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Magnetic-Field Controllable Displacement-Type
Ferroelectricity Driven by Off-Center Fe?* lons in

CaFe,Ti,O,, Perovskite

Dabiao Lu, Denis Sheptyakov, Yingying Cao, Haoting Zhao, Jie Zhang, Maocai Pi,
Xubin Ye, Zhehong Liu, Xueqiang Zhang, Zhao Pan, Xingxing Jiang, Zhiwei Hu,

Yi-feng Yang, Pu Yu, and Youwen Long*

Displacement-type ferroelectrics usually exclude magnetic d-electron
contribution. Applying a magnetic field thus can little change the electric
polarization. Herein, a magnetic ionic driven displacement-type perovskite
ferroelectric CaFe;Ti,O;, is reported. In this compound, magnetic Fe** ions
contribute to both ferroelectric and antiferromagnetic orders respectively at T
~107 and Ty = 3.1 K, resulting in coupled electric and magnetic domains. A
moderate magnetic field can induce a metamagnetic transition toward
ferromagnetic correlations. External magnetic fields can thus readily tune the
magnetic and the joint ferroelectric domains, giving rise to exceptional
magnetic-field controllable displacement-type polarization with a large
magnetoelectric (ME) coupling coefficient. This study opens up a new avenue
to find unprecedented ME effects in displacement-type ferroelectrics for

nonmagnetic d° and lone-pair 6s® ions
are usually responsible for displacive
ferroelectric (FE) distortions,[* ! apply-
ing an external magnetic field cannot
effectively change the magnitude of elec-
tric polarization (P). Even though some
magnetic ions coexist with the displacive
d® or 6s? ions as reported in BiFeO,,!”!
BiMnO;,®l  PbFe,Nb,;0,°! etc, ferro-
electricity and magnetism originate from
different cations. As a result, the Pis almost
independent on magnetic field.'%12] Tt is
thus a substantial challenge to use magnetic
fields to control the spontaneous polariza-
tion in a displacement-type ferroelectric.

numerous applications.

1. Introduction

Displacement-type perovskite ferroelectrics, such as BaTiO;,
PbTiO,, and Pb(Zr, ,Ti )O;, have received much attention
owing to their superior performance and various practical
applications in capacitors, sensors, and actuators.' Since

If magnetic d-electrons in a solid can
not only displace directionally but also
form a peculiar spin order with sensi-
tive magnetic field dependence, such a

peculiar material may provide a unique opportunity to real-
ize strong magnetic-field controllable displacement-type ferro-
electricity. Unfortunately, this case is extremely rare to occur.!]
For example, although displacive magnetic ions are involved in
YMnO,,!"3) Sr;  Ba,MnO; (0.45 < x < 0.5),'* and Ca;Mn, 0,15
the robust antiferromagnetic (AFM) order (ie., the AFM

D. Lu, Y. Cao, H. Zhao, . Zhang, M. Pi, X. Ye, Z. Liu, X. Zhang, Z. Pan,
Y.-feng Yang, Y. Long

Beijing National Laboratory for Condensed Matter Physics
Institute of Physics

Chinese Academy of Sciences

Beijing 100190, China

E-mail: ywlong@iphy.ac.cn

D.Lu,Y.Cao, H.Zhao, ). Zhang, M. Pi, Y.-feng Yang, Y. Long
School of Physical Sciences

University of Chinese Academy of Sciences

Beijing 100049, China

D. Sheptyakov

Laboratory for Neutron Scattering and Imaging (LNS)

Paul Scherrer Institut (PSI)

Forschungsstrasse 111, Villigen CH-5232, Switzerland

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202411133

DOI: 10.1002/adfm.202411133

Adv. Funct. Mater. 2024, 2411133

2411133 (1 of 8)

X. Jiang

Technical Institute of Physics and Chemistry
Chinese Academy of Sciences

Beijing 100190, China

Z.Hu

Max Planck Institute for Chemical Physics of Solids
01187 Dresden, Germany

Y.-feng Yang, Y. Long

Songshan Lake Materials Laboratory

Dongguan, Guangdong 523808, China

P. Yu

State Key Laboratory of Low Dimensional Quantum Physics and
Department of Physics

Tsinghua University

Beijing 100084, China

© 2024 Wiley-VCH GmbH


http://www.afm-journal.de
mailto:ywlong@iphy.ac.cn
https://doi.org/10.1002/adfm.202411133
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202411133&domain=pdf&date_stamp=2024-08-16

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(@ [ 290 K
i 4 Im-3
[N
=
<
S L
2 0
2 | o ®
8 ()] ?
c o) ®
= B O] ; 0]
p 7 e | s
FL0 0 e e et teerr e e e e e e e e e EEr e e e FERRREEE TOEE TER R

10 20 30 40 50
260 (deg)

Figure 1. a) Rietveld refinement results based on the SXRD data collected
at 290 K for CaFe;Ti,O4,. Observed (black circles), calculated (red line),
and difference (blue line) are illustrated, respectively. The magenta ticks
indicate the allowed Bragg reflections of space group Im-3. b) Schematic
of the crystal structure of CFTO in its Im-3 symmetry.

structure is unchanged by magnetic field) formed in these fer-
roelectrics hinders the presence of magnetic-field controllable
polarization.['>"V7] Herein, we report an exceptional magnetic
Fe?* ions driven displacement-type ferroelectric CaFe,Ti,O,,
(CFTO). In sharp contrast to the above compounds, external mag-
netic fields can readily tune the AFM structure toward ferro-
magnetic (FM) correlations. Consequentially, applying magnetic
fields can readily change the magnetic domains and the coupled
FE domains, giving rise to significant magnetic-field controllable
displacement-type ferroelectricity in CFTO.

2. Results and Discussion

Figure 1a shows the synchrotron x-ray diffraction (SXRD) pattern
of CFTO collected at 290 K and the relative Rietveld refinement
results. All the diffraction peaks can be indexed to A-site ordered
AA’;B,O,,-type quadruple perovskite structure with space group
Im-3 (No. 204), and no visible impurity phase was present. In
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this symmetry, Ca and Fe are completely ordered at the Wyckoff
positions 2a (0, 0, 0) and 6b (0, 0.5, 0.5), due to the large ionic
size difference, whereas Ti and O occupy positions 8¢ (0.25, 0.25,
0.25) and 24 g (x, y, 0), respectively. The refined structural pa-
rameters are listed in Table S1 (Supporting Information). Satis-
factory goodness-of-fit parameters were obtained, as character-
ized by R, = 2.19% and R, = 3.23%. Both bond valence sum
calculations and x-ray absorption spectroscopy results confirmed
the charge combination to be Ca**Fe**,Ti**,0,, (see Table S1
and Figure S1, Supporting Information). Figure 1b depicts the
schematic of the crystal construction of CFTO in its Im-3 sym-
metry. Corner-sharing TiO, octahedra are formed for the B-site
Ti**, while square-planar coordinated FeO, units appear for the
A’-site magnetic ions of Fe?*.

Figure 2a shows the temperature dependence of magnetic sus-
ceptibility (y) for CFTO measured at 0.1 T. As the temperature de-
creased to Ty ~ 3.1 K, a sharp cusp was observed in both the zero-
field-cooling (ZFC) and field-cooling (FC) susceptibility curves,
indicating the occurrence of an AFM phase transition. Above 50
K, the data of y~! can be well fitted using the Curie-Weiss law
with the function y~' = (T - 0) / C (see Figure S2, Support-
ing Information). Figure 2b shows the isothermal magnetization
curves between —7 and 7 T. The linear magnetization behavior
observed above Ty (e.g., 100 K) is in accordance with paramag-
netism. Below Ty, such as at 2 K, one can find a metamagnetic
transition (see the inset for clarity) from the initial AFM state
with linear magnetization to a ferromagnetism-like state with a
magnetic moment of 8.5 uy fu.”! up to 7 T. Even at temperatures
considerably higher than T such as at 10 K, field-induced FM
behavior still exists. Based on the temperature dependent mag-
netization measured at different fields (see Figure 2c), one finds
that the AFM cusp gradually disappears with the field increas-
ing to a critical value H. = 0.8 T, and higher fields can induce
FM correlations at temperatures well above Ty. These results
reveal the readily tunable spin alignment of CFTO in magnetic
fields.

Corresponding to the AFM phase transition, a sharp A-type
anomaly occurred in the specific heat (C,) at Ty (refer to
Figure 2d and the inset), suggesting the second-order nature of
the AFM transition. Unexpectedly, the C, curve displayed a sec-
ond anomaly, which was rather broad near 110 K. Because no
magnetic variation occurs around this temperature, the relative
dielectric constant ¢,(T) was measured to examine the origin of
this anomaly. As shown in Figure 3a, ¢,(T) displays a sharp peak
at the critical temperature T ~ 107 K. Moreover, the position
of the dielectric peak is completely frequency independent, im-
plying a possible FE phase transition. Below T, CFTO exhibits
quite low dielectric loss (tané < 0.05) as shown in Figure 3b. Far
above T (e.g., > 170 K), the dielectric loss, especially at lower fre-
quencies, increases with increasing temperature, indicating the
presence of some leakage effects, which could make the magni-
tude of ¢,(T) change somewhat above T at different frequencies.
Note that tané does not show a similar frequency-independent
peak as ¢€,(T) does at T.. This may be attributed to grain-size ef-
fects as reported elsewhere.['®! Near T, €,(T) shows a tiny down-
turn (see the inset for clarity). This feature was also observed in
some hexagonal FE manganites!'?! owing to the decrease of the
polar ionic displacement during the AFM phase transition, i.e, a
magneto-elastic coupling effect.?%) Moreover, magnetic fields can
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Figure 2. a) Temperature dependence of magnetic susceptibility y measured at 0.1 T using ZFC and FC modes (left axis), and the Curie-Weiss fitting
(blue line) for the ZFC data of y~! above 50 K (right axis). The inset shows the enlarged view for the AFM transition. b) Magnetic field dependence
of magnetization measured at some fixed temperatures. The inset shows the derivative of magnetization to characterize the metamagnetic transition.
c) Temperature dependence of magnetization measured at different magnetic fields. d) Temperature dependence of specific heat C,,. The inset shows
the anomaly associated with the AFM transition.
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Figure 3. Temperature dependence of a) relative dielectric constant ¢,, b) dielectric loss tané measured at different frequencies, c) pyroelectric current
I5(T) measured under different poling procedures with the value of the poling field E, = 1.0 MV m~1, d) electric polarization P(T) by integrating the
pyroelectric currents poled from 150 to 2 K. The inset in (a) shows Ae¢, (T) = €,(T) — ¢,(5 K) measured at 10 KHz and different magnetic fields. And the
dotted line is the linear extension of Ae, (T) curve at Ty. The insert in (c,d) shows the enlarged view for I, (T) and P(T) near Ty, respectively. Ferroelectric
hysteresis loops measured e) at selected temperatures with excitation electric fields £~ 1.0 MV m~, f) at 50 K with different excitation electric fields.
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suppress the dielectric down-turn at Ty, in CFTO, in accordance
with the readily tunable AFM state.

To confirm the FE phase transition occurring at T, the tem-
perature dependent pyroelectric current I (T) was measured after
poling the sample from 150 to 2 K, and then the related P(T) was
obtained for CFTO by integrating the I,(T) as a function of time.
As shown in Figure 3c, a sharp pyroelectric peak is observed near
T, where P(T) experiences a remarkable increase (Figure 3d).
Moreover, both I,(T) and P(T) are reversible if the sign of the pol-
ing electric field (E,) changes from positive to negative, demon-
strating the occurrence of an FE transformation at T.. Note that
the value of P (6.4 uC cm™?) is not saturated under this E, (1.0 MV
m™!), since P increases with increasing poling fields as shown
in Figure S3 (Supporting Information). In addition, by using the
aforementioned poling process from 150 to 2 K, a small pyroelec-
tric peak is found to occur at Ty, which has an opposite sign to
that observed at T (see the inset of Figure 3c). To check whether
this small anomaly is an independent electric polarization caused
by the AFM order of Fe** or not, the I,(T) was also measured by
poling the sample from 20 to 2 K with E,, only across Ty, but not
Tc. In this procedure, however, no pyroelectric and polarization
variation occur at Ty (see the inset of Figure 3c), revealing that
the small polarization at Ty is originated from the polarization
generated by the FE phase transition at T, rather than indepen-
dently induced by the AFM spin texture. This result is in good
agreement with the dielectric down-turn, indicating that the AFM
magneto-elastic effect slightly reduces P at Tj.

Since the pyroelectric measurement may contain some extrin-
sic contributions like thermally stimulated current,/?!l FE hys-
teresis loops were measured to further confirm the ferroelec-
tricity of CFTO by using the positive-up negative-down (PUND)
method. This method can exclude extrinsic contributions, such
as dielectric and conductive components.[2223] As illustrated in
Figure 3e, at temperatures below T, one can find canonical PE
loops, whereas the Pis zero well above T (e.g., at 120 K). A small
amount of polarization can be observed at 110 K, implying the
existence of some short-range FE domains near T. At fixed tem-
peratures (e.g., 50 K), the PE loops expand with increasing elec-
tric field, as shown in Figure 3f. The value of FE polarization in-
creases from 0.026 to 1.30 uC cm™2 as the electric field increases
from 1.79 to 3.77 MV m~!. Because the sample was broken un-
der higher applied electric fields owing to the leakage effect, one
cannot determine the saturated polarization in the polycrystalline
CFTO. Note that the magnitude of polarization obtained by PE
loops (1.30 uC cm™2) is smaller than that obtained by pyroelec-
tric current (6.4 uC cm™2), due to the more readily tuned fer-
roelectric domains by using pyroelectric poling procedures and
some contributions of thermal stimulated currents in pyroelec-
tric measurements. Nevertheless, the temperature dependent po-
larization and PE loops confirmed the occurrence of an intrinsic
paraelectricity-to-ferroelectricity phase transition at T, =~ 107 K.

To identify the polar crystal structure of CFTO below T,
SXRD was performed at different temperatures. As shown in
Figure S4a (Supporting Information), one cannot discern any
new diffraction peaks or apparent peak splitting in the cur-
rent resolution. However, if we check the height and width for
some diffraction peaks, there are clear variations with tempera-
tures (see Figure S4b—e, Supporting Information). As depicted in
Figure S4f (Supporting Information), although the relative in-
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tensities of some diffraction peaks remain almost unchanged
above T, they undergo remarkable divergence at the onset of T.
Moreover, the gradually decreasing full width at half maximum
(FWHM) started to sharply increase with the temperature down
to T (see Figure S4g, Supporting Information). In addition, sim-
ilar behavior can also be found in neutron powder diffraction
(NPD) patterns (see Figure S5, Supporting Information). These
features provide evidence for the occurrence of structural phase
transition of CFTO at Tg.

Based on Landau’s theory of the symmetry-breaking struc-
ture phase transition, the lower-symmetry structure is described
by order parameters that are transformed according to the irre-
ducible representation (irrep.) for the space group of the higher-
symmetry parent phase.[>*] Because no new diffraction peak ap-
pears in the SXRD patterns of CFTO, the lattice translations
should be maintained in the subgroup. This implies that the wave
vector of irrep. is zero, corresponding to point I' in the Brillouin
zone. With the limitation of polar subgroups, irrep. can be fur-
ther determined to be I, only, yielding two possible polar space
groups, R3 (No. 146) and Imm2 (No. 44).15] Furthermore, these
two space groups as well as the high-temperature Im-3 were used
to refine the SXRD pattern collected at 5 K. As shown in Table S2
(Supporting Information), the R3 symmetry gives the most reli-
able refinement. Similarity, a significant improvement in refine-
ment quality for NPD pattern at 5 K can be achieved by using R3
instead of Im-3 space group (see Figure S6, Supporting Informa-
tion). To determine the space group further, first-principles calcu-
lations were performed. During the calculations for the ground-
state structure, it was found that the R3 phase was more energet-
ically favorable than the Imm2 phase by 0.63 eV/f.u., suggesting
that R3 is most probable for the low-temperature polar phase of
CFTO (the electronic band structures of R3 phase are shown in
Figure S7, Supporting Information). Thus, we used space group
R3 to analyze the SXRD data collected below T.. Figure 4a shows
an example of Rietveld refinement based on the SXRD pattern ob-
tained at 5 K, and the detailed structural parameters are listed in
Table S3 (Supporting Information). Figure 4b shows the temper-
ature dependence of the lattice constants and unit cell volumes of
CFTO. The paraelectric and ferroelectric phases exhibited differ-
ent temperature dependences, but the cell volume experienced
only a slight variation at T..

Figure 4c shows a schematic of the crystal structure of the po-
lar rhombohedral FE phase. This polar structure was formed by
slightly shortening the initial cubic Im-3 structure along the[1 1
1] direction. Accompanying the structural phase transition from
Im-3 to R3, the initially single Ti position separates into two dif-
ferent Wyckoff positions, thatis, 3a (0, 0, z) for Til and 9b (x, y, 2)
for Ti2, whereas Fe occupies a single Wyckoff position of 9b. Both
Ti and Fe are displaced from the polyhedral centers, resulting in
displacement-type FE polarization. Restricted by the symmetry of
R3, the displacement direction of Til is along the ¢ axis. For Ti2
and Fe, the ab-plane displacive effects cancel out, leading to the
net displacement along the c-axis direction, too. Figure 4d illus-
trates the magnitude of displacements for Ti and Fe ions. Specif-
ically, Til and Ti2 are displaced from the original position of the
cubic phase by 0.03 and 0.07 A, respectively. The displacement
of Fe is 0.15 A, which is much larger than those of Ti, suggest-
ing that the square-coordinated Fe plays an important role for the
formation of displacement-type FE polarization of CFTO. Based

© 2024 Wiley-VCH GmbH

85UBD17 SUOWIWOD BAITE81D 3|qealdde au Aq peussnob afe sopiue O ‘8sn Jo S3|nJ oy Aud1T 8U1IUO A1 UO (SUONIPUOD-PUE-SWLIB) 0D AB 1M AR 1]BU 1 |UO//:SdNY) SUORIPUOD pue SWiS 1 8U) 89S *[202/80/6T] U0 Aeiq1auljuo A3|IM ‘ Seaueds JO Awepeoys 8seulyd SosAUd JO 8ininsu| - Buo uemno A Aq EETTTYZ0Z WiPe/Z00T OT/I0p/L0D A8 1M ARelq Ul uo//Sdny Wouy pepeojumoq ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

(a) © @ Ca @Fc @Til ®Ti2 ¢ 0O

3

8_

=z

é L

E

10 20 93'3 40 50
20(deg)
®) = 417 ()
T . . o
g | | ° :C
L N =
g ®® 416 2
P 5
87.460} 2
= >
— i
4 , o : . g
74550750 100 150 200 2501
T (K)

Figure 4. a) Rietveld refinement results based on the SXRD data collected at 5 K using the R3 space group. Observed (black circles), calculated (red
line), and difference (blue line) are illustrated. The magenta ticks indicate the allowed Bragg reflections. b) Temperature dependence of lattice constants
and cell volume. The solid curves show the distinct tendencies of the cell volumes by fitting the data with quadratic polynomials. c) Schematic of the
crystal structure of CFTO in its R3 symmetry. d) lonic displacements in the polar rhombohedral phase. The square cell edge and dotted cycles represent
the cell edge and cations’ positions in the cubic phase, respectively. The arrows illustrate the displacive directions with the distances shown nearby.

on the point charge model, the value of net spontaneous electric
polarization arising from the cations’ displacements is calculated
as 36.9 uC cm~2, which is comparable with those for some canon-
ical ferroelectrics, such as BaTiO, (26 pC cm™2).12¢]

To further elucidate the driving force for the FE transition of
CFTO, we summarized currently reported AA’;B,O,,-type per-
ovskite compounds!?’-3! with Ti** at B-site in Table 1. Since a
small tolerance factor t = (ry + o)/ V/2(rs + o) (ra» 5> & 7o TED-
resent for the ionic radius of A, B, and O, respectively) is generally
incompatible with d° ions induced ferroelectricity in a perovskite
structure,¥233 most compounds in Table 1 are nonpolar, with the
exception of PbHg,Ti,O,, and CFTO. Considering the nonpolar
nature of SrHg,Ti,O,,, one can deduce that the ferroelectricity
of PbHg,Ti,O;, is primarily driven by the 6s? lone-pair electrons
of Pb?* ions. However, CFTO does not possess 6s? ions, one can

Table 1. Currently reported AA’;B,O+,-type perovskite oxides with Ti** at
B-site.

Compounds tolerance factor 6s? ions ferroelectricity Refs.
CaFe;Ti O, 0.78 None 107 K This work
CaCu;Ti O, 0.76 None Nonpolar [27]
SrCu;Ti Oy, 0.77 None Nonpolar [28]
CaCo;Ti 05, 0.77 None Nonpolar [29]
CaPd;Ti, O, 0.78 None Nonpolar [30]
SrHg;Ti,O4, 0.88 None Nonpolar 37]
PbHg;Ti O, 0.88 Pb+ 250 K 371]
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thus infer that the unique Fe?* ions play a crucial role for the FE
transition of CFTO.

Because Fe?* ions contribute to both magnetic order and
displacement-type ferroelectricity, the polarization is expected to
be controlled by applying magnetic fields in CFTO. Figure 5a
shows the change of polarization AP(H) = P(H) — P(0 T) as a func-
tion of the magnetic field at different temperatures. One finds
that the AP(H) monotonically decreases with increasing mag-
netic field from 0 to 9 T at all temperatures we measured. The
absolute value of the AP(H) is as large as 0.1 uC cm=2 at 2 Kand 9
T. Even at 30 K, this value reaches 0.05 uC cm~2. Based on field de-
pendent polarization, we can calculate the magnetoelectric (ME)
coupling coefficient a by the formula @ = dP /dH. As shown in
Figure 5b, an unexpectedly large a value of up to 500 ps m~! is ob-
served at 2 Kand 0.8 T for CFTO. It is well known that in conven-
tional displacement-type ferroelectrics, the magnetic field has lit-
tle effect on the magnitude of polarization.[!11234] In comparison,
the a coefficient of CFTO is even comparable to those observed
in some typical type-II multiferroics,'!l where the P is induced
by peculiar spin textures instead of ionic displacements, such as
TbMn,Os (@ ~ 500 ps m~! at 1 T),1>*) TbMnO; (« &~ 250 ps m™! at
4.5 T),1l and Ni, V,Oq (a ~ 500 ps m™* at 1.7 T).1¥”] However, be-
cause the value of spin-induced polarization is usually extremely
small, the field-tunable magnitude of A P(H) in these type-II mul-
tiferroics (0.08, 0.04, and 0.013 pC cm=2 for TbMn, O, TbMnO;,
and Ni,V, Oy, respectively) is much lower than that detected in
the current CFTO.

To explore the origin of the large AP(H) in CFTO, AP(H) was
measured by using different poling procedures, including the
poling field E, just across Ty (from 20 to 2 K) and T¢. (from 150
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Figure 5. Magnetic field as a function of, a) change of electric polarization AP(H) = P(H) — P(0 T), b) magnetoelectric coupling coefficient « = dP | dH
for CFTO. Before measurement of AP(H) in (a), the sample was poled from 150 to 2 K with poling field £, = 1 MV m~'. ¢) Field dependence of AP(H)
measured at 2 K using different poling procedures. d) Repeatable change of electric polarization (red line) under a triangularly periodic magnetic field

(blue dotted line) measured at 2 K.

to 20 K) as well as E, across both T and Ty (from 150 to 2 K).
As shown in Figure 5¢, no obvious AP(H) can be observed with
E, justacross Ty (the first procedure), whereas significant A P(H)
occurs as long as the polarization associated with Fe?* displace-
ment is aligned by a poling field (the last two procedures). These
results reveal that the AP(H) arises from the displacement-type
FE polarization generated at T, while the AFM order at Ty itself
does not contribute to ME effects in CFTO.

Note that in magnetic ions involved ferroelectrics, strong cou-
pling between ferroelectric and magnetic order is generally re-
alized. For example, in perovskite Sr, ,Ba,MnO, (0.45 < x <
0.5),*] the FE polarization is driven by off-center magnetic
Mn** ions significantly reduces at the AFM phase transition. In
double-layered perovskites Ca;Mn,0,,[%] the ferroelectricity was
induced by tilting of MnO, octahedra, and the magnetization can
be slightly changed by applying an electric field. And in hexago-
nal YMnO,, the buckling of MnOs bipyramids plays a key role for
the formation of FE polarization,'3] giving rise to coupled AFM
and FE domains.®®! Similarly, coupled magnetic and electric do-
mains could also present in CFTO, since the magnetic Fe** ions
participate in magnetic and FE orders both. However, the elec-
tric polarization of Sr;  Ba,MnO;, Ca;Mn,0,, and YMnO; can-
not be tuned by external magnetic fields owing to the robust AFM
structure.['>"¥] In contrast, in the current CFTO, the ground-state
AFM spin alignment can be easily changed toward FM correla-
tions, leading to field readily tunable FM domains and relevant
FE domains, which is responsible for the unprecedented realiza-
tion of a magnetic-field controllable displacement-type ferroelec-
tricity. Moreover, when a triangularly periodic magnetic field is
applied to CFTO, reproducible variation of the polarization can
be observed without any noticeable decay in its magnitude, as il-
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lustrated in Figure 5d. Such a well repeatable feature reveals the
switchable “On/Off” behavior, providing potential applications in
field-controlled electronic devices.

3. Conclusion

In summary, a high-quality quadruple perovskite oxide CFTO
was prepared using high-pressure and high-temperature meth-
ods. The compound undergoes a displacement-type FE phase
transition at 107 K involving considerable off-center displace-
ment of Fe?* ions, giving rise to a structural phase transition from
the centrosymmetrical Im-3 to a polar R3 structure. As the tem-
perature decreased to 3.1 K, the A’-site Fe?* ions experienced a
long-range AFM order. Moreover, the AFM ground state is sen-
sitive to an external magnetic field, and a moderate field of ~0.8
T can induce a metamagnetic phase transition toward the forma-
tion of FM corrections. Because the magnetic Fe?* ions simul-
taneously participate in ferroelectric and spin orders, the mag-
netic and electric domains are closely coupled with each other.
As a result, a large magnetic-field controllable displacement-type
polarization with a strong ME coupling effect is realized for the
first time. This study provides a prototype material system to re-
alize significant ME coupling effects in displacement-type fer-
roelectrics with promising applications in advanced electronic
devices.

4. Experimental Section

Material Synthesis:  Polycrystalline CaFe;Ti, O, was synthesized via a
solid-state reaction under high-pressure and high-temperature conditions.

© 2024 Wiley-VCH GmbH
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Highly pure (>99.9%) CaO, Fe, Fe,03, and TiO, powders were used as
starting materials. The finely mixed reactants with stoichiometric compo-
sitions were packed into a platinum capsule with 3.0 mm diameter and
length and then treated at 9 GPa and 1473 K for 1 h on a cubic-anvil-
type high-pressure apparatus. During the synthesis, we also attempted
to use the precursors CaTiO; and FeTiOj; as the reactants. However, this
method always produces some impurities (~5 wt.%), as reported in the
literatures.3%-41]

Structural and Physical Property Measurements: Synchrotron X-ray
diffraction was performed using a Swiss Light Source with a wavelength of
0.56353 A. The GSAS program!*?] was used to refine the structural param-
eters using the Rietveld full profile refinement method. X-ray absorption
spectroscopy measurements were performed at the TLST1A beamline at
the Taiwan National Synchrotron Research Center at room temperature.
Neutron powder diffraction was performed at the high-resolution powder
neutron diffractometer HRPT of Paul Scherrer Institute with a wavelength
of 1.494 A. The temperature dependence of the magnetic susceptibility and
the field dependence of the magnetization were measured using a super-
conducting quantum interference device magnetometer (Quantum De-
sign, MPMS3). Specific heat data were collected using a physical property
measurement system (Quantum Design, PPMS-9T). A polished hard disk-
shaped pellet (diameter, 2.0 mm) with a thickness of 0.25 mm was used for
electric measurements. Frequency-dependent permittivity measurements
were performed by using an Agilent-4980A LCR meter in the 2-200 K tem-
perature range. Ferroelectric hysteresis loops were measured at 50 Hz us-
ing a Radiant Precision Premier-Il Ferroelectric Test System based on the
PUND method. Pyroelectric and magnetoelectric currents were recorded
using a Keithley 6517 B electrometer. The change in ferroelectric polariza-

t
tion was calculated using the formula AP (t) = P(t) — P (0) = / I(t)dt/S,
0

where P denotes the polarization, | denotes the current, ¢ denotes the
time, and S denotes the area of the disk-shaped pellet. Before the mea-
surements, the sample was poled with a poling field E, = 1 MV m~!, and
1 h was allowed to pass after removing E,

First-Principles Calculations: ~ First-principles calculations were carried
out using the full-potential linearized augmented plane-wave method as
implemented in the WIEN2k package,[**] with the lattice parameters and
atomic positions given by the experiment. The muffin-tin radii were set to
2.26 a.u. for Ca, 1.94 a.u. for Fe, 1.79 a.u. for Ti, and 1.62 a.u. for O. A
maximum modulus of reciprocal vectors was chosen such that Ry K.y
= 8.0. The Perdew-Burke-Ernzerhof-type generalized-gradient approxima-
tion (GGA) was used for the exchange-correlation potential,[*4] with 1000
k-points meshes for the whole Brillouin zone and an effective Coulomb
interaction U =3 eV for Fe in the GGA+U calculations.[**]
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