http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Unusual tunability of multiferroicity in GdMn»Os by electric field poling far above multiferroic

ordering point

Xiang Li(Z=#), Shuhan Zheng(%13#)), Liman Tian(H4Li), Rui Shi(f i), Meifeng Liu(x]3€ X), Yunlong Xie(#f = J&), Lun
Yang(#1£), Nian Zhao(i&X %), Lin Lin(##k), Zhibo Yan(Fil&3%), Xiuzhang Wang(=F75 #), Junming Liu(X11& B)
Citation:Chin. Phys. B . 2019, 28(2): 027502. doi: 10.1088/1674-1056/28/2/027502

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Voltage control of ferromagnetic resonance and spin waves

Xinger Zhao(# &£ JL), Zhonggiang Hu(#!&5%), Qu Yang(# itfr), Bin Peng (i), Ziyao Zhou(J#¥-58), Ming Liu(x1 )
Chin. Phys. B . 2018, 27(9): 097505. doi: 10.1088/1674-1056/27/9/097505

Magnetism manipulation in ferromagnetic/ferroelectric heterostructures by electric field induced
strain

Xiaohin Guo(5iiiit), Dong Li(Z54%), Li Xi(#% /1)
Chin. Phys. B . 2018, 27(9): 097506. d0i: 10.1088/1674-1056/27/9/097506

NMR evidence of charge fluctuations in multiferroic CuBr»

Rui-Qi Wang(E i), Jia-Cheng Zheng (¥ %), Tao Chen([%:#%), Peng-Shuai Wang(F AT, Jin-Shan Zhang(5k 431, Yi
Cui(f£#F), Chong Wang(F ), Yuan Li(Z=35), Sheng Xu(#4:Jlk), Feng Yuan(# %), Wei-Qiang Yu(-fFi#2)
Chin. Phys. B . 2018, 27(3): 037502. d0i: 10.1088/1674-1056/27/3/037502

Lumped modeling with circuit elements for nonreciprocal magnetoelectric tunable band-pass
filter

Xiao-Hong Li(Z=/4L), Hao-Miao Zhou (&7 #x), Qiu-shi Zhang(5kFk5L), Wen-Wen Hu (i 3 30)
Chin. Phys. B . 2016, 25(11): 117505. doi: 10.1088/1674-1056/25/11/117505

Magnetoelectric memory effect in the Y-type hexaferrite BaSrZnMgFe1,05,

Fen Wang(T7%), Shi-Peng Shen(F H45), Young Sun(#hBH)
Chin. Phys. B . 2016, 25(8): 087503. d0i: 10.1088/1674-1056/25/8/087503


http://cpb.iphy.ac.cn/EN/abstract/abstract73540.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73540.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract72741.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72742.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72742.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71750.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68590.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68590.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67957.shtml

Chin. Phys. B Vol. 28, No. 2 (2019) 027502

Unusual tunability of multiferroicity in GdMn,0Os by electric field

poling far above multiferroic ordering point*

Xiang Li(Z=##)1>", Shuhan Zheng(#f45%)%, Liman Tian(FH4Li8)', Rui Shi(f1%1)!,
Meifeng Liu(X3£JX)!, Yunlong Xie(i#fz/¥)!, Lun Yang(#1£)!, Nian Zhao(&X#)!,
Lin Lin(#&#K)?, Zhibo Yan(Fi:&%)?, Xiuzhang Wang(E75%)!, and Junming Liu(xXI|{& BH)!23

1Institute for Advanced Materials, Hubei Normal University, Huangshi 435002, China
2Laboratory of Solid State Microstructures and Innovative Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China
3 Institute for Advanced Materials, South China Normal University, Guangzhou 510006, China

(Received 6 September 2018; revised manuscript received 28 November 2018; published online 10 January 2019)

The multiferroicity in the RMn;Os family remains unclear, and less attention has been paid to its dependence on
high-temperature (high-T") polarized configuration. Moreover, no consensus on the high-7 space group symmetry has been
reached so far. In view of this consideration, one may argue that the multiferroicity of RMn,Os in the low-T range depends
on the poling sequence starting far above the multiferroic ordering temperature. In this work, we investigate in detail the
variation of magnetically induced electric polarization in GdMn;O5 and its dependence on electric field poling routine in
the high-T range. It is revealed that the multiferroicity does exhibit qualitatively different behaviors if the high-T" poling
routine changes, indicating the close correlation with the possible high-T polarized state. These emergent phenomena may
be qualitatively explained by the co-existence of two low-T polarization components, a scenario that was proposed earlier.
One is the component associated with the Mn3T—Mn*t—Mn3* exchange striction that seems to be tightly clamped by the
high-T polarized state, and the other is the component associated with the Gd>+t-Mn*t—Gd3* exchange striction that is
free of the clamping. The present findings may offer a different scheme for the electric control of the multiferroicity in

RanOS.

Keywords: multiferroicity, GdMn;,Os, high-T polarized state, exchange striction
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1. Introduction

The so-called type-II multiferroics, referring to the mag-
netically induced ferroelectricity, have enriched the connota-
tion of condensed matter physics and materials science.!!?! In
these multiferroics, an electric polarization (P) emerges as a
function of temperature (7") below the so-called multiferroic
ordering temperature (7po), and is associated with a particu-
lar magnetic order and correlated with spin—orbital coupling
or spin—phonon coupling.*®! In addition to interest from the
point of view of fundamental research, these systems exhibit
significant coupling between ferroelectricity and magnetism,
offering potential for the magnetic control of ferroelectricity
or electric control of magnetism. (791 Nevertheless, most of
type-II multiferroics have low Tp,,, relatively small P, and
weak ferromagnetism. On the one hand, substantial efforts
have been devoted to searching for additional multiferroics
such as CaMn;01, and CaBaCo407, which show giant im-
proper ferroelectricity and gigantic magnetically induced po-
larization, respectively.!!'’'41 On the other hand, the underly-
ing mechanisms and emergent phenomena in already available
multiferroics have been investigated persistently.['>~171 Along
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this line, we discuss one class of type-II multiferroics, rare-
earth manganite RMn,Os that has been considered due to its
intriguing multiferroic mechanism and compelling physical
properties.['8-21 It is our motivation that these unveiled mech-
anisms, if any, would be beneficial to our designing and syn-
thesizing the novel materials with superior multiferroic prop-
erties.

The RMn;05 family, where R represents Y or rare earth
ion, have complicated the physics of multiferroicity with large
electric polarizations. It is noted that almost all members of
the RMn,Os family have similar structures!>!>?l as shown
in Fig. 1(a), where GdMn;Os is taken as an example. The
Mn** and Mn>" ions have different occupations with compli-
cated symmetric and asymmetric exchange strictions and thus
a strong spin frustration becomes inevitable.[”>! With T de-
creasing, RMn,O5 undergoes a magnetic transition from para-
magnetism to incommensurate antiferromagnetic ordering at
Tni, followed by the transition to commensurate antiferro-
magnetic ordering at Tnp where a ferroelectric transition is
identified.>*2>! This consistency indicates that the observed

ferroelectricity in RMn;Os is magnetically induced, and thus
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we have Ty, ~ Tno. Here, an often misleading consequence
associated with the intensive studies is that RMn,Os5 should
be paraelectric above Tny.

The similarity in magnetic structure of RMn;0Os would
imply the similarity of electric polarization in response to
these magnetic ordering sequences in the low-T" range. How-
ever, measured data from several systems?®! or even from
the same system but different samples synthesized by different
authors did show big scattering!'®30-32 as shown in Fig. S1 of
Supplementary Material. This issue can be discussed more
extensively from various aspects. First, when the general py-
roelectric method is used, the measured pyroelectric current
I(T) and deduced polarization P(T) as a function of T in the
low-T range (< 50 K) are qualitatively different for different
materials. In quite a few cases, different groups presented
inconsistent data from the same system, which is quite un-
usual. Second, a two-polarization-component model in the
low-T range is used to explain the observed phenomena in
a recent topical review on ferroelectricity of RMn,0s.[133 In
this model, the two components originating respectively from
the symmetric R**-Mn**—R*>* and Mn?*T—Mn**-Mn3* ex-
change strictions are available and they exhibit different 7-
dependence, contributing to the complicated overall /(T') and
P(T) behaviors. This model does work well on DyMn;Os and
TmMn,Os by describing the ferrielectric lattice but cannot be

(2834351 A major uncertainty is that

applied to other systems.
the two polarization components may not necessarily be cou-
pled with each other. Third, the mechanism for the magneto-
electric coupling is still not well understood yet, and inconsis-
tent data about the change of magnetically induced polariza-
tion were reported from various groups in GdMn,Os. 30311

In addition, our preliminary measurements on DyMn,Os,
GdMn;05, YMn,0Os5, and TmMn,Os5 revealed that the mea-
sured I(T) and P(T') data depend greatly on the detail of elec-
trical poling of the samples in the high-T range (> Ti).[?%33
The dependence brought us major difficulty in obtaining inter-
consistent data of the low-7 multiferroicity. We may inten-
tionally correlate the different electric poling sequences in the
high-T range with different polarized states. For example, one
defines a starting temperature Ty (> Tn1), at which a sample
is assigned to the electric poling until an ending temperature
(Tena ~ 2 K in the lowest limit of the present experimental en-
vironment). In our experiments, the same sample may show
qualitatively different data of I(T) and P(T) if Ty is different.
This effect has rarely been observed before and the results im-
ply that the low-T multiferroicity can be controlled by assign-
ing different polarized states in the high-T range.

In fact, it was reported in 2015 that the lattice struc-
ture of RMn;Os5 family at ambient temperature may belong
to the non-centrosymmetric Pm space group rather than the
centrosymmetric Pbam.%1 This work has caught attention in

35.37451 and some doubtable ferroelectric

the past three years,|
loops in the high-T range were measured. [*%+71 While this dis-
pute has not been settled, the possibility of polar lattice struc-
ture in the high-7" range may allow an opportunity to correlate
the data scattering of the low-7" multiferroicity with the high-
T polarized state induced by electric poling or other stimuli.
Here, it might be delicate to claim the high-T state as a “polar-
ized state” since the polar Pm lattice structure is questionable
and the physical mechanism is pendent. In this paper, the ter-
minology of “polarized state” refers to an electrically poled
state in a narrow sense, though nearly no ferroelectricity in the
high-T range for most of RMn,O5 members has not yet been
confirmed mainly due to the leaky problem. If this is true,
the measured I(T') data below Tn; by using the pyroelectric
method could depend on the magnetically induced component
and high-T polarized state. Possible contributions from local
lattice/nuclear or other degrees of freedom might be frozen at
low T and the memory of the specific high-T configuration is
kept. These issues thus arouse substantial interest in investi-
gating the low-T multiferroicity of RMn,Ojs for different high-
T poling sequences.

Since the specific constraints producing the low-T con-
figuration are not exactly known, tackling the electrical degree
of freedom over T in spite of other degrees of freedom at fixed
T could be of great help. In this work, we intend to deal with
this issue and take GdMn,Os as our object. The GdMn;Os5
was reported to have the largest polarization in the absence of
magnetic field, and a magnetic field of 2.0 T can flip the low-
T polarization, inducing a big change (AP = 5000 uC/m?).13!
However, no such flip by a magnetic field up to ygH =9 T
was observed in another report, making the underlying physics
puzzling.®! In addition, the low-T' magnetic ordering of this
system with only two magnetic transitions at Tnj and Tno as-
sociated with the Mn spin ordering has been identified. The
Gd spin is roughly isotropic and its independent ordering oc-
curs only at very low T (at Tgq). This implies that the Gd
spin may be aligned with the neighboring Mn spin but it can
be easily re-aligned by an external field (such as a weak mag-
netic field).[*3] Moreover, it is found that the magnetoelectric
effect at T < Tnp is remarkable, while the polarization around
Tn is almost insensitive to magnetic field. B4 As a result,
GdMn,Os seems to be an example to explore the possible cor-
relation between the low-7T multiferroicity and the high-T po-
larized state. Polycrystalline samples are chosen for some rea-
sons, which will be discussed in Supplementary Material.

2. Experimental details

The single-phase polycrystalline GdMn,Os was prepared
by the conventional solid-state reaction method. The highly
purified powder of Gd;O03 and Mn;O3 were mixed in stoichio-
metric ratio, ground, and then fired at 1200 °C for 24 h in a
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flowing oxygen atmosphere. The resulting powder was fully
re-ground and pelletized under 70 MPa pressure into disks of
2 cm in diameter, and then the pellets were sintered at 1400 °C
for 24 hin a flowing oxygen sphere prior to cooling down natu-
rally to room temperature. The sample crystallinity and struc-
ture were checked by x-ray diffraction (XRD) with CuK« ra-
diation at room temperature. The refinement of XRD data was
performed by using the standard Rietveld method. The chem-
ical composition and its spatial homogeneity on a nanoscale
were probed using scanning electron microscopy (SEM, Hi-
tachi S-4800) to ascertain the microstructure.

For the electrical measurements, Au electrodes were de-
posited on either side of each of the disk-like samples of
3.0 mm in diameter and 0.2 mm in thickness. The electric po-
larization P as a function of T in the low-T range (< Ty;) was
evaluated from the pyroelectric current I(7T) data. It should
be noted that this polarization is relatively small so that con-
ventional method such as positive-up negative-down method
cannot give sufficiently reliable results.

In order to investigate the influence of the high-T" polar-
ized state on the low-T multiferroic behavior, we designed
a set of specific experiments, which will be described in de-
tail in Section 3. For the common pyroelectric measurements,
an electric poling was applied to each sample by an electric
source with a compliance current of ~ 0.1 mA. The applied
voltage was 200 V for the sample of 0.02 cm in thickness, cor-
responding to a poling field of 10 kV/cm. Hereafter, the poling
electric field is denoted as E},. By this scheme, the sample was
cooled down from a given temperature Ty (to room temper-
ature) to an final temperature T¢,q (down to 2 K). Then the
sample was electrically short-circuited for sufficient time (in
our work, the short-circuit time was set to be about 60 min
to reduce the background current) at T4, followed by a slow
heating up to a temperature higher than 7y, during which the
electric current released from the capacitor was recorded by
using the Keithley 6514 A electrometer. The heating rate v;
may be varied from 2.0 K/min to 6.0 K/min in different mea-
suring cycles. The polarization P was then calculated by inte-
grating the pyroelectric current I(T).

Here it should be mentioned that the collection of I(T)
data was terminated at 7 = 60 K, and no more data above this
temperature would be provided. For all the cases, the current
between Tnj and 7' = 60 K was zero within the measuring un-
certainties. Therefore, the evaluated P(T') here only contained
the magnetism-induced polarization, but no contribution from
the high-T polarized state, if any. It should also be mentioned
that the probed current in the present measurements did not
contain any leaky signals since no electric bias had been ap-
plied to the sample. The possible other contributions may
be from the trapped charges in the shallow levels which are
de-trapped during the sample heating.!>°! This contribution, if

any, can be extracted by comparing the /(7T') curves measured
at different heating rates.

3. Results and discussion
3.1. Microstructures and low-T multiferroicity

The characterizations of microstructures and chemical
homogeneity of the samples are performed by measuring the
XRD 6-26 spectra and SEM observation. All the XRD peaks
can be properly indexed by the standard reflections without
identifiable impurity phase as presented in Fig. 1(b). For sim-
plicity, we still adopt the centrosymmetric Pbam space group
to index the spectra. Rietveld refinement is adopted to fit the
measured XRD data, and good agreement is obtained with
Ryp =6.12%, R, = 4.85%, and x> = 1.069. The refined lattice
parameters are a = 7.332 A, b=28.508 A, and ¢ = 5.662 A,
which are well consistent with earlier reported results.>!! The
microstructures and homogeneous planar spatial distributions
of Gd and Mn are shown in Fig. S2. The densely packed grains
show an average size of ~ 1.0 pm, excluding safely the surface
self-polarized effect.

()

®-
‘ Mn*
. Mn3+

e O

(b) O observed
GdMn205 —— calculated

° —— background
—— diffenence

Ruyp=6.12%
R,=4.85%
X2 =1.069

Intensity /arb. units

20 30 40 50 60
20/(°)

Fig. 1. (a) Schematic drawing of the lattice structure of GdMn;O5 with three
major Mn—-Mn exchanges J3, J4, and Js; (b) measured 6—26 XRD spectrum
of polycrystalline sample and Rietveld method refined data for comparison.

For more data about the specific heat, lattice distor-
tion, and magnetism, one may refer to earlier work on
RMn205,“9’24’26’52] as well as our characterization in Fig. S3
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of Supplementary Material. Here these results are briefly sum-
marized as follows. First, three anomalies are observed re-
spectively at temperatures Tn; ~ 41.0 K, Tn2 ~ 33.0 K, and
Tga ~ 3.5 K, which indicate the multiferroic/magnetic phase
transitions. Second, around 7gg, a weak but clear peak ap-
pears, manifesting a ferroelectric transition associated with the
independent Gd>* spin—ordering, which is different from the
reported behavior for single crystal sample.[3% All of these
are the typical features of type-1I multiferroics. Moreover, we
check the reliability of the pyroelectric method in our measure-
ments as shown in Fig. S4. The under-curve area of measured
I(T) is roughly proportional to the heating rate, revealing that
the measured current signals have no contribution from the de-
trapped charges during the sample heating, i.e., the charges
come entirely from the pyroelectric effect.

3.2. Low-T ferroelectricity associated with high-T polar-
ized states

According to the above results of the low-7" multiferroic
properties, one can now measure the variations of these prop-
erties in response to different high-7T polarized states. We first
perform extensive measurements and then refine several rep-
resentative sequences for the present study as schematically
shown in Fig. 2. Here, the arrow indicates the poling path.
Starting from Ty = 300 K, a direct current (DC) electric field
Ep is applied to the sample during gradually cooling down to
a “switching temperature”, Ty, and then the field is switched
to another value Ep; until Tepg. It is noted that £y and Epp
can be positive or negative. For convenience, each case shown
in Fig. 2 is abbreviated as Eab (a,b = +,—,0). For example,
E + — indicates Ep > 0 and Ep; < 0 while E + 0 refers to
Ey» > 0 and Ep; = 0. We only consider the data measured un-
der the poling field E}, = =10 kV/cm and 0. In our following
experiments, we set vy = 2 K/min, Ty, = 45 K (slightly higher
than 7y1), and T¢pg = 2 K, unless otherwise stated.

We present in Fig. 3 the measured I(T) curves and evalu-
ated P(T) curves under eight different poling sequences (E0+,
E+0,E+—, E—+, E++, and E — — modes), respectively.
It comes immediately to us that the low-T ferroelectricity is
tightly correlated with the high-T polarized state. For nonzero
Ep1 and zero Ep; (E0Z), one can still detect remarkable sig-
nals I(T) and P(T).
a sharp I(T) valley around T\, and a negative P below Txp,

Surprisingly, the positive Ej; induces

while the negative E,; generates a positive P below Tnz as
shown in Figs. 3(a) and 3(b). For zero Ep; and nonzero Ep;
(E £0) shown in Figs. 3(c) and 3(d), we observe the pyroelec-
tric current /(7') that has been discussed in Fig. S3(c) before.
The current is always positive or negative in the whole T-range
below T2, depending on the nonzero poling field E;; that ap-
pears in the temperature range from Ty, to Tinq. Moreover,
the I(T) curve for E,; < 0 and Ey; > 0 (E 4 — case) exhibits
a much higher peak around 7y, and the current peak shifts
slightly toward the high-T side. Again, these data are sur-

prising since a negative Ep applied to the sample here does
influence the polarization, while it is believed to be paraelec-
tric when T > Ty, > Tnp. This is certainly in discrepancy with
conventional ferroelectric scenario. The data in the E — 4 case
reveal the same feature. On the other hand, looking at the (T')
curve for E,; > 0 and Ep > 0 (E + + case), it is even more
surprising that the current peak around 7N, becomes negative
and then switches to a positive value around 30 K. The data
in the E — — case also reveal the same feature. For all these
cases, the current profiles around Tgq remain roughly similar
except for a weak anomaly at Tgq.

E T — T
T (a) BO+ moso || @0 |
0 Epg =0 Ep2 =0 :
no poling I no poling
: Epl <0
—-E, I
E, ' |
E >0 (d) E—-0 I
p2 E, =0 : En=0
OF oo e L .
- :no poling no poling
< E,»<0
& E, (c) B40 ! P2
%0 | T
= Ep _
cH e ® B+ [ 50
[0 P I B PR RUSR R
(e) E4— Ep1<0 Ep2<0
—E,
E, i |
Epp>0 | Epi>0 (h) E—— :
b o | N ]
I I
I . I
_p| (@ BE++ ' Ep2<0 | Ep1<0
P I t
TS‘V 7_:‘5W
<=
low-T <——— high-T +E,

Fig. 2. (a)-(h) Electric poling sequences designed for the present exper-
iments: modes EO+, EO—, E+0, E—0, E4+ —, E—+, E+ +, and
E — —, respectively. Here, field Ep; is applied in the temperature range
from Ty = 300 K to Tyw = 45 K, and field Ejy is applied from Ty, = 45 K
to Teng = 2 K. The corresponding device is schematically drawn below.

It is clearly demonstrated from the evaluated P(T') data in
Fig. 3 that the high-T polarized state plays a major role in the
low-T ferroelectricity. First, the curves at £ + — and E — +
are symmetric with respect to each other, so are the curves at
E +0 and E — 0, the curves at EO+ and £0—, and the curves
at E++ and E — —. Second, the sign of polarization at the
emerging point Ty, seems to be determined by the sign of the
poling field E},;, suggesting that more than one polarization
component exists in GdMn;,Os, and at least one of them is
correlated to Ep1. Third, we look at the signs of polarizations
around Ty; and Tgqg, P(Tnz) and P(Tgq), respectively, and the
dependence of the sign on Ep; and Ej; is summarized in Ta-
ble 1. In short, the sign of P(7x2) is opposite to that of E,; and
the sign of P(T5q) is the same as that of Ep.
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Fig. 3. ((a)-(h)) Measured I(T') curves (red) and evaluated P(T') curves (blue) in eight poling modes EO+, EO—, E+0,E —0, E4+—, E++, and
E — —, respectively. Characteristic temperatures 7x1, Tn2, and Tgq are marked. Colored blocks represent applied poling fields in corresponding
regions during sample cooling, with pink denoting Ej,, cyan denoting —E,, and white denoting 0.

Table 1. Signs of several polarizations and their dependence on sign
of Ep and Epp.

quantity sign Epi Er2
+ - + -
Pym - +
PGM + -
P(Tn2) - +
P(Tca) + -

3.3. Two polarization components

As stated above, obviously, there should exist more than
one polarization component in the low-T range (T < Ty ), and
here we only consider two components for simplicity. One
component is Py that emerges around 7Typ. This component
seems to be controlled by poling field Ej;, and the sign of Aym
is opposite to that of Ep. The other component is Fgy that
also emerges around Typ, but the emerging point is slightly

lower than that for Pypv. This component seems to be con-
trolled by poling field Ep, and its sign is the same as that of
Ep». The total polarization Fq would be the sum of the two
components, i.e., Pot = Pvm + Pom-

To further confirm the existence of component Pypy, we
look again at the I(T') data for two specific poling sequences:
EO— and EO+, while the data at EQO are probed as a refer-
ence. The data are plotted in Fig. 4(a). While no remarkable
signal is detected for the case of E00, positive /(T) and neg-
ative I(T) with corresponding peaks around Ty, are recorded
respectively. Moreover, to confirm the existence of compo-
nent PgMm, we also plot the I(T) data for two other specific
sequences: £+ 0 and E — 0 in Fig. 4(a). Clearly, the posi-
tive and negative I(T') with corresponding peaks around Tx»
are probed, confirming that the component Pgy is essentially
aligned by the poling field Ep.
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Fig. 5. Proposed microscopic mechanisms for polarization components Pyv
and Pgy and their responses to four chosen electric poling modes: E + +,
E + —, EO+, and E + 0 respectively. Total polarization Py = Pym + PoMm-
Here Py is assumed to be polarization of the high-T polarized state. Two
components Pyv and Py constitute respectively a sublattice as shown in
panels (a) and (b). Py is clamped by high-T polarized state in the anti-
parallel form (Pym T4 “Ry”) but Py is aligned by Ejp applied below Ty,
Pum ~ 0if “Py” ~ 0, i.e., Ey; = 0 as shown in panel (c). The low-T polar-
ization lattices for the four modes are plotted in panels (d), (e), (f), and (g),
respectively.

(f) P(E+0) = Pyym

For this stage, a crude and probably over-simplified as-

sumption can be made: it is noted that the two components
Pvim and Py are mainly aligned by poling fields Ep; and Ep»
respectively, while at the same time they are most likely irrel-
evant with the other one (poling field). It is interesting to note
that the obtained P,o(7) curve by summing Pym(7) curve
under poling EO— and Pgm(T) curve under poling E + 0 is
well consistent with the measured P(T') curve under poling
E + — as shown in Fig. 4(b). This consistency further con-
firms the above assumption, which allows us to discuss all the
measured P(7') data under various poling sequences based on
this assumption. For convenience of illustration, we present in
Fig. 5 the measured P(T) curves under the poling sequences
E++,E+—, EO+, E+0. It is seen that all the curves can be
well described by the different combinations of the two com-
ponents, indicating that the low-T ferroelectricity below Ty
for GAMn,Os is indeed a property of two-component physics.

Certainly, the two polarization components are magne-
tism-related. As suggested earlier, component Py can be as-
signed to the Mn—Mn symmetric exchange striction induced
polarization and component Pgy to the Gd—Mn symmetric ex-
change striction induced component. For GdMn;Os, it seems
that the two components are not coupled with each other as
in the case of DyMn,Os. This is understandable since the Gd
spins were reported to be somehow isotropic and not tightly
clamped by the neighboring Mn spins.3%#81 Although the
ground state favors the parallel/antiparallel alignment of Gd
spins with the neighboring Mn spins, the electric poling by
Ep below Ty, may induce the Gd spins to flip from one direc-
tion to its opposite direction due to the flip of Pgm.

3.4. Clamping of Ay by high-T polarized state

The core phenomenon observed in the present experi-
ments is that component Pyp is always opposite to poling
field Ep that is applied in the high-T range but terminated at
a temperature Ty, slightly higher than 7y;. This is also one of
the core issues for understanding the low-7" multiferroicity of
GdMn;Os, or even the other members in the same family. This
puzzling phenomenon raises serious concerns about the high-
T polarized state that may determine the orientation of Py .
Since Pyv is magnetism-generated and it will not appear un-
til Tno < Tni < Tiw, the high-T magnetic fluctuations above
11, if any, may influence the magnitude of Py by reconfig-
uring the Mn spin ordering but have no way to determine the
direction of Pyv. The only possibility here is that there ex-
ists a high-T polarized state with a “virtual polarization Fy”, if
this state is electrically aligned by poling field E,;. This “Py”
is well saturated in the low-T range and thus contributes no
pyroelectric current in the whole T'-range below Tgy.

Given this well-aligned high-T polarized state with “Py”
parallel to £, the observed puzzling effect may be explained
qualitatively. This polarized state is aligned by Ep; from
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Ty = 300 K until Ty, = 45 K that is sufficiently low for freez-
ing this state. In this case, no matter whether a positive or neg-
ative Ej,; enters below Ty, this polarized state remains well
frozen without much change until 7¢,q. Our measured results
suggest that this well-aligned polarized state does clamp the
subsequently-appearing magnetism-induced polarization Pypv
at Tno, i.e. Pvym is always antiparallel to “Fy”, or Ep;.

The antiparallel clamping of Pym by “Py” is only a crude
hypothesis without sufficient evidence so far. It is just pro-
posed here to explain the observed results. Even so, one still
has several reasons to favor this hypothesis. First, based on
this hypothesis, the measured results about the low-T ferro-
electricity can be reasonably understood. Second, earlier first-
principles calculations on HoMn,Os did reveal the existence
of two polarization components: ionic polarization and elec-
tronic polarization, and they are antiparallel to each other.>3!
Neither of the two polarizations related to the Mn ions’ contri-
butions, corresponds to the “Py” or Pypv here, but it is inferred
that the two polarizations are usually antiparallel if they co-
exist simultaneously in a system in order to lower the electro-
static energy. Third, one may discuss a specific case for the
poling sequence E +0 or E — 0. If no such clamping effect
between Pyiv and “Py” exists, poling field Ep, applied in a
temperature range from Ty > Tno to Tepg would align both
Pum and Pgy in the same direction, leading to a large Piy.
However, our measured polarization is only Pgy as shown in
Fig. 3. This suggests “Fy” = 0 if E,; = 0 and thus Pym ~ 0,
i.e., the local Pypv is always clamped by the local “Fy”.

3.5. Discussion

All of our discussion on the measured results of
GdMn,Os reveals two major facts. On the one hand, it is re-
vealed that the possible high-T polarized state has a strong
influence on the low-T multiferroic behavior, in particular, the
low-T ferroelectric polarization. Certainly, the Mn spin con-
figuration would be dependent on the high-T polarized state
although this prediction needs direct evidence from magnetic
structure probing. This influence allows the low-T multifer-
roicity to be tuned by the high-T electric poling, which repre-
sents an electric control of multiferroicity or magnetism in the
specific sense. On the other hand, it is claimed that the high-T
polarized state can clamp the magnetism-induced polarization
BPum below Tnp, making the low-T multiferroicity fascinat-
ing. These two facts allow us to map the electric control of
the low-T ferroelectricity for the four typical different poling
sequences, referring to the proposed mechanisms for generat-
ing the two polarization components via the Mn—Mn and Gd-
Mn symmetric exchange strictions.*3 The corresponding spin
structures at low T are schematically drawn for illustration in
Fig. 5, using the main results revealed in the present work.

Nevertheless, the deficiencies or issues, requiring future

investigation are also obvious. First, insufficient evidence for
the high-T polarized state, or more specifically, no nature of
this polarized state is given in the present work. It is a big
challenge to probe the polarized state in the high-T range due
to the very leaky problem, and more, whether this state is true
is still a question. This problem is essential due to the narrow
bandgap of RMn,Os. Second, it is observed that polarization
components Py and Pgy are non-coupled or only loosely
coupled. The underlying physics remains to be revealed by
carefully determining the Gd and Mn spin structures in the
low-T range, such as by using neutron scattering. Third, we
come back to the issue of sample quality. The careful and
reliable measurements on single crystals rather than polycrys-
talline samples would be highly preferred for additionally val-
idating the conclusion of this work, although an effective ap-
proach to excluding the strong self-polarized effect on the sin-
gle crystal surfaces would be a big challenge.

4. Conclusions

In the present work, focusing on the correlation of the
probable high-T polarized state with the magnetically induced
electric polarization in the low-T range, we perform extended
measurements of GdMn,Os in its polycrystalline form. It is
revealed that the high-T electric poling routine plays a vital
role in controlling the low-7 multiferroic behavior. The re-
sults suggest that there are two main magnetism-related polar-
ization components responsible for the observed unique sce-
narios, which refer to component Pyy generated by the Mn—
Mn exchange striction and component Pgy generated by the
Gd-Mn exchange striction. The component Pypy is obviously
tightly clamped by the high-T polarized state while the com-
ponent Pgy is not. The present work provides a comprehen-
sive understanding of the relationship between low-7" multi-
ferroicity and high-T polarized state in GdMn;,Os, and also
presents a representative case where how multiferroicity can
be controlled by electrical poling.
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