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We use magnetism and specific heat measurements to investigate the hexagonal Mn-rich YMnO3.
It is found that upon cooling from a high temperature, the compound first orders
antiferromagnetically at TN�72 K and then undergoes a re-entrant spin glass �RSG� transition at
TSG�42 K. This RSG behavior results from the competition between the ferromagnetic interaction
and the antiferromagnetic interaction, which is related to the intrinsic geometric magnetic frustration
in this system. © 2005 American Institute of Physics. �DOI: 10.1063/1.1991980�

The doped manganite compounds R1−xAxMnO3, with R
as the rare-earth or yttrium ion and A as an alkaline-earth
ion, have recently attracted considerable attention.1,2 It is
known that for large and small rare-earth ions, RMnO3 crys-
tallizes into orthorhombic and hexagonal structures, respec-
tively. For materials with orthorhombic structure, the ground
state of undoped RMnO3 is of long-range antiferromagnetic
�AFM� order. When doped, the compound has a rich phase
diagram resulting from the interplay among spin, charge, and
orbital degrees of freedom. In the case of concentration of A
in the regime 0.22�x�0.5, it becomes ferromagnetic �FM�
through the double-exchange process.3 On the other hand,
one can also make materials that have spin glass �SG� as the
low temperature ground state due to the competition between
the FM double-exchange interaction and the AFM superex-
change interaction.4–6

The hexagonal manganites, such as YMnO3, have at-
tracted much attention because of the coupling between
ferroelectric and AFM ordering,7 but they have not been well
studied with regard to doping. Hexagonal YMnO3 has an
A-type AFM structure. The spins of Mn ions within the
Mn–O plane form a triangular network and two neighboring
Mn ions share the other Mn ion as their nearest neighbor.
Since it is impossible to satisfy all nearest-neighbor AFM
coupling, the system forms a geometrically frustrated mag-
netic state. In order to modify the AFM interaction, one may
easily think of the traditional method to replace the Y3+ par-
tially by cations such as Ca2+ or Sr2+. This method was at-
tempted by many researchers but unfortunately turned out to
be unsuccessful, for such a little concentration of doped Ca
or Sr would bring about an orthorhombic impurity phase in
the hexagonal structure.8,9 Therefore, a means for modifying
the magnetic interaction while maintaining the single hex-
agonal phase in YMnO3 is an interesting topic. Substituting
Cu in the La site was used to enhance the AFM exchange
interaction, hence promoting electronic phase separation in
Cu-rich La2CuO4.10 Off-stoichiometric YMnO3 composition
�Y:Mn ratio 0.95/1 was studied by Lescano et al.11 Similarly,
the purpose of the present work is to use Mn doping to in-

vestigate the influence of excess Mn on the magnetic prop-
erties of the Mn-rich YMnO3.

A composition of Y:Mn=1:1.10 �atomic ratio� was se-
lected for studying the effect of excess Mn on magnetic
properties since the value of excess Mn, 0.10, is large
enough to show the influence of excess Mn on magnetic
properties and the sample with this much Mn still reveals
single hexagonal phase by the step x-ray diffraction analysis.
We found that upon cooling, the Mn-rich YMnO3 first orders
antiferromagnetically, and then undergoes a transition to a
SG phase, known as the re-entrant SG �RSG� state. To the
best of our knowledge, this is the first example of the RSG
behavior found in the hexagonal manganites.

The polycrystalline sample of Mn-rich YMnO3 was pre-
pared by the conventional solid-state reaction method. For
comparison, undoped YMnO3 was also prepared using the
same method. Mixtures of high-purity Y2O3 and MnO2 pow-
ders for the samples with different compositions were cal-
cined twice at at 900 °C for 12 h. The powders were sintered
at 1450 °C for several days with intermittent grindings to
ensure complete reaction. They were then subsequently pul-
verized, compressed, and sintered at 1450 °C for 12 h to the
required compactness for measurements. Powder x-ray-
diffraction results indicate that the samples are pure with a
single-hexagonal phase. The dc magnetic susceptibility �d.c.
and hysteresis M�H� were measured with a superconducting
quantum interference device magnetometer. The ac magnetic
susceptibility �a.c. and specific heat C�T� measurements were
carried out with a physical property measurement system.

The dc magnetic susceptibility �d.c. measurements of
Mn-rich YMnO3 in an applied magnetic field of 100 Oe
were performed under both zero-field-cooled �ZFC� and
field-cooled �FC� conditions, respectively. The ZFC and FC
magnetic susceptibility curves �Fig. 1� start to separate from
each other when the temperature is decreased to about 50 K.
The ZFC curve displays a sharp peak at around 42 K, where
the irreversibility between ZFC and FC curves becomes ob-
vious. Such a �d.c. feature is the hallmark of a SG transition.
In contrast to Mn-rich YMnO3, there is no difference in the
ZFC and FC curves of undoped YMnO3, consistent with the
earlier report.7,12 Thus, Mn doping can bring about the for-
mation of a SG state. By fitting the inverse susceptibility
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1/�d.c. to the Curie–Weiss law �=C / �T−�CW�, we obtain the
Curie–Weiss temperature �CW=−330 K for YMnO3 and
�CW=−530 K for Mn-rich YMnO3. Since �CW is a measure
of the AFM coupling strength between Mn ions, the result
suggests that the Mn doping enhances the AFM interaction,
in contrast to most AFM compounds where impurities usu-
ally suppress the AFM interaction. We note that the substitu-
tion of Cd for Zn in Zn1−xCdxCr2O4 �x=0.05,0.10� also en-
hances the AFM interaction and drives the system from a
frustrated AFM state to a SG ground state in the low-
temperature region.13 An effective moment of 4.70 �B for
YMnO3 and 5.20 �B for Mn-rich YMnO3 are obtained from
the Curie constant C, indicating that the excess Mn results in
a mixed valence state of Mn2+ and Mn3+. This is also con-
firmed by our x-ray photoelectron spectroscopy measure-
ment. Our present results, the Curie–Weiss temperature, and
the effective Mn moment for YMnO3, are also relatively
consistent with those reported by Tomuta et al.14 and Muñoz
et al.15

To further characterize the SG behavior of Mn-rich
YMnO3, we performed frequency dependent susceptibility
measurements. Figure 2 shows the in-phase component of
the ac susceptibility as a function of temperature, �a.c. versus
T. It shows a frequency dependent peak at the temperature
where the ZFC dc magnetic susceptibility reaches its maxi-
mum. The peak position of �a.c. versus T curve �correspond-
ing to the spin freezing temperature Tf� shifts to a higher
temperature with increasing frequency and its magnitude de-
pends strongly on the frequency just below Tf. These are also
distinct hallmarks of a SG transition.

Figure 3 shows the magnetization of Mn-rich YMnO3 as
a function of magnetic field, M �H�, under ZFC at various

temperatures. At the higher temperatures, the magnetization
curves show the paramagnetic �PM� feature. With decreasing
temperature, the M versus H curve deviates from the linear
relation and bends more, but the magnetization does not
show saturation in fields up to 5 T. In addition, the M�H�
curve displays an obvious hysteresis at 5 K, consistent with a
conventional SG system.6,16 Such a result is an indication of
weak ferromagnetism below Tf, which may form because of
the double-exchange interaction between Mn2+ and Mn3+.
Such double-exchange interaction between d4 and d5 in the
Mn2+–Mn3+ mixed valance state has been proposed in the
Zr-doped Y1−xZrxMnO3.17,18 We also found that the coercive
field HC increases with decreasing temperature in the SG
state to 2.5 kOe at 5 K. It is well known that in a conven-
tional ferromagnet the coercive field is attributable to the
blocking of the domain-wall motion. Here, the large values
of HC may be related to the intrinsic geometric magnetic
frustration in this system.

The magnetic specific heat for YMnO3 and Mn-rich
YMnO3 was estimated by subtracting the lattice contribution
�which was estimated using the Debye model� from the total
measured specific heat. The lattice contribution to the spe-
cific heat might be a little overestimated, and therefore a
smooth extrapolation of the high-temperature part of the de-
pendence of Cm /T to higher temperature �above 120 K� will
come to negative magnetic heat values �Fig. 4�. However,
this fact does not significantly influence the general conclu-
sions. Sharp lambdalike anomalies are observed at Néel tem-
peratures of TN�66 K for YMnO3 and TN�72 K for
Mn–YMnO3 demonstrating the AFM transitions. This result
confirms the enhancement of AFM coupling in the Mn-rich
sample, but we should note that the AFM transition was not
obvious in the �d.c.�T measurement. For YMnO3, the de-
pendence of Cm /T on temperature deviates from the Cm
�T3 law, as is expected in frames of the spin waves model
for antiferromagnets below the Néel temperature. This re-
sults from the geometric magnetic frustration in this hexago-
nal system. For Mn-rich YMnO3, another anomaly appears
at about 42 K, and below that temperature Cm /T decreases
linearly with temperature, i.e., Cm�T2, similar to geometri-
cally frustrated SG systems, such as the kagomé lattice19,20

and the spinel lattice,21 and unlike the T-independent behav-
ior of Cm /T found in most conventional SG systems.22 Thus,
it very likely reveals the importance of the geometric mag-
netic frustration effect.

It is therefore clear that the Mn-rich YMnO3 first orders
antiferromagnetically at 72 K from a PM phase to an AFM

FIG. 1. Temperature dependence of FC and ZFC dc magnetic susceptibility
�d.c. at H=100 Oe for Mn-rich YMnO3.

FIG. 2. Temperature dependence of ac magnetic susceptibility �a.c. at a
frequency of 99, 999, 9999 Hz in an applied field of 10 Oe for Mn-rich
YMnO3.

FIG. 3. Typical magnetic-field dependence of the magnetization M�H� un-
der the ZFC conditions at different fixed temperatures for Mn-rich YMnO3.
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phase, and then undergoes the transition into a RSG phase
below TSG�42 K. We note that the TSG�42 K is compa-
rable to that of the orthorhombic manganite R1−xAxMnO3
systems such as �Tb0.33La0.67�0.67Ca0.33MnO3 �TSG�48 K�
�Ref. 4� and La046Sr0.54Mn0.98Cr0.02O3 �TSG=40.8 K�.6 More-
over, the sample still maintains the hexagonal structure and
thus the geometric magnetic frustration in the Mn–O plane.
This makes the competition between FM and AFM interac-
tions be related to its intrinsic geometric magnetic frustra-
tion, unlike the case of the orthorhombic R1−xAxMnO3. This
striking feature will influence the magnetic properties, such
as the dynamic memory effect of the SG state and may lead
to some unexpected phenomena.

In summary, we performed the magnetism and specific
heat measurements on polycrystalline Mn-rich YMnO3. Our
data indicate that a RSG phase exists in the present system
with a hexagonal structure, and it is ascribed to the compe-
tition between the FM and the AFM interaction. This is the
first example to show the RSG phenomenon in the hexagonal
doped manganites. This newly fabricated Mn-rich YMnO3

material will enable our in-depth study on the rich physical
properties of the doped manganite compounds R1−xAxMnO3.
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FIG. 4. Magnetic specific heat divided by T for �a� YMnO3 and �b� Mn-rich
YMnO3. The Néel temperature and specific heat for YMnO3 are different
from but consistent with previous reports �Refs. 14 and 15�.
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