.

To elucidate the nature of magnetic ordering, we have
performed C, measurements on high-quality single crystals
of YMnOj. These measurements demonstrate that (i) the AF
transition belongs to the standard 3D Heisenberg universality
class, rather than a chiral universality class, (ii) the low-
temperature (7<Ty) C, is adequately fitted with lattice de-
grees of freedom, implying the absence of anomalous mag-
netic contributions, and (iii) the linear term is sample
dependent and most likely of extrinsic origin, such as mag-
netic defects or impurities. Thus, these results provide a pic-
ture of rather conventional long-range spin ordering in
YMHO3.

II. EXPERIMENT

Single crystals of YMnO; were prepared by a flux method
using Bi,05 as the flux. ScMnOj crystals were also prepared
with PbF, as the flux. For YMnO;, both platelike and pris-
matic crystals were formed, with the latter belonging to the
orthorhombic phase.'” The powder x-ray diffraction patterns
showed that the platelike crystals are of single phase with the
hexagonal structure. Previous studies'®!® have shown that
neither Bi nor Pb incorporates into the crystals in detectable
amounts. The C,, measurements were performed by a relax-
ation method using a Quantum Design PPMS.

III. RESULTS AND DISCUSSION

We show C, of hexagonal YMnO; over the wide tem-
perature range in the inset of Fig. 1, and in the vicinity of the
AF transition in the main panel of Fig. 1. The data for two
samples are plotted in the main panel, which show good
agreement up to the immediate vicinity of the peak. For each
sample, the data around the transition were taken from mea-
surements on both the heating and cooling directions, and
since the data display no thermal hysteresis effects, all the
data are plotted together. Although the overall background
C,, agrees well with previous studies, the transition is signifi-
cantly sharper for the present samples and clearly shows
signs of fluctuations.
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FIG. 1. Heat capacity of two samples of YMnOj in the vicinity

of the antiferromagnetic transition. The inset shows the heat capac-
ity in the wide temperature region.

Following the conventional critical analysis,”® we have
performed the least-squares fit of the data near the transition
with Cp*=(A*/ a)|t|"*+(B+Ct), where t=(T-Ty)/Ty. Here,
+ and — correspond to t>0 and <0, respectively. In this
form, A* are amplitude coefficients and (B+Ct) includes
both a physical smooth background and a constant offset. As
usual, we assumed that Bf=B~=B, i.e., there is no disconti-
nuity at Ty. We find that the constraint a*=a"=a, which is
imposed by the scaling prediction, could be forced without
significant sacrifice in the quality of the fit. In Fig. 2 we
show C, with the fit, where C, is plotted vs ¢ on a logarith-
mic scale. As expected, the data deviate from the fit in the
close vicinity of Ty, and for the analysis, we have excluded
the data in |f| <5X 1073 for 1< 0 and |¢t| <1072 for t>0. It
should be noted that the manner of deviation from the fit is
consistent with a Gaussian-distributed smearing of TN,21
which indicates that the rounding of the transition is associ-
ated with sample inhomogeneities. Above these regions, the
a and A*/A™ values obtained for sample 2 were stable with
respect to the temperature region included in the fit. More-
over, multiplying a higher-order singular correction term
(1+D*[1|°) to the power law did not improve the fit, indi-
cating that the fit has been performed over the asymptotic
critical regime. For sample 1, the fits were slightly poorer,
and adding the correction term extended the stability of the
fitting temperature region, but the obtained critical param-
eters were consistent with those of sample 2. In Fig. 2, the
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FIG. 2. Heat capacity of two samples of YMnO; vs reduced
temperature in the logarithmic scale. The solid lines are the best fit
to the data for sample 2, as described in the text.
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solid lines show the best fit to the data for sample 2, with
a=-0.16 and A*/A™=1.43. Clearly, as seen in Table I, these
values are very close to those expected for the standard 3D
Heisenberg universality class, and far from both the XY and
Heisenberg chiral universality classes, which have much
larger a and lower A*/A~ values.

The critical exponent a obtained in this study is signifi-
cantly different from the various values reported in Ref. 11,
which were obtained from dielectric susceptibility or heat-
capacity measurements. However, given the evidence of
spin-lattice coupling in YMnO3,” the dielectric susceptibility
may not provide a reliable value of @. Moreover, as dis-
cussed later, the lattice contribution estimated in Ref. 11 does
not incorporate contributions from low-energy Einstein
modes. The use of such a background for the critical analysis
is known to provide erroneous values for a (Ref. 20), which
is already evidenced by the different values for 7> Ty and
T<Ty!"

For the 120° spin ordering in a triangular lattice,
theories!? predict that simultaneous ordering of the chirality
results in a universality classes, and various examples of XY
or Heisenberg chiral criticality have been reported in stacked
triangular-lattice compounds.'® Thus, the absence of chiral
criticality in YMnO; suggests the removal of chiral degen-
eracy, which in turn implies the stabilization of a specific
chirality on a given triangle. Katsufuji et al.'' have suggested
that the slight distortion of the ferroelectric lattice,® which is
accompanied by the weak trimerization of the Mn ions,'!
may influence the critical behavior. On the other hand, al-
though some modifications from the prototypical chiral be-
havior are expected for triangular AF systems with lattice
distortions,?” a single transition into the 120° structure with
the standard criticality is not usually expected either.!%?? In
RbMnBr;, the lattice distortion leads to an incommensurate
spin structure with the spin angle slightly greater than 120°,
but the chiral critical exponents are reported.>? In RbFeBr;
with the space group of P6scm, the lattice distortion leads to
successive magnetic-phase transitions.

One possible mechanism for the chiral degeneracy re-
moval is the symmetry breaking due to Dzyaloshinskii-
Moriya (DM) interactions.”* The antisymmetric DM ex-
change, which is specified by D(S, X S,), is caused by the
spin-orbit interactions and is sensitive to the structural dis-
tortions. Although such a mechanism has rarely been applied
to triangular antiferromagnets,”® DM interactions have been
invoked? to explain the stability of different spin structures
in kagomé-lattice compounds, where triangles are connected
by the corners. For the kagomé lattice, the chirality is pre-
dicted to be determined by the sign of D, where the z axis is
normal to the kagomé plane.?> Although the kagomé lattice is
different from a triangular lattice in that the chirality of the
neighboring triangles can have the same sign (corresponding
to the q=0 structure),>> similar arguments based on DM in-
teractions should be able to explain how trimerized Mn ions
in YMnOj stabilize a specific chirality, resulting in the chiral
degeneracy removal. Also, it is interesting to note that DM
interactions have been invoked to explain the coupling
between ferroelectric and antiferromagnetic domain bound-
aries in YMnOs,%" as well as weak ferromagnetism'® in
ScMnO,.?8
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FIG. 3. Heat capacity divided by 7° for LuMnO5, YMnO3, and
ScMnOj3 vs T in the logarithmic scale. The data for LuMnOj; are
digitized from Ref. 11. For LuMnO3; and YMnOs, the linear con-
tribution has been subtracted. For ScMnOs, the raw data are shown.
The solid lines are the fit to the Debye and Einstein functions, as
described in the text.

Considering the quasi-two-dimensional nature of the crys-
tal structure, the XY behavior may be expected over the
Heisenberg behavior. However, the magnetic susceptibility”
shows no sign of anisotropy for 7>Ty, suggesting the
Heisenberg nature of the interactions. The thermal-
conductivity data are also more consistent with the isotropic
spin interactions.” On the other hand, neutron-scattering
measurements’® showed the magnetic anisotropy to be
~5-8% of the predominant in-plane exchange interactions
in YMnOj5. While these values are significant, they are more
comparable to the values observed in the quasi-two-
dimensional triangular BX, systems with the (chiral) Heisen-
berg criticality than those in the quasi-one-dimensional ABX5
systems with the (chiral) XY criticality.'®

We next consider the low-temperature (7<Ty) C, of
RMnO; (R=Lu,Y,Sc), where the presence of unconven-
tional spin fluctuations has been reported in neutron-
scattering studies on YMnO;.”® In one study,® the spin fluc-
tuations were correlated with the results of previous C,
studies,'"!? where substantial amounts of residual magnetic
contributions have been proposed. This proposal was based
on the observation that C,, showed significant excess over the
Debye function, which translates to a broad peak when C, is
plotted as C,/T° (Ref. 11). In Fig. 3, we show the Cp/vas
T plot of the present YMnO5 and ScMnO; samples, and of
LuMnOs; taken from Ref. 11. As reported, a large broad peak
is observed for LuMnO5; and YMnO;. However, it should be
stressed that such a peak is usually associated with low-
energy Einstein modes arising from a specific structural fea-
ture. In the layered La,_,Sr,CuQ,, for example, a peak in the
c,/ T3 plot at 23 K corresponds to an enhanced density of
phonon states at 10 meV (Ref. 29), which is associated with
the zone-boundary modes involving mostly La(Sr) ions.?* As
seen in Fig. 3, the peak becomes progressively larger in mag-
nitude and is shifted down in temperature with the increas-
ing mass of the A-site ion. This is consistent with the as-
sumption that the peak is associated with the zone-boundary
acoustic modes, as heavier A ions result in the flattening
and downshift of this mode. To quantify this contribution,
we have performed a fit with Debye and Einstein contri-
butions, and the results are shown in Fig. 3 as solid lines.?!
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FIG. 4. The low-temperature heat capacity of two samples of
YMnOj3 and ScMnO; plotted as C,/T vs T2. The solid lines are the
best fits by yT%+ BT+ BsT° (with @=0.37 and 1.0 for samples 1
and 2, respectively). The dashed line represents the 73 and 7° terms
of samples 1 and 2 of YMnO;.

(In YMnOs, an upturn at the lowest temperature region fol-
lows simple temperature dependence, as described later, and
it was subtracted prior to the analysis. For LuMnOs, a similar
upturn  follows linear temperature dependence with
1.0 mJ K2 mol™!, and was subtracted in Ref. 11.)

For YMnO;, a Debye contribution with the tempera-
ture O, of 425 K and the oscillator strength np of 10.5 per
formula unit (f.u.) provides the constant contribution up
to ®p, whereas an Einstein contribution with @=125 K and
ng=1.1/fu. provides the peak at 26 K in Fig. 3. For
LuMnO;, the best fit yields ®p=363 K, np=8.4/f.u.,
Op=115 K, and ng=1.1/f.u. Clearly, the larger peak ob-
served at 24 K in LuMnOs is associated with the lower De-
bye and Einstein temperatures, which are consistent with the
heavier Lu ions. For ScMnQOs, the upturn could not be sub-
tracted reliably, but the much smaller peak at ~30 K is con-
sistent with the lighter Sc ions. These considerations lead us
to conclude that there is no evidence of anomalous magnetic
contributions in the heat capacity of RMnOj;. Accordingly,
we view the shortfall of entropy under the peak at Ty (Ref.
11) to be mostly due to entropy already lost at higher tem-
peratures, which is consistent with the evidence of short-
range order at 7> Ty (Ref. 8).

Finally, we examine the nature of magnetic excitations
in the lowest temperature region. This is motivated by the
earlier observation of a large linear term with
~12mJ K2 mol™! in polycrystalline YMnO; (Ref. 14),
which, for an insulating AF magnet, suggests the presence of
a spin-glass contribution or unconventional magnetic excita-
tions. In Fig. 4, we show the C, data in C,,/T vs T? for
several samples of YMnO; and ScMnOj;. The ScMnOj
crystals show much larger C, than the YMnOs crystals,
showing an almost temperature-independent behavior with
a broad peak below 3 K. The data extrapolate to
~13-16 mJ K2 mol~!, which are similar in size to those
observed for polycrystalline samples of YMnO; and
LuMnO; (Ref. 14). Since the transition peak at Ty for the
ScMnOj; crystals was much broader than those observed for
the YMnOj crystals but similar in shape to those of poly-
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crystalline YMnOs, the excess C, observed in Fig. 4 is
most naturally ascribed to magnetic defects or impurities.*
On the other hand, the YMnO; crystals show much smaller
C,, but different temperature dependence is observed
for the two samples. For sample 2, the data are best de-
scribed by yT+BT°+BsT°. The obtained linear term of
y=1.6 mJ K= mol~! is much smaller than the value reported
for the polycrystalline sample,'* but is comparable to single-
crystalline LuMnO; with 1.0 mJ K> mol~' (Ref. 11). For
sample 1, the linear term does not describe the data well, and
the best fit is obtained by yT+BT+BsT°, with
a=0.37 and y=3.6 mJ K~'*" mol~".

The solid lines in Fig. 4 represent the best fit for each
sample, which show a crossover at 3.5 K. However, when
the subcubic terms are subtracted from these data, the two
samples show indistinguishable 7° and 7° dependence, as
represented by the dashed line. Thus, only the (quasi-) linear
term is sample dependent on both the form and magnitude,
which strongly suggests that it is an extrinsic contribution
arising from magnetic defects or impurities. It should be
noted that similar behavior was widely observed in high-7',
superconducting cuprates, where linear and sublinear contri-
butions diminished with the improved sample quality.’> As a
final point, it should be noted that various forms of spin
fluctuations observed in the neutron-scattering studies’”- are
not inconsistent with the present C, results, since they are
either fast’ (with the characteristic time scale of 55 ps) or
diminish with decreasing temperature.® Our results are also
consistent with spin-wave analysis of classical spins on the
triangular lattice, which predicts conventional long-range
order.>*

IV. CONCLUSION

In conclusion, we have measured the heat capacity of
YMnO; to examine the nature of its antiferromagnetic tran-
sition on the triangular lattice. The critical exponent « and
the amplitude ratio A*/A™ are consistent with the standard
three-dimensional Heisenberg universality class. The ab-
sence of chiral criticality suggests the removal of chiral de-
generacy, possibly due to Dzyaloshinskii-Moriya interac-
tions. The low-temperature (7T<Ty) deviation from the
Debye law can be fully accounted for by a single Einstein
contribution, indicating that there is no evidence of the
anomalous magnetic contribution reported previously. We
also find that the linear term in C, is more naturally ascribed
to extrinsic effects. These results provide a picture of con-
ventional antiferromagnetic long-range ordering in YMnOs.
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