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Coupling between the ferroelectric and antiferromagnetic orders in YMnO;

Z. J. Huang, Y. Cao, Y. Y. Sun, Y. Y. Xue, and C. W. Chu
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(Received 26 March 1997

Anomalies in the dielectric constant and loss tangent have been observed in the ferroelectromagnet
YMnO; near its Nel temperature 0f-80 K and below its ferroelectric Curie temperature~e814 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 t{156¢6 were also detected in a
magnetic field at 5 T. The results will be contrasted with previous theoretical predictions.
[S0163-182607)00430-X

The yttrium and rare-earth mangani®®InO; crystallize  electricTg~1023 K, has been taken as evidence for the cou-
in two structural phases? The hexagonal phase for pling between the two ordePghe increasingly large electri-
R=Ho, Er, Tm, Yb, Lu, or Y, which has a small ionic radius, cal conductivity near and abovg, of this compound cannot
and the orthorhombic phase fB=La, Ce, Pr, Nd, Sm, Eu, be ruled out unambiguously as the cause fordtaomaly.

Gd, Th, or Dy, which possesses a greater ionic radius. ITherefore, we have decided to search for evidence of cou-
these compounds, the angle Mn-O-Mn is close to 180°, fapling between the ferroelectric and magnetic orders in hex-
cilitating magnetic ordering via an indirect exchange interac-agonal YMn@Q,*° which displays a ferroelectri€z~914 K,

tion between the Mn ions through the O ions. While mag-but a rather low antiferromagnetity,~80 K, and has a re-
netic ordering occurs in both hexagonal and orthorhombigistivity (p)>10' Q. cm atT,,. We have measured the di-
manganites, ferroelectric ordering occurs only in the electric and magnetic properties as a function of temperature
hexagonal, which belong to the noncentrosymmetric both in the absence and in the presence of a magnetic field.
P6s;cm space group. Therefore, the hexagonal yttrium andAn inverse S-shaped anomaly in bothand loss tangent
rare-earth manganites form an interesting class of materialgans) has been detected ned,, indicative of coupling
known as ferroelectromagnéis which the ferroelectric and between the two orders. A small but distinctive magnetoelec-
magnetic orders coexist at low temperatures. The study dfic effect was detected in the presence of a 5-T field, as
ferroelectromagnets may offer insights into the occurrence oévidenced by a slight suppression of betrand tard near
ferroelectricity and magnetism in these and related oxides b¥,,. A negative magnetoresistive effect increasing with
examining the coupling between the two orders. This coucooling up to 15% was also observed -a230 K, below
pling can result in the so-called magnetoelectric effect withwhich p>2x 10 Q) cm becomes too large for us to mea-
an interesting device potential, where the dielectritag- sure. While thes anomaly detected is expected when the
netio properties of the ferroelectromagnets may be alterederroelectric and magnetic orders interact, the shape of the
by the onset of the magnetielectrig transition or by the and ta® anomalies is rather different from that predicfed.
application of a magnetic(electrig field. The recent The samples investigated were prepared by the solid-state
discovery of colossal magnetoresistance in doped LaMnO reaction technique at ambient pressure. Cation oxid, Y
near its magnetic transition temperature provides added in99.99% and MnQ (99.99% were thoroughly mixed in a
terest to the study of manganites. ratio of 1:2 to achieve the cation stoichiometry of YMpO

Experiments were carried out on ferroelectromagfets,They were then compacted and calcinated in air at 1100 °C
mostly in the 1960s and 1970s, by scientists in the formefor 13 h. The reacted product was ground, compacted, and
Soviet Union. Evidence for coupling between the ferroelecteheated at 1100 °C for 12 h to ensure its homogeneity. The
tric and magnetic orders and for magnetoelectric effect hagesulting pellets were not dense enough for our dielectric
been reported. Many of the compounds examined were wittheasurements. They were subsequently pulverized, com-
complex composition$j.e., having ions of different valence pressed, and sintered at1300 °C for~12 h to achieve im-

(or magnetic natupein the octahedral positions or with two proved compaction. These relatively dense pellets were then
very similar transition temperaturésthe observations were cut into bars or disks for study. The structure was determined
explained qualitatively in terms of mod@lsased on the Lan- by powder x-ray diffraction(XRD), employing a Rigaku
dau theory of phase transitions by assuming the ferroelectrib-MAX/BIII diffractometer. Thee, tans, andp were deter-
ordering temperatureTg) to be very close to the magnetic mined using a HP-4262A LCR meter at frequencies of 120
ordering temperatureT(,). Intuitively, the coupling effect Hz to 10 kHz, and a HP-4285A precision LCR meter at
may diminish as the difference betwed@ix and T,, in- frequencies of 75 kHz to 30 MHz. The polarization—electric-
creases. Thus the existence of such a coupling may not kfeld (P-E)hysteresis loop was measured using the standard
self-evident for ferroelectromagnets witly's very different ~ Sawyer-Tower method operated at 2.61 kHz, using a HP
from their Ty,’s. Although a maximum in the dielectric con- 54502A digital oscilloscope. The magnetic susceptibiljy
stant(e) of the ferroelectromagnet BiFghear and above was determined by a Quantum Desi@QUID) magnetome-
the antiferromagnetid,,~643 K, but way below its ferro- ter.
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FIG. 1. Temperature dependence of the dielectric congtait
different frequencies.

The XRD results show that the sample is pure with a
single hexagonal YMn@® phase within its resolution of
~3%. The lattice parameters aae=6.13 A andc=11.4 A,
in agreement with previous repofts.No sign of
Mn,O,,which usually forms at synthesis temperatures abov
1200 °C, or orthorhombic YMng) which appears at high
pressures, was detected. However, the density of the sampl
was still low, i.e.,~80%, in spite of our 1300 °C sintering.
As a result, certain uncertainties in the numerical values of
tans, andP are to be expected, but will not affect the con-
clusions to be drawn.

The temperature dependencesodf YMnO5 is shown in
Fig. 1 for three different frequencies. A rapid risesofibove
~200 to~400 K, the highest temperature of our experiment,
is clearly evident, consistent with & above 400 K, previ-
ously reported. The P-E hysteresis was easily observed at
300 K, showing a ferroelectric ground state for YMnex
this temperature. Herg/(T)is small and shows a Curie-
Weiss behavior above-100 K, with a paramagnetic Curie
temperature of~510 K, as displayed in Fig. 2. The(T)
results &1 T are in agreement with previous repctfshere
is no directy anomaly in the temperature range investigated
in this study, although an antiferromagnetic transition at
Tu~80 K was observed in both the ‘Msbauer
experimentst and neutron-diffraction experiments. As was
pointed out? previously, the antiferromagnetic transition in
YMnO; does not lead to any anomaly of the temperature
dependence of the magnetic susceptibility. A similar situa-
tion is also true in the cases of Mbo,Oy (Ref. 13 and
PrBaCu;0; (Ref. 14. In an attempt to look for an anomaly
in the magnetic properties due to the antiferromagnetic tran-
sition, we plottedd x(T)/dT vs T in Fig. 3. It clearly shows
an anomaly near the antiferromagnelig~80 K, similar to
several other antiferromagnetic oxide systems including
PrBa,Cu;0,.1* The anomaly is thus used to define the tran-
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FIG. 2. Temperature dependence of the dc magnetic susceptibil-
ity (y) at 1 T. Inset: 1y.

Measurements ofe and ta® were carried out near
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Ty~80 K with higher precision to determine if coupling
between the ferroelectric and antiferromagnetic orders exist.
The results are shown in Figs. 4 and 5. As clearly apparent in
he insets of those figures, an inverse-S-shaped anomaly
similar to that indy/dT was detected ire and tad as
W/Inog entered its antiferromagnetic state, indicating a cou-
pling between the two orders. On the application of a mag-
netic field of 5 T, bothe and tar® are depressed nedf, and

the tars depression continues to15 K, the lowest tempera-
ture of our experiment, while the inverse-S-shaped anoma-
lies of ¢ and tard have shifted slightly to higher tempera-
tures. Consequently, the general magnetoelectric effect
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sition in these oxides, which is in good agreement with the FIG. 3. Temperature dependence of the derivative of the dc
results of neutron-diffraction and specific-heat experiments.magnetic susceptibilitydy/dT) at 1 T.
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FIG. 4. ¢(T) at 75 kHz neafTy, at(J) O T and(®) 5 T.

predicted® in a ferroelectromagnet was observed in

YMnOs,.

FIG. 6. Temperature dependence of resistijgy at (O) 0 T
and(®) 5 T. Inset: the temperature dependence of magnetoresistiv-
ity —Ap/pst.

netic properties may vary with the onset of a ferroelectric

The dcp was found to increase exponentially as tempera_transition resulting from a change of spin configuration as-

ture decreases, as shown in Fig. 6. In the presence of a g Seciated with the lattice change accompanying the ferroelec-

magnetic field, a negative magnetoresistance was observ&€ order. Phenomenologically, the coupling between the
below ~260 K with an increasing magnitude te15% near ~€rroelectric and ferromagnetic orders can be described by an

230 K, as displayed in the inset. electromagnetic susceptibility tenskr
In the absence of an externally applied magnetic or elec-
tric field, the ferroelectric and magnetic orders in a ferroelec-
tromagnet may couple via an electron-phonon interactn.
For instance, the ferroelectric properties may alter the onset o
of a magnetic transition, arising from a change of the chargé/here the tensor elements are related to the polarization
configuration associated with an exchange-field change a¢P) and the magnetizatiorM) vectors with their measuring

g(ee g(em
)A(me )A(mm’

companying the magnetic order. On the other hand, the magplectric ) and magnetic Ki)fields:

P=X®E+X*™H and M=XME+X"™,

0.5
Y It is_evident that the off-diagonal tensors
I E * y (XMe=X°Mprovide the coupling. It was later shofvthat
o4 7L .. Ce (xM®)2< XXMM implying a larger magnetoelectric effect
L 70 E.f' : for ferroelectromagnets. By assuming thigt and Ty, are
(€ 650 %ﬁ? . sufficiently close, it was four‘?dha} there is a smooth change
© E Ju] C~ 4 . m
03 6oL Dndﬂﬂ..o o in t_he temperature_ dependgnce)@F(X m)?.t the ferromag-
= [ = E T netic (ferroelectrig transition. The inverse-S-shaped
£ SSp o . anomaly observed is, which is proportional toXx®® shown
= o2l s0f° . in the inset of Fig. 4, is in clear contrast with that predicted
[ 45 L for a ferroelectroferromagnétGiven the overallM =0 for
0 50 100 150 * an antiferromagnet, the magnetoelectric effect observed in
o1l T (K) the absence of an external field is very likely a result of a
al . magnetorestrictive effect associated with a lattice change ac-
S companying the Na transition. This can give rise to a step
A change inP, and the temperature derivative Bfwill have
0.0 - e o Ll iu b an inverse-S-shaped anomaly observed iand tard. The
] 50 100 150 200 250 300 350 continued shift of taAd below T,; may be the result of the
T(K) negative magnetoresistance observed, as shown in Fig. 6.

FIG. 5. tar§(T) at 75 kHz neaiTy, at ((J) 0 T and(®) 5 T.

Detailed x-ray-diffraction experiments are under way. The
theoretical model for a ferroelectric antiferromagnet such as
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YMnOjs is more complicated, since one has to treat the twdts antiferromagnetic state near 80 K, indicative of a coupling
magnetic sublattices in this material separately. A model of #€tween the ferroelectric and magnetic order, in spite of the
second-order phase transition based on Landau theory is bg'ge difference between the two ordering temperatures. This
ing developed to account for the observation. is attributable to a change in the phonon spectrum of
A rich phase diagram for a ferroelectric antiferromagnetYMn,OB associated with the antiferromagnetic transition via a
with coupling between the two orders in an external mag bossible magnetorestrictive effect. The upward shift ofahe
netic field has been developed, and the magnitude of th@nd tam anomalies neary by an external magnetic field to

. - ) igher temperature may be a result of the magnetic field
magnetlc(electnd field effect onP(M) for a ferroelectric ef?ect on thg antiferromggnetic transition. The ma%netoresis-
antiferromagnet has been calculatddnfortunately, a mean- e effect observed is unknown, although this stems from
ingful comparison between the observation and the predicq,o same reason for the colossal magnetoresistance in
tion can only be made when bgtter data from singlg-cryst -doped(La,CaMnO; previously observed. This effect may
samples are obtained. The shift of the anomalies ind  ;.count for the constant shift of taby field at low tempera-
tan toward h_|gh_er temperature may S'_”.‘p'y be ac_counted fo'fure, providing a control on the dielectric properties of a
as a magnetic-field-enhanced éll¢ransition sometimes ob- ferroelectric without contact electrodes.
served in an antiferromagnet. The reason for the relatively
large magnetoresistance effect is unknown, although it is The work in Houston is supported in part by NSF Grant
consistent with results recently reportedn the colossal No. DMR 95-00625, the T.L.L. Temple Foundation, the
magnetoresistor Y-doped (La,B4n0O,. John J. and Rebecca Moores Endowment, and the State of

In summary, we have observed anomalies and tardin ~ Texas through the Texas Center for Superconductivity at the
YMnO; with a ferroelectric temperature of 914 K as it entersUniversity of Houston.
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