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Coupling between the ferroelectric and antiferromagnetic orders in YMnO3

Z. J. Huang, Y. Cao, Y. Y. Sun, Y. Y. Xue, and C. W. Chu
Department of Physics and Texas Center for Superconductivity, University of Houston, Houston, Texas 77204-5932

~Received 26 March 1997!

Anomalies in the dielectric constant and loss tangent have been observed in the ferroelectromagnet
YMnO3 near its Ne´el temperature of;80 K and below its ferroelectric Curie temperature of;914 K. These
anomalies are indicative of coupling between the ferroelectric and antiferromagnetic orders in this compound.
A small but distinct magnetoelectric effect and a magnetoresistive effect up to;15% were also detected in a
magnetic field at 5 T. The results will be contrasted with previous theoretical predictions.
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The yttrium and rare-earth manganitesRMnO3 crystallize
in two structural phases:1,2 The hexagonal phase fo
R5Ho, Er, Tm, Yb, Lu, or Y, which has a small ionic radiu
and the orthorhombic phase forR5La, Ce, Pr, Nd, Sm, Eu
Gd, Tb, or Dy, which possesses a greater ionic radius
these compounds, the angle Mn-O-Mn is close to 180°,
cilitating magnetic ordering via an indirect exchange inter
tion between the Mn ions through the O ions. While ma
netic ordering occurs in both hexagonal and orthorhom
manganites,3 ferroelectric ordering occurs only in th
hexagonal,1 which belong to the noncentrosymmetr
P63cm space group. Therefore, the hexagonal yttrium a
rare-earth manganites form an interesting class of mate
known as ferroelectromagnets4 in which the ferroelectric and
magnetic orders coexist at low temperatures. The stud
ferroelectromagnets may offer insights into the occurrenc
ferroelectricity and magnetism in these and related oxides
examining the coupling between the two orders. This c
pling can result in the so-called magnetoelectric effect w
an interesting device potential, where the dielectric~mag-
netic! properties of the ferroelectromagnets may be alte
by the onset of the magnetic~electric! transition or by the
application of a magnetic~electric! field. The recent
discovery5 of colossal magnetoresistance in doped LaMn3
near its magnetic transition temperature provides added
terest to the study of manganites.

Experiments were carried out on ferroelectromagne4

mostly in the 1960s and 1970s, by scientists in the form
Soviet Union. Evidence for coupling between the ferroel
tric and magnetic orders and for magnetoelectric effect
been reported. Many of the compounds examined were w
complex compositions,6 i.e., having ions of different valenc
~or magnetic nature! in the octahedral positions or with tw
very similar transition temperatures.7 The observations were
explained qualitatively in terms of models8 based on the Lan
dau theory of phase transitions by assuming the ferroele
ordering temperature (TE) to be very close to the magnet
ordering temperature (TM). Intuitively, the coupling effect
may diminish as the difference betweenTE and TM in-
creases. Thus the existence of such a coupling may no
self-evident for ferroelectromagnets withTE’s very different
from their TM ’s. Although a maximum in the dielectric con
stant ~«! of the ferroelectromagnet BiFeO3 near and above
the antiferromagneticTM;643 K, but way below its ferro-
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electricTE;1023 K, has been taken as evidence for the c
pling between the two orders,9 the increasingly large electri
cal conductivity near and aboveTM of this compound canno
be ruled out unambiguously as the cause for the« anomaly.
Therefore, we have decided to search for evidence of c
pling between the ferroelectric and magnetic orders in h
agonal YMnO3,

10 which displays a ferroelectricTE;914 K,
but a rather low antiferromagneticTM;80 K, and has a re-
sistivity (r).1011 V cm atTM . We have measured the d
electric and magnetic properties as a function of tempera
both in the absence and in the presence of a magnetic fi
An inverse S-shaped anomaly in both« and loss tangen
~tand! has been detected nearTM , indicative of coupling
between the two orders. A small but distinctive magnetoel
tric effect was detected in the presence of a 5-T field,
evidenced by a slight suppression of both« and tand near
TM . A negative magnetoresistive effect increasing w
cooling up to 15% was also observed at;230 K, below
which r.231011 V cm becomes too large for us to me
sure. While the« anomaly detected is expected when t
ferroelectric and magnetic orders interact, the shape of th«
and tand anomalies is rather different from that predicted.8

The samples investigated were prepared by the solid-s
reaction technique at ambient pressure. Cation oxides Y2O3
~99.99%! and MnO2 ~99.99%! were thoroughly mixed in a
ratio of 1:2 to achieve the cation stoichiometry of YMnO3.
They were then compacted and calcinated in air at 1100
for 13 h. The reacted product was ground, compacted,
reheated at 1100 °C for 12 h to ensure its homogeneity.
resulting pellets were not dense enough for our dielec
measurements. They were subsequently pulverized, c
pressed, and sintered at;1300 °C for;12 h to achieve im-
proved compaction. These relatively dense pellets were t
cut into bars or disks for study. The structure was determi
by powder x-ray diffraction~XRD!, employing a Rigaku
D-MAX/BIII diffractometer. The«, tand, andr were deter-
mined using a HP-4262A LCR meter at frequencies of 1
Hz to 10 kHz, and a HP-4285A precision LCR meter
frequencies of 75 kHz to 30 MHz. The polarization–electr
field (P-E)hysteresis loop was measured using the stand
Sawyer-Tower method operated at 2.61 kHz, using a
54502A digital oscilloscope. The magnetic susceptibility~x!
was determined by a Quantum Design~SQUID! magnetome-
ter.
2623 © 1997 The American Physical Society
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The XRD results show that the sample is pure with
single hexagonal YMnO3 phase within its resolution o
;3%. The lattice parameters area56.13 Å andc511.4 Å,
in agreement with previous reports.2 No sign of
Mn2O3,which usually forms at synthesis temperatures ab
1200 °C, or orthorhombic YMnO3, which appears at high
pressures, was detected. However, the density of the sam
was still low, i.e.,;80%, in spite of our 1300 °C sintering
As a result, certain uncertainties in the numerical values o«,
tand, andP are to be expected, but will not affect the co
clusions to be drawn.

The temperature dependence of« of YMnO3 is shown in
Fig. 1 for three different frequencies. A rapid rise of« above
;200 to;400 K, the highest temperature of our experime
is clearly evident, consistent with aTE above 400 K, previ-
ously reported.1 The P-E hysteresis was easily observed
300 K, showing a ferroelectric ground state for YMnO3 at
this temperature. Herex(T)is small and shows a Curie
Weiss behavior above;100 K, with a paramagnetic Curi
temperature of;510 K, as displayed in Fig. 2. Thex(T)
results at 1 T are in agreement with previous reports.3 There
is no directx anomaly in the temperature range investiga
in this study, although an antiferromagnetic transition
TM;80 K was observed in both the Mo¨ssbauer
experiments11 and neutron-diffraction experiments. As wa
pointed out12 previously, the antiferromagnetic transition
YMnO3 does not lead to any anomaly of the temperat
dependence of the magnetic susceptibility. A similar sit
tion is also true in the cases of Nb2Co4O9 ~Ref. 13! and
PrBa2Cu3O7 ~Ref. 14!. In an attempt to look for an anomal
in the magnetic properties due to the antiferromagnetic tr
sition, we plotteddx(T)/dT vs T in Fig. 3. It clearly shows
an anomaly near the antiferromagneticTM;80 K, similar to
several other antiferromagnetic oxide systems includ
PrBa2Cu3O7.

14 The anomaly is thus used to define the tra
sition in these oxides, which is in good agreement with
results of neutron-diffraction and specific-heat experimen

FIG. 1. Temperature dependence of the dielectric constant~«! at
different frequencies.
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Measurements of« and tand were carried out nea
TM;80 K with higher precision to determine if couplin
between the ferroelectric and antiferromagnetic orders ex
The results are shown in Figs. 4 and 5. As clearly apparen
the insets of those figures, an inverse-S-shaped anom
similar to that in dx/dT was detected in« and tand as
YMnO3 entered its antiferromagnetic state, indicating a co
pling between the two orders. On the application of a m
netic field of 5 T, both« and tand are depressed nearTM and
the tand depression continues to;15 K, the lowest tempera
ture of our experiment, while the inverse-S-shaped ano
lies of « and tand have shifted slightly to higher tempera
tures. Consequently, the general magnetoelectric ef

FIG. 2. Temperature dependence of the dc magnetic suscep
ity ~x! at 1 T. Inset: 1/x.

FIG. 3. Temperature dependence of the derivative of the
magnetic susceptibility (dx/dT) at 1 T.
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predicted4,8 in a ferroelectromagnet was observed
YMnO3.

The dcr was found to increase exponentially as tempe
ture decreases, as shown in Fig. 6. In the presence of a
magnetic field, a negative magnetoresistance was obse
below ;260 K with an increasing magnitude to;15% near
230 K, as displayed in the inset.

In the absence of an externally applied magnetic or e
tric field, the ferroelectric and magnetic orders in a ferroel
tromagnet may couple via an electron-phonon interaction9,10

For instance, the ferroelectric properties may alter the on
of a magnetic transition, arising from a change of the cha
configuration associated with an exchange-field change
companying the magnetic order. On the other hand, the m

FIG. 4. «(T) at 75 kHz nearTM at ~h! 0 T and~d! 5 T.

FIG. 5. tand(T) at 75 kHz nearTM at ~h! 0 T and~d! 5 T.
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netic properties may vary with the onset of a ferroelect
transition resulting from a change of spin configuration
sociated with the lattice change accompanying the ferroe
tric order. Phenomenologically, the coupling between
ferroelectric and ferromagnetic orders can be described b
electromagnetic susceptibility tensorX,

X5F X̂ee X̂em

X̂me X̂mmG ,

where the tensor elements are related to the polariza
(PW ) and the magnetization (MW ) vectors with their measuring
electric (EW ) and magnetic (HW )fields:

PW 5X̂eeEW 1X̂emHW and MW 5X̂meEW 1X̂mmHW .

It is evident that the off-diagonal tensor
(X̂me5X̂em)provide the coupling. It was later shown8 that
( x̂me)2!X̂eeX̂mm, implying a larger magnetoelectric effec
for ferroelectromagnets. By assuming thatTE and TM are
sufficiently close, it was found8 that there is a smooth chang
in the temperature dependence ofX̂ee(X̂mm)at the ferromag-
netic ~ferroelectric! transition. The inverse-S-shape
anomaly observed in«, which is proportional toX̂ee shown
in the inset of Fig. 4, is in clear contrast with that predict
for a ferroelectroferromagnet.8 Given the overallMW 50 for
an antiferromagnet, the magnetoelectric effect observed
the absence of an external field is very likely a result o
magnetorestrictive effect associated with a lattice change
companying the Ne´el transition. This can give rise to a ste
change inP, and the temperature derivative ofP will have
an inverse-S-shaped anomaly observed in« and tand. The
continued shift of tand below TM may be the result of the
negative magnetoresistance observed, as shown in Fig
Detailed x-ray-diffraction experiments are under way. T
theoretical model for a ferroelectric antiferromagnet such

FIG. 6. Temperature dependence of resistivity~r! at ~s! 0 T
and~d! 5 T. Inset: the temperature dependence of magnetoresi
ity 2Dr/r5 T .



w
of

e
ag
th

di
st

fo
-
e
t

rs

ing
the
his
of
a

e

eld
sis-
om
e in
y

a

nt
e

te of
the

2626 56Z. J. HUANG, Y. CAO, Y. Y. SUN, Y. Y. XUE, AND C. W. CHU
YMnO3 is more complicated, since one has to treat the t
magnetic sublattices in this material separately. A model
second-order phase transition based on Landau theory is
ing developed to account for the observation.

A rich phase diagram for a ferroelectric antiferromagn
with coupling between the two orders in an external m
netic field has been developed, and the magnitude of
magnetic~electric! field effect onPW (MW ) for a ferroelectric
antiferromagnet has been calculated.4 Unfortunately, a mean-
ingful comparison between the observation and the pre
tion can only be made when better data from single-cry
samples are obtained. The shift of the anomalies in« and
tand toward higher temperature may simply be accounted
as a magnetic-field-enhanced Ne´el transition sometimes ob
served in an antiferromagnet. The reason for the relativ
large magnetoresistance effect is unknown, although i
consistent with results recently reported15 on the colossal
magnetoresistor Y-doped (La,Ca!MnO3.

In summary, we have observed anomalies in« and tand in
YMnO3 with a ferroelectric temperature of 914 K as it ente
ta
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its antiferromagnetic state near 80 K, indicative of a coupl
between the ferroelectric and magnetic order, in spite of
large difference between the two ordering temperatures. T
is attributable to a change in the phonon spectrum
YMnO3 associated with the antiferromagnetic transition via
possible magnetorestrictive effect. The upward shift of th«
and tand anomalies nearTM by an external magnetic field to
higher temperature may be a result of the magnetic fi
effect on the antiferromagnetic transition. The magnetore
tive effect observed is unknown, although this stems fr
the same reason for the colossal magnetoresistanc
Y-doped~La,Ca!MnO3 previously observed. This effect ma
account for the constant shift of tand by field at low tempera-
ture, providing a control on the dielectric properties of
ferroelectric without contact electrodes.
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