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Giant magnetoelectric effect in multiferroic HoMnO; with a high ferroelectric
transition temperature
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We present an example of giant magnetoelectric effect in a conventional multiferroic HoMnO;, where
polarization is very large (~56 mC/m?) and the ferroelectric transition temperature is higher than the mag-
netic ordering temperature by an order. We attribute the characteristic of the giant magnetoelectric effect to the
ferroelectricity induced entirely by the off-center displacement of rare-earth ions with large magnetic moments.

This finding suggests an avenue to design multiferroics with large polarization and higher ferroelectric transi-

tion temperature as well as large magnetoelectric effects.
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I. INTRODUCTION

Magnetoelectric multiferroics had been an interesting re-
search field for several decades'™* and they were recently
revived actively due to discoveries of spectacular magneto-
electric (ME) or magnetodielectric response in several
materials>'# including orthorhombic manganites [(Gd, Tb,
Dy) MnO;, (Tb, Dy) Mn,Os], Kagome-staircase Niz;V,Os,
and hexaferrite Ba,sSr; sZn,Fe ,0,,. Common features of
these new materials are low ferroelectric transition tempera-
ture (T), small spontaneous polarization (P) (of the order of
100 uC m™2), and strong ME effects. Recent theoretical
studies proposed that the ferroelectricity in these materials is
induced by magnetic ordering of peculiar structures, such as
noncollinear or long-wavelength magnetic structure.!>!® De-
spite strong ME effects, magnetically driven ferroelectrics
are not so convenient for practical applications in some sense
because they have to be poled frequently by applying an
electric field to maintain the single ferroelectric domain state.
This is because they have too small polarization which can
be easily broken into multidomain polarization and also be-
cause the ME effect arises mainly from the phase transition
between the paraelectric state and the ferroelectric state.!314
Thus, multiferroics with a high 7~ and a robust large polar-
ization are more desirable in certain case because they easily
maintains the single ferroelectric domain state once they are
poled, exhibiting ME effect just by applying H.

Traditional way to achieve multiferroics with large P and
high T is to search for conventional ferroelectrics contain-
ing magnetic ions. For example, lone-pair driven multiferroic
BiMnO; (BiFeOs),!” geometrically driven multiferroic
YMnO;,'® and BaMnF, (BaCoFe,) (Ref. 4) have high T,
ranging from 700 to 1000 K and P larger than 10 mC m™2.
However, in these “high 7 multiferroics,” except a few
cases of electric-field-induced magnetism in BiFeO; (Ref.
19) and HoMnO5,'! no examples are known that show giant
ME effect, which here means a large change in the electric
polarization (larger than ~100 uC/m?) in a moderate mag-
netic field of a few tesla or less, comparable to the ME effect
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PACS number(s): 77.22.Ej, 75.80.+q, 75.30.Kz, 75.50.Ee

observed in the magnetically driven multiferroics. These
high T multiferroics usually exhibit just slight anomalies in
dielectric constants (g) at T}, and show negligible H depen-
dence of & or P.*!7-13 In this paper, we demonstrate a drastic
change in P as well as e at the magnetic transition tempera-
tures and giant ME effects in a high 7, multiferroic
HoMnOs;. Although the ME effect in HoMnO; was demon-
strated by the magnetization in dependence on electric
field,'! the other case of the ME effect, i.e., the change in the
electric polarization upon applied magnetic fields has not
been fully investigated. Our crystallographic study suggests
that the rare-earth Ho ions are wholly responsible for the
ferroelectricity as in the case of YMnO;.2° We discussed the
origin of the giant ME effect with the competing mechanism
between the in-plane and interplane magnetic exchange in-
teractions among Mn and Ho moments. Our study provides
an interesting model for the behavior of polarization when
the antiferromagnetic ordering of spins of ferroelectric active
ions is triggered along the polarization direction. In addition,
our result offers a clear-cut explanation for the & anomalies
at the magnetic transitions, of which the origin has been
under debate.?!??

Extensive studies have been recently performed on hex-
agonal manganites, especially on HoMnOj;, due to its rich
phase diagram and the strong spin-lattice coupling.?!:?324
However, any direct observation on the evolution of the
spontaneous P (which is in fact one of the most important
order parameters in multiferroics) has not been successfully
made. Earlier attempt detected only slight anomalies at the
spin reorientation temperatures by the ac ME effect measure-
ment but did not observe any noticeable change in P at the
spin reorientation transitions.>> HoMnOj; exhibits ferroelec-
tric ordering with T-=900 K and antiferromagnetic (AFM)
ordering at Ty=70 K.'!18 Owing to the detailed studies in
optical second-harmonic generation (SHG) (Refs. 11, 22, 26,
and 27) and the neutron scattering,”=° the magnetic struc-
ture had been well established. Thus, HoMnOs is a prototypi-
cal system in which one can study the effect of magnetic
structures on the dielectric properties and the electric polar-
ization.
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FIG. 1. (Color online) (a) T dependence of P (solid circle) and &
(open circle) for HoMnOj in zero H. Vertical dashed lines indicate
magnetic phase boundaries. (b) 7' dependence of & along the ¢ axis
in various H applied along the ¢ axis. (¢) T dependence of P along
the ¢ axis in H.

II. EXPERIMENT

HoMnO; single crystal was grown using a typical optical
floating zone furnace. We used thin rectangular specimens
with a cross sectional area of 5—10 mm? and a thickness of
0.2 mm. The dielectric constants and polarization were mea-
sured with a Quantum Design PPMS (physical property mea-
surement system) down to 1.8 K. The dielectric constants
were measured with a 1 kHz ac electric field applied along
the ¢ axis. The polarization was calculated by integrating the
pyroelectric current which was measured while heating the
sample at a rate of 4 K/min. Before pyroelectric current mea-
surement, the sample was cooled down from 900 to 3 K in a
varying electric field of 1-10 kV cm™' along the ¢ axis.
Neutron powder-diffraction measurements on polycrystalline
HoMnO; were performed with the NPDF instrument at Lu-
jan Neutron Scattering Center, Los Alamos National Labora-
tory.

III. RESULT AND DISCUSSION

In Fig. 1(a), we show P and & along the ¢ axis as a
function of temperature (7) for HoMnOj single crystal that
was grown using an optical floating zone furnace. The long-
range antiferromagnetic Mn** ordering in the ab plane at
~72 K is evidenced by the slight anomalies both in € and P.
The slight kink in P can be associated with the overall ex-

PHYSICAL REVIEW B 79, 134120 (2009)

pansion of the lattice along the ¢ axis through the indirect
spin-lattice coupling mechanism.>* Upon further cooling,
HoMnO; exhibits successive spin reorientation transitions at
Tsg and Ty, [Fig. 1(a)]. It has been known by optical SHG
and the neutron scattering that Mn spins are reoriented in
plane by 90° at Tsg =38 K and Ho spins orders antiferro-
magnetically along the ¢ axis at Ty,~5 K.2%3 The most
striking feature in Fig. 1(a) is the drastic change in P. P
decreases abruptly at Tsz and increases back again at Ty,
upon cooling with a lower value of P in the P6jcm’ phase.

Coupling between magnetic and ferroelectric orders is
more clearly manifested in Figs. 1(b) and 1(c). As H in-
creases, Tsg significantly shifts to the lower T and the lower
boundary of the P6icm’ phase moves to the higher T; con-
sequently the P6jcm’ phase shrinks and completely disap-
pears at ~5 T. We discovered that these & anomalies are
intimately associated with the P change. P demonstrates
abrupt change at the T where & shows a sharp peak, and as
the peak in & broadens out in H, the steplike change in P also
becomes broad and disappear above 5 T. There have been a
few explanations for the increase of & in the intermediate
phase (INT phase) between P6icm’ and P6jc'm a z-z ME
coupling of magnetization (M) and P enabled by the Mn spin
canting along the z axis,” the effect of unpinning between
ferroelectric and AFM domain walls,2' and the pronounced
local ME effect due to massive formation of AFM domain
walls observed by magneto-optical SHG.?? Our polarization
data measured using a poled HoMnO; crystal with single
ferroelectric domain clearly indicate that the & enhancement
originates from the quasistatic change in P across the INT
phase rather than transient effects confined within ferroelec-
tric or AFM domain walls. Another noticeable thing in Fig.
I(c) is that the magnitude of total change in P
(~80 uC m™2) is almost comparable to the giant ME effect
(order of 100 uC m™2) observed recently in magnetically
induced multiferroics.'>!4

The evolution of ferroelectric properties across magnetic
phases and the relation between & and P are more clearly
displayed in Figs. 2(a)-2(d). First, at 18 K, as expected from
Figs. 1(b) and 1(c), &(H) increases sharply at ~3.7 T and
decreased again at ~4.5 T with a plateau structure in the
INT phase, accordingly P(H) increases linearly in the INT
phase. It should be noted that no appreciable ME effects are
observed either in the low-field P65cm’ or in the high-field
P65c'm phase. However, a pronounced ME effect (which
seemingly appears as a linear ME effect’ with a linear ME
coefficient, az3, of ~59 psm™!) is observed in the INT
phase, which has been assumed to be of P6; symmetry
where the Mn spins rotate to an angle between 0° and 90°
with respect to the a axis.?! In fact even in this P6} symme-
try, a direct ME coupling between P and the in-plane Mn
moment is not allowed.! The P(H) at 18 K in Fig. 2(a) seems
to increase linearly in the INT phase simply to connect two
different P values in two well-defined phases (P6icm’ and
P65c'm). This fact suggests that the change in P may be
caused via a H-induced phase transition across a broad phase
boundary (or P6} phase) between a low-P state to a high-P
state rather than via a linear ME effect in a specific symme-
try that allows it.

Below Ty,, € and P show a more complicated field de-
pendence. In Fig. 2(e), we summarized the H dependence of
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@) 0.4 TABLE I. Atomic parameters for HoMnOj refined from neutron
20 8K powder-diffraction experiment at 40 K within the hexagonal space
ol 0.2 group P6zcm. l?eﬁned lattice parameters are a=6.1173(1) A and
= c=11.4107(2) A.
60 (b) 0.0
< 30 45K -0.1:‘;: § X y z
2 = . £ Hol 2a 0 0 0.2747(5)
L o @ 02 § s Ho 4b 1/3 213 0.2314(4)
£ Ko, % :\Ef: Mn 6c 0.3359(9) 0 0
) = o1 6¢ 0.3067(3) 0 0.1631(3)
02 6¢ 0.6408(3) 0 0.3366(4)
03 2a 0 0 0.4757(6)
04 4b 1/3 2/3 0.0175(4)
! 0 1 2 (‘5 4 5
H(T)
bipyramids.?*3! Our crystallographic analysis also showed

FIG. 2. (Color online) H dependence of the field-induced P and
the & change at (a) 18 K; (b) 4.5 K; (c) 3.0 K; (d) 2.5 K. The
field-induced P was obtained by measuring the magnetoelectric cur-
rent as a function of H, which was varied linearly with time at the
uniform rate of 100 Oes~'. (¢) T and H phase diagram for
HoMnO; overlaid with & change versus H for each 7. Dashed lines
indicate phase boundaries and hatched regions are the intermediate
phase (>5 K) and the field hysteresis region (<5 K). Note that the
T scale is expanded below 5 K.

e and constructed a T versus H phase diagram. About 5
phase boundaries were identified by peak, deep, or steplike &
anomalies, which is pretty consistent with previous
studies.>»?® Complicated H-dependence of & below Ty, is
also accompanied by a drastic change in P as shown in Figs.
2(b)-2(d). Below 3 K, P changes nonmonotonically as a
function of H with the total change of P as large as
~58 wC m~2 at 2.5 K. The magnetic symmetry of the low-T
high-field (LTHF) phase is also still in question. There has
been a proposition that the LTHF phase may be in P63c'm’
symmetry that allows linear ME effect.?® However, no mea-
surable linear ME effect was detected in our P versus H data
at 3 and 2.5 K in high-field region (>3 T) as shown in Figs.
2(c) and 2(d).

In order to resolve the origin of the gigantic ME effect,
we performed the neutron powder-diffraction study on
HoMnOs; in low T region. Although any noticeable crystal-
lographic anomalies were not detected across magnetic tran-
sitions (this is generally expected because the value of P
change in multiferroics usually corresponds to an average
ionic displacement of the order of 10~* A), our study on the
ionic structure enabled us to discuss the mechanism of the
giant ME effect in terms of the origin of ferroelectricity and
the magnetic exchange interaction among Mn and Ho mo-
ments. Table I shows atomic parameters for HoMnOj refined
from neutron powder-diffraction experiment at 40 K. Figure
3 also displays the crystal structure based on our atomic pa-
rameters and the magnetic structure of HoMnOj; for two
magnetic symmetries. Recent studies have provided experi-
mental and theoretical evidence that the electric polarization
in hexagonal YMnOs; is originated from a buckling of MnOs
polyhedra and vertical shift of the Y ions with Mn ions
remaining very close to the center of the oxygen

that the vertical shift of rare-earth Ho ions is wholly respon-
sible for the ferroelectricity in HoMnOj5 unlike the previous
experimental study that indicated Mn ions considerably con-
tribute to P by having different bond lengths between Mn
and two apical oxygens in the bipyramid.?” Our result points
out that the giant change in P as a function of 7 and H
should be related to the magnetic ordering of Ho ions that are
directly responsible for the occurrence of ferroelectricity.
Upon cooling, at T, the d-f exchange interaction be-
tween Mn and Ho moments induces ordering of Ho moments
in P65cm’ phase as shown in Fig. 3.1% Hol and Ho2 mo-
ments order along the z with a ferrimagnetic arrangement in
the x-y plane leaving uncompensated moments. Thus, in this
temperature range, the magnetic exchange interactions are
predominantly along the z axis through the Mn-Ho and the
uncompensated interplane Ho AFM exchange interaction.
This is strongly supported by the recent thermal-expansion

Hol Ho2 Mn O up down

FIG. 3. (Color online) The crystallographic and magnetic struc-
ture of HoMnOjs for two magnetic symmetries, P65cm’ and P63cm.
Crystallographic structure is based on the atomic parameters from
our neutron powder-diffraction experiment. Magnetic structures are
adopted from Refs. 11 and 30. Arrows indicate magnetic moments
of Ho ion. Moments of Mn ions are not displayed.

134120-3



HUR et al.

data which showed lattice shrinkage at the magnetic transi-
tion 7 upon cooling along the direction of magnetic ex-
change interaction to gain exchange energy.”* The lower
value of P in the P6icm’ phase suggests that the strong AFM
interaction along the z accompanies a slight shift of ferro-
electric active ions toward the centrosymmetric position.
Note that the overall c-axis shrinkage at Tgg (Ac/c=~-2.4
X 107) is too small to be responsible for the polarization
change (AP/P~-107%).2* Upon further cooling, at Ty, the
in-plane AFM ordering of Ho moments in P6scm phase is
triggered through the shorter Ho2-Ho2 exchange path
(Hol-Ho2~3.56 A, Ho2-Ho2~3.53 A).!'3° The Hol
moments surrounded by equal number of up and down mo-
ments of Ho2 ions, remain disordered. This onset of strong
in-plane AFM Ho ordering, leaving no uncompensated in-
plane moments, weakens the interplane exchange interaction
along the z axis, which again allows P to restore its higher
value in the P6;cm phase. This proposed mechanism of the
competing in-plane and interplane exchange interactions,
given by the peculiar crystallographic constraint, may ex-
plain the domelike phase diagram of P6jcm’ phase which
becomes most stable at ~20 K and shrinks back as the com-
peting in-plane Ho ordering starts to be effective and thus
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helps the suppression of the P6;cm’ phase at lower H in low
T region as shown in Fig. 2(e).

IV. SUMMARY

We observed giant ME effect in a high 7 multiferroic
HoMnOs;, which is intimately related to the off-center dis-
placement of ferroelectric active Ho ions with very large
moment (the largest total angular moment J=8 among rare-
earth ions). This indicates that the highly anisotropic 4f elec-
trons tightly coupled with the large rare-earth moment can
play a crucial role in provoking ME effect even in conven-
tional high T~ multiferroics.
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