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Abstract The multiferroic behaviors of polycrystalline
GdMnO3 are investigated by focusing on the ferroelectric
response to the spin ordering sequence and external mag-
netic field. The polarization current shows sensitive response
to both the Mn cycloidal spin order and Gd antiferromag-
netic (AFM) order. The complicated magnetoelectric be-
haviors suggest that the Mn cycloidal spin order can be
modulated by the Gd AFM order at low temperature via the
Gd-Mn spin interaction. Due to the possible disorder and
defects in polycrystalline nature, polycrystalline GdMnO3
may accommodate the cycloidal spin order in addition to
the A-type AFM order at Mn sites, as illustrated by simu-
lation based on the two-orbit double exchange model and
measured hysteresis loops of polarization against magnetic
field, indicating the switching of the ferroelectric domains
coupled with the magnetic domains in response to magnetic
field.

1 Introduction

Type II multiferroics, in which magnetic and ferroelectric
(FE) orders couple intrinsically, have been retrieving spe-
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cific attentions recent years not only for promising techno-
logical potentials but more from fundamental research in-
terests [1-4]. The major advantage of type II multiferroics
is the interactive control of FE polarization (P) (magne-
tization M) by magnetic field H (electric field E). Since
the discovery of such an effect in TbMnO3 [5], a number
of complex transition metal oxide multiferroics have been
synthesized and the major physics underlying these mate-
rials is being unveiled [6-12]. One of the common fea-
tures in these multiferroics is that P arises from specific
spin orders via spin-correlated mechanisms, in particular
in noncollinear cycloidal spin (CS) order via the inverse
Dzyaloshinskii—Mariya interaction mechanism (asymmetri-
cal exchange striction) [13, 14] or E-type antiferromag-
netic (E-AFM) order via the symmetric exchange striction
[15, 16].

The representative multiferroics to illustrate above phe-
nomena go to orthorhombic perovskite rare-earth mangan-
ites RMnO3 (Pbnm symmetry). Upon decreasing R-site
ionic size (R4), the Mn spin order evolves from A-type an-
tiferromagnetic (A-AFM) order (R = La to Gd) to CS or-
der (R =Tb and Dy) and eventually toward E-AFM order
(R = Ho and smaller), due to the competing spin interac-
tions associated with distorted GdFeO3-type lattice includ-
ing the Jahn-Teller active distortion [17]. For the CS or-
der and E-AFM order, large P and gigantic magnetoelec-
tric (ME) effect were repeatedly identified. In spite of this
simple scenario, however, realistic situation is more compli-
cated. Two issues are worthy of addressing. First, the ground
state of RMnOs3 is essentially determined by multifold spin
interactions which are relevant with R4 in a well-defined
way, and thus the ground state is on the edge of degenerate
states. For instance, in the phase diagram, GAMnO3 (GMO)
is designated to the A-AFM order but close to the bound-
ary between the A-AFM order and CS order [4, 18]. Due to
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inevitable chemical disorder and defects, the two orders are
easily inter-transited. Recent experiment on Ndj_, Y, MnO3
did evidence the coexistence of the A-AFM phase and CS
phase, given the fact that the averaged ionic size of R-site
(Nd;_,Y,)? at x = 0.5 is identical to Gd3* in GAMnO3
[19]. In fact, various groups confirmed that GMO does have
nonzero P at low temperature (7)) although the data are
scattering and interpretation is authors-dependent [20-23].
However, no clear interpretation for this ferroelectricity is
available.

Second, the magnetic ground state and multiferroic be-
haviors depend also on the 4 f-spins of rare-earth. Exper-
iments on DyMnO3; and HoMnOs revealed that the polar-
ization comes not only from the CS order at Mn3* site but
more from the Mn3T—R3T spin interaction [24-27]. Due
to this Mn3T—R3T spin interaction, the R3>* spin ordering
if any would impose modulation of the Mn3* spin order,
thus leading to additional ME effect associated with the R3+
spin ordering. This fact is beyond conventional understand-
ing which is irrelevant of R3% 4 f-spins, and thus raises
challenges to conventional microscopic mechanism for fer-
roelectricity. It is noted that Gd3*, Dy3T, and Ho* | etc. all
have big moments and the R3*t—Mn3* spin interaction may
play substantial roles in some cases, but such roles have been
less concerned in terms of multiferroic generation [28-31].

Keeping in mind these two issues, GMO can be a good
candidate for revealing the underlying physics. From the
magnetic phase diagram of RMnO3, GMO locates in the im-
mediate vicinity of the phase boundary between the A-AFM
order and long-wavelength CS order, and its ground state
should be the A-AFM ordered phase [4, 18]. The reason why
GMO exhibits multiferroicity at low 7 remains not yet well
understood. On the other hand, several recent works on the
multiferroicity of GMO were reported. So far, earlier studies
on GMO mainly addressed single crystal samples and con-
fusing multiferroic anomalies were observed. For example,
it was observed [20] that nonzero polarization current (po-
larization P) appears only within 5.1 K < 7 < 8.2 K if the
poling field onto the sample is maintained down to the low-
est temperature (7', e.g., ~2 K) in experiments. However,
if the poling is imposed only down to 7'~ 7 K, nonzero
current can persist up to 7 ~ 23 K. Differently, another in-
vestigation [23] revealed nonzero current over the whole T -
range below T ~ 14 K. These results suggest that the Gd>*+
AFM ordering should occur at 7gg ~ 7 K, and this ordering
sequence obviously affects the Mn CS order, thus the ferro-
electricity. Although no good consistency between the data
from various groups is obtained, it seems that the CS order
of the Mn spins depends on the Gd3>* AFM order, indicating
clearly the substantial role of the Mn3*—Gd3* spin interac-
tion in modulating the Mn CS order. It should be noted that
the 4 f-spin order is usually fragile against external mag-
netic field which can easily melt the Gd>T AFM order at
T < Tgq.
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Furthermore, a big challenge to probe the magnetic struc-
ture of GMO is from the strong scattering from the Gd3*
spins. Even so, recent X-ray resonant magnetic scattering
investigations [21, 32] did disclose the role of the Gd spin
ordering in enhancing the ferroelectricity at low 7', and
in particular in driving the Mn CS order with wave-vector
™mn = 1/4 along the b-axis [21]. This also confirmed the
dependence of the Mn CS order on the Gd spin order.

In this work, we will revisit the multiferroicity of poly-
crystalline GMO to discuss the above two issues. First, we
revisit the problem of ferroelectricity in GMO and deal with
its T- and H-dependent behaviors. We will discuss the ob-
served phenomena by consulting to the complicated mag-
netoelectric responses in GMO. Considering the fact that
GMO favors the A-AFM order but close to the boundary
between the A-AFM order and CS order [4, 18], we choose
polycrystalline GMO rather than single crystal one as the
object of the present work. We argue that polycrystalline
GMO may accommodate the coexisting A-AFM order and
CS order and such a coexistence can be sensitive to disorder
and defects in the samples. The polycrystalline samples have
higher density of such disorder and defects than the single
crystals, allowing more significant phase coexisting behav-
iors. Based on our sufficient data on the ferroelectricity in
response to both the Gd spin order and Mn spin order as well
as external magnetic field, we will utilize the semiquantum
two-orbit double exchange model to simulate such a disor-
der/defects induced phase existence. We will also present
relevant data on the ME effect to support the simulated re-
sults.

On the other hand, a choice of polycrystalline samples
would also bring some extrinsic effects into the experimental
phenomena. For instance, the grain boundaries may pin me-
chanically the FE domains and impose extrinsic artifacts to
the measured data. These artifacts may be the origins for the
observed ME phenomena such as the multiferroic hysteresis
behaviors to be addressed below, thus bringing some ques-
tions on the measured data. However, clarifying all these
questions seems to be challenging and tedious. In order to
clarify this issue, as an alternative approach, we perform par-
allel measurements on polycrystalline Gdg.95Tmg o5 MnO3
(GTMO) samples synthesized under the conditions identi-
cal to GMO in the present experiments. The microstructures
of the polycrystalline GMO and GTMO samples are almost
identical. Details of the relevant experiments on the multi-
ferroic phase transitions and possible phase-coexistence in
GTMO were reported in our recent work [33]. The GTMO
at 5 % Tm doping level was demonstrated to be dominated
with the ab-plane CS order coexisting with minor A-AFM
phase. In this case, it is expected that the GTMO sample
may also show the multiferroic hysteresis. This fact will par-
tially exclude the possibility that the evidences supporting
our claim on the coexisting A-AFM order and CS order in
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polycrystalline GMO are solely due to the some artifacts as-
sociated with, e.g., grain boundaries of the samples.

2 Experimental details

We focus on polycrystalline GMO samples which were syn-
thesized by conventional solid state reaction. The GMTO
samples used for comparison study were synthesized under
the identical conditions. In details, stoichiometric amount
of Gdy03 and Mn304 were mixed, grounded, and presin-
tered twice at 1000 °C and 1250 °C for 24 h, then pressed
into pellets and calcined at 1300 °C for additional 24 h or
longer. The sample show high quality with density higher
than ~95 % of the theoretical one. The crystal structure was
checked using X-ray diffraction (XRD) (Bruker Corpora-
tion) equipped with Cu K, radiation at room temperature
and the high quality crystallinity and Pbnm symmetry are
obtained. The grain size was measured using field-emission
scanning electron microscopy, and we prepared several sam-
ples of different grain sizes from 100-600 nm, and all the
samples have almost the same electrical and magnetic be-
haviors. This feature is critical in order to exclude if any
the grain boundary effect on the property fluctuations from
sample to sample.

The magnetic measurement including the M-H and
M-T dependences was performed with the superconducting
quantum interference device magnetometer (SQUID, Quan-
tum Design Inc.). The specific heat C as a function of T
was evaluated using the physical properties measurement
system (PPMS, Quantum Design Inc.). The dielectric con-
stant (¢) was probed using HP4294A impedance analyzer
attached to the PPMS, while polarization P was evaluated
utilizing the pyroelectric current method detected by Keith-
ley 6514 electrometer attached to the PPMS, also. For this
measurement, the 7- and H-dependences of P were ob-
tained by integrating the pyroelectric current through warm-
ing the samples at rates of 2—6 K/min (magnetic field scan-
ning rate of 100 Oe/s) after a cooling sequence under a pol-
ing field E ~ 10 kV/cm from high temperature. In our mea-
surements, sputtered gold electrodes on the both sides of the
disk-like samples were used.

3 Results and discussion

We first look at the magnetic and ferroelectric properties.
The measured specific heat (C) and M data under the zero-
field cooled (ZFC) and field cooling (FC) conditions, as a
function of T, are plotted in Fig. 1(a). For the ZFC case,
M gradually increases with decreasing 7 and exhibits a
broad peak at T ~ 7 K. The ZFC and FC M-T curves begin
to splitat T ~ 23 K. It is known that Gd3* ion has much big-
ger magnetic moment (7.94u ) than Mn3t ion (~2.0up),
and thus the measured M signals come mainly from Gd**
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Fig. 1 (a) Measured M (T) data under the ZFC and FC conditions
with measuring field of 1000 Oe and measured C(T') data at zero field.
(b) Measured pyroelectric current /(7) in mode I at three different
warming rates (2, 4, 6 K/min) under H = 0. (¢) Measured P(7T) and
&(T) data in mode I. (d) Measured I (T') and P(T) data in model II

spins. This disadvantage restricts a probe of the magnetic
transitions from the Mn spin ordering. Roughly, it can be
believed that the Gd>T spins evolve gradually from param-
agnetic (PM) state into spin-glass-like state and eventually
experience the AFM ordering at ~7 K, which is obviously
the Gd AFM ordering point 7gq [34]. The Mn spin ordering
sequence, however, can be partially observed from the C—T
data with a clear peak at T = Ty ~ 40 K, which is inter-
preted as the onset of an incommensurate AFM phase [17,
20, 34]. A broad specific heat peak at Tgq ~ 7 K is also iden-
tified. Unfortunately, no clear anomaly of the C-T curve
between 7 =7 K to 40 K is observed, and earlier data on
single crystal GMO didn’t reveal such anomaly either [34,
35]. However, this does not exclude the possible Mn spin
ordering in this 7T-range. In fact, the CS ordering may not
generate clear feature in the C—T curve for polycrystalline

@ Springer



950

L. Lin et al.

samples, as shown for the case of DyMnO3 and TbMnO3
[25, 35].

We then turn to the ferroelectricity. We also take two dif-
ferent modes of the measurement in order to distinguish the
effect of the Gd spin order at low T on the ferroelectricity.
In mode I, the samples were cooled downto T =2 K < Tgq
under the poling field, while they were cooled down to
T ~ Tgq = 7 K under the same poling field in mode II. Then
the pyroelectric current 7 (7") was measured in the warming
sequence. The measured 7 (T) data in mode I at three dif-
ferent warming rates (2, 4, 6 K/min) under H = 0, shown in
Fig. 1(b), clearly exhibits two broad peaks below 7" ~ 14 K.
These peaks together with the dip do not show any shift
along the T'-axis for the three warming rates, indicating no
contribution other than the polarization current in the mea-
sured 7 (T) data [36, 37]. Our data are consistent with earlier
results on single crystal GMO [23], implying that the Mn CS
order, developed by coupling with the Gd AFM order via the
Mn3+t—Gd3* spin interaction, disappears above T ~ 14 K.
We define this point as Trgz = 14 K, the Curie point for the
ferroelectricity.

It should be mentioned that the two peaks sandwich a dip
at T ~ Tggq, indicating that the pyroelectric current is sensi-
tive to the Gd spin ordering, which is hard to detect in the
P(T) data to be shown below. Therefore, the pyroelectric
current can be a good probe to the spin ordering sequence
and relevant ME effect in GMO.

The evaluated P(T) curves from the three I(T) curves
are almost overlapped, and one curve is plotted in Fig. 1(c),
where the measured dielectric constant ¢ at 10 kHz as a
function of T is also presented. The dielectric peak location
at Trgp ~ 14 K is reasonable. The measured P increases
gradually with decreasing 7 down to ~2 K, with a weak
bump at T ~ Tgq. The above results allow us to claim that
GMO is not simply A-AFM ordered. Instead, it must accom-
modate the Mn CS order or more, which are responsible for
the polarization generation.

To proceed, we present in Fig. 1(d) the measured I (T)
and P(T) data in mode II at 4 K/min warming rate, noting
that no Gd spin order is available in this mode. It is seen
that the measured P is much smaller than that obtained in
model I, but the major difference here is that the measured
P can sustain up to 7' = Trg; ~ 17.5 K > Tggp. This sub-
stantial difference in the P (T') data for the two modes does
unveil the role of the Gd spin ordering in modulating the fer-
roelectricity. The measured P in mode Il is solely attributed
to a specific Mn CS order (hereafter called the Mn CS phase
I) in this case. In mode I, the measured P must be attributed
to a Mn CS phase II other than the Mn CS phase I, and prob-
ably to the Gd spin order simultaneously. This Mn CS phase
II is accompanied with the Gd spin order, also indicating the
remarkable Mn3*t-Gd3* spin interaction.

It is noted that the Mn CS phase I and phase II have their
ordering points at Trg; and Tggp, respectively, indicating

@ Springer

P (uC/m’)

o

7, (<)

_7/OT 13K

0K 1 1 110
0 6

2 4
b H(T)

Fig. 2 (a) Measured P-T curves under various H and (b) evaluated
P(H) dependences at T =2 K and T = 13 K. The evaluated Curie
point 7gg as a function of H is also plotted in (b)

that the phase I has higher stability than the phase II. The
dip in the 1 (T') curves in mode I indicates that the Gd spin
ordering can modulate the ferroelectricity, also. Therefore,
as noted earlier, the origin for ferroelectricity in GMO is
quite complicated.

Given the fact that the Gd spin order is sensitive to mag-
netic field H, one can further reveal the roles of these Mn
CS phases and the Gd spin order by measuring the response
of P to H over abroad T -range. The measured P (T') curves
in mode I at various H are presented in Fig. 2(a), while
Fig. 2(b) shows the measured P at T =2 Kand T = 13 K,
and evaluated Curie point Tg as a function of H. It is seen
that the H-dependence of P is divided into two regimes.
Below T ~ 9 K, the P is gradually suppressed by increas-
ing H. However, above T ~ 9 K, increasing H not only
enhances P but also shifts Tgg to high T'-side. These re-
sponses are remarkable at H < 3.07 but become weak at
H > 3.0T. It is interested to note that the remnant P(T)
curves at H > 3.0T are roughly consistent with that ob-
tained in mode II, implying that magnetic field drives the
Mn CS phase II back to the Mn CS phase I, although the
evaluated Ty is slightly higher than Tgg;.

The above results allow us to propose a simple scenario
for the spin ordering and polarization generation in GMO,
and a schematic drawing of the 7—-H multiferroic phase
diagram is plotted in Figs. 3(a) and 3(b) for modes I and
I, respectively, where the dashed and light gray lines are
plotted for reference and they do not apply in the two re-
spective cases. For H = 0, upon cooling from high-T" para-
magnetic state, the Mn spins develop the AFM order at
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Fig.3 Proposed T—H multiferroic phase diagrams for (a) mode I and
(b) model II. The solid lines represent the phase boundaries and the
dashed and light gray lines are plotted for reference only

T < Ty ~ 40 K. In sequence, the Mn CS phase I is devel-
oped below T = Tgg; ~ 17.5 K. Further cooling down to
Tcd ~ 7 K and below, the Gd AFM order ensues, which also
drives the Mn spin order from the Mn CS phase I into the
Mn CS phase II via the Gd—Mn spin interaction. This phase
II can sustain up to Tggp ~ 14 K upon the warming process.
A field of H ~ 2.0 T is sufficient to destroy the Gd AFM
order [34], thus suppressing the Mn CS phase II and driving
the reentrance of the Mn CS phase I. Both the Mn CS phases
I and II contribute to the ferroelectricity. Here, an issue to be
concerned is the H-driven expansion of the Mn CS phase I
regime to higher 7', while usually magnetic field prefers to
break the Mn CS order in RMnOs [4, 5, 38]. Another issue
is whether the Gd AFM spin order itself contributes to the
ferroelectricity or not.

To this end, our measured data demonstrate that poly-
crystalline GMO offers not only significant ferroelectricity
over a broad-T range, but more importantly reveal the com-
plicated spin-relevant origin for the ferroelectricity. Subse-
quently, we turn to the origin for the Mn CS orders in poly-
crystalline GMO while ideal GMO would prefer the A-AFM
order at low 7.

4 Possible phase coexistence in GMO

Our primary motivation is that the inevitable disorder and
defects in GMO, which is at the immediate edge of the A-
AFM order and CS order may drive GMO from the A-AFM
order into the coexistence of the two orders, in particularly
in polycrystalline samples. In order to understand this issue,
we investigate a simplified version of the semiquantum two-
orbital double-exchange (TO-DE) model on manganites, in
which the rare-earth spin is excluded for consideration. This
allows us to catch the main stem of physics for the two-phase
coexistence.

For simplicity, we start from a two-dimensional (2D)
L x L (12 x 12) square lattice on the x—y plane under the pe-
riodic boundary conditions, which represents the Mn ionic

plane of RMnOj3 in orthorhombic structure. The Hamilto-
nian of the TO-DE model is written as [39, 40]:

Htopg = — Z tgtﬁgijcitcjﬂ + Z J[?FSZ‘SJ'
(ij).op (i)
+ ) LSS AN (Qaitai + Q3iTzi)
i

[ij]
1
+52.(05 + 03). (1

where the first term is the DE kinetic energy of e, elec-
trons, @ = |x% — y?) and B = |3z% — r2) are the two Mn-
e, orbitals; ¢ (cjp,) is the creation (annihilation) oper-
ator for the e, electron carrying spin ¢ on site i; £2;; =
cos(6; /2) cos(8/2) +sin(8; /2) sin(8; /2) exp[—i(P; — D) ]
with 6; and @; the angles of the 7, spin §; in the spher-
ical coordinates. The actual hopping amplitudes t&ﬁ takes
into account the different overlaps between the orbits along
the x-axis and y-axis of the lattice: £, = tay = 3ty =
Btyg = 310/4, 1y = ty, = —13g = —1}, = /310/4, and 19
(~0.2-0.5 eV) is chosen as the energy unit. The second and
third terms in Eq. (1) are the superexchange interactions
between the NN and NNN 1, spins along the b-axis. The
fourth term in Eq. (1) is the electron-phonon coupling aris-
ing from the interaction between the e, electron and MnOg
octahedra distortion, and A is the coupling constant with Q»;
and Q3; scaling the (x? — y?) and (3z% — r?)-type Jahn—
Teller distortions, respectively. We choose A|Q»i| = 1.5
and Q3; = —|Q2,-|/«/§ without losing the generality [39].
The orbital pseudospin operators are t,; = Za (c;;g Cigo +
Ci,-Zd Ciag)and 7;; =) (c;;ac,'w — c;'% Cigo). The last term
of Eq. (1) is the elastic energy of the phonons. Typically, the
temperature chosen for running the simulation is 7 = 0.002
for the ground state, and details of the computation can be
found in our earlier works [39].

In order to take into account the fluctuations from disor-
ders and defects, we choose Jo, = 0.005 but impose sym-
metrical perturbations to parameter, J{;F = J;}F 04 AJ.
The simulation is performed on a lattice whose ground state
is the A-AFM at AJ = 0 but close to the boundary between
the A-AFM order and CS order, so that the effect of AJ on
the spin structure. We choose J;?F 0_ 0.07, which falls into
the A-AFM region and close to the value of GMO [28-30,
41].

In order to identify the spin-ordered phase, we evalu-
ate the spin configuration in real space and calculate the
spin structure factor K (k) = Zij(S,- Sj)explik(r; — rj)]/L4
in the momentum space. The polarization P is contributed
from the asymmetric exchange striction mechanism, i.e.
generated by the CS phase:

1
P« E<Z|ei‘/ x (S; x Sj)|>

(i) r

©))
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Fig. 4 Snapshots of the Mn spin configuration for (a) AJ = 0 with
A-AFM phase and (b) AJ = 0.014 with coexisting A-AFM phase and
CS phase. The calculated K (k) spectra are plotted for (¢) AJ =0 and
(d) AJ =0.014, respectively. (e) Evaluated P as a function of AJ at
sufficiently low T

where ¢;; denotes the unit vector connecting sites i and j
[13, 14], S; denotes the Mn spin at site i, and the (...)7
represents the thermal configuration averaging. The Monte
Carlo (MC) procedure of the ;, spins is employed for the
present calculation. At each MC step, the fermionic sector of
the Hamiltonian is exactly diagonalized [39, 42]. The initial
15,000 MC steps are discarded for equilibration and the sub-
sequent 5000 MC steps are retained for the data collection.
Finally, the data are submitted to the zero-7" optimization to
confirm the ground state.

The simulation is presented in Fig. 4 as a summary. Fig-
ure 4(a) shows the snapshot of the spin configuration for
AJ = 0. The ground state is indeed the A-AFM phase where
all the in-plane spins align in the ferromagnetic order. To fur-
ther confirm this result, the K (k) spectrum is evaluated and
shown in Fig. 4(c). A peak of K (k) appears at k = (0, 0),
indicating an in-plane FM order, is clearly displayed. Due
to the periodic boundary condition, the identical peaks at
k=(0,2),k=(2,0), and k = (2, 2) are observed, also.

When AJ > 0 is applied, a clear transition of the spin
order from the A-AFM state to the CS state is observed. One
example is shown at AJ = 0.014, and the simulated results
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Fig. 5 Measured AP-H hysteresis at (a) T =2 K, (b) T =5 K,
and (¢) 7 = 10 K, for polycrystalline GMO. AP = P(H) — P(5T).
The measured A P—H hysteresis for polycrystalline GTMO is shown
in(d7T=2Kand(e)T=5K

are plotted in Figs. 4(b) and 4(d). It is clearly shown that
the lattice is mixed with the A-AFM phase and CS phase,
as marked by the color regimes. The main peaks of K (k)
appears at k = (0, 0), indicating the A-phase and the other
two main peaks at k = £ (1, 1)/12 correspond to the CS
phase with the spiral periodicity of 12 along the x-axis and
y-axis, confirming the existence of the CS phase in addition
to the A-AFM phase. The as-evaluated polarization P as a
function of AJ is also presented in Fig. 4(e), suggesting that
a nonzero P appears at AJ > 0.01. With increasing AJ,
the ferroelectric domains associated with the CS domains
gradually emerge, leading to enhanced P.

The present simulation thus demonstrates that even ideal
GMO lattice itself prefers the A-AFM order, sufficiently
weak fluctuations arising from the disorder/defects in the
lattice may lead to appearance of the CS phase, thus con-
tributing to the ferroelectricity, as observed in earlier and
present experiments on polycrystalline GMO. This phase
coexistence scenario, as a compliment to the above sce-
nario on the ferroelectricity arising from the Mn spin order
coupled with the Gd AFM order, represents a comprehen-
sive understanding to the multiferroicity in polycrystalline
GMO.

As complimentary evidence with the above simulated re-
sults, we measured the isothermal P—H hysteresis loops at
several low 7', as shown in Figs. 5(a)-5(c), while the sam-
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ples were cooled down to T =2 K before the measure-
ment. The measurement was done by setting the P value
at H =5 T as reference and then cycling H between (5 T,
—5 T), so that the variation of P, AP(H) was probed. It is
shown that the A P(H) data over one H-cycle do not over-
lap and significant P—H hysteresis is recorded for each case.
Unfortunately, neutron scattering evidence to conform the
evolution of magnetic structure associated with the P—H
hysteresis is lacking. Nevertheless, such P—H hysteresis
loops suggest the nature of first-order phase transitions and
a straightforward consequence is that polycrystalline GMO
may accommodate the CS order in addition to the ground
state A-AFM order. In fact, these loops show reasonable
physics and can be understood from the point of view of
multiferroic domain reversal. If the FE domains are inter-
locked with the Mn CS domains, these P—H loops can be
well explained. First, at low T (2 K), the butterfly loop is re-
markable and more symmetrical, indicating a coercivity of
~0.7 T. The loops at higher T become thinner and asymmet-
rical with lower coercivity. Second, the maximal AP (H)
increases with increasing 7', indicating that the multiferroic
domains reverse more easily at higher T, a reasonable phe-
nomena.

Nevertheless, as mentioned in Sect. 1, in addition to
the intrinsic structural and chemical disorder, the polycrys-
talline nature of the samples under measurements may also
impose some extrinsic artifacts such as grain boundary pin-
ning of the FE domain reversal, etc. These may be the source
for the claimed phase coexistence and P—H hysteresis. To
clarify this issue, we also present in Figs. 5(d) and 5(e)
the measured P—H hysteresis loops for the polycrystalline
GTMO sample at T =2 K and 5 K, respectively, noting
the fact that the GTMO sample has the similar microstruc-
tures as the GMO sample. As expected, the polycrystalline
GTMO sample also shows remarkable P—H loops at the two
temperatures. The coercivity of the GTMO at T =2 K and
5 Kis ~1.3 T and ~0.8 T, respectively, slightly higher than
~0.7 T and ~0.4 T for the GMO sample. Since the GTMO
is occupied with the ab-plane CS phase coexisting with mi-
nor A-AFM phase, the higher coercivity and larger polariza-
tion variation in polycrystalline GTMO than polycrystalline
GMO are reasonable. The existence of the P—H loops in-
dicates the FE domain reversal in response to H -switching.
This partially supports that the polycrystalline GMO sample
does accommodate the CS phase.

The above results repeatedly suggest that the polycrys-
talline GMO does accommodate the Mn CS phase responsi-
ble for the ferroelectricity. In more words, the Mn CS phase
is allowed to coexist with the A-AFM phase. Such a scenario
allows us to understand the complicated multiferroic behav-
iors in polycrystalline GMO, although the microscopic ori-
gins for the existence of the Mn CS phase in addition to
the A-AFM phase remain to be an issue in the experimen-
tal sense and no direct neutron data on the Mn CS phase

is available at this stage. It is believed that the microscopic
electronic inhomogeneity would be one of the reasons for
the appearance of the Mn CS phase.

5 Conclusion

As a summary, the present work reveals the ferroelectric-
ity in polycrystalline GMO, while GMO in the ideal situa-
tion prefers the A-AFM order. The complicated multiferroic
behaviors of polycrystalline GMO in response to tempera-
ture, magnetic field, and electrical poling mode have been
revealed. The Gd spin ordering at low 7 has substantial
modulating effect on the Mn CS phase. Based on our sim-
ulation on the two-orbit double exchange model with disor-
der/defects induced fluctuations of the spin interaction, plus
the measured remarkable P—H hysteresis, it is suggested
that the polycrystalline GMO accommodates the CS ordered
phase coupled with the A-AFM phase. The present work
represents a comprehensive understanding to the ferroelec-
tricity in polycrystalline GMO in terms of the Gd-Mn spin
interaction consequence.
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