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Anomalous induction of ferroelectric polarization by magnetization reversal
in the phase-separated multiferroic manganite EuygY,,MnO;

S. Danjoh, J.-S. Jung, H. Nakamura, Y. Wakabayashi, and T. Kimura
Division of Materials Physics, Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560-8531, Japan
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Regarding electronic phase separation and its magnetoelectric control in multiferroics, we have investigated
magnetic and ferroelectric properties of EujgY,,MnO5 located near the boundary between a ferromagnetic
phase and a ferroelectric phase. We observed special coexistence of the two phases, which fractions are tuned
at an arbitrary level by changing the cooling magnetic-field strength. In addition, repeated magnetization
reversals by applying an alternating magnetic field induce anomalous enhancement of ferroelectric polariza-
tion, suggesting the development of the ferroelectric phase during the magnetization reversal process.
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Systems with multiple competing interactions (e.g., re-
laxor ferroelectrics,! colossal magnetoresistive manganites,2
and frustrated spin systems’) often show remarkably com-
plex states of matter as well as rich electronic phase dia-
grams. In such systems, local inhomogeneity of the elec-
tronic structure and/or electronic phase-separation tendencies
frequently play crucial roles in their electronic properties and
cause extraordinarily gigantic electronic responses.'™* Re-
cently, the magnetoelectric (ME) effect, that is, the induction
of the electric polarization (magnetization) by external mag-
netic (electric) fields, has been of renewed interest.>® One of
the triggers for such revivals is a recent discovery of a large
ME effect in a perovskite-type rare-earth manganite
TbMnO;.” In TbMnOs, ferroelectricity is induced by a
spiral-antiferromagnetic (AFM) order, which breaks inver-
sion symmetry.3-'® The ionic radius (rz) of Tb** ion in
TbMnOs is appropriate to bring about the spiral-AFM struc-
tures arising from the competing exchange interactions.':12
When Tb** is replaced with other rare-earth ions having
larger rg, such as Gd and Eu, the balance of the competition
is modified mainly due to the change in Mn-O-Mn bond
angle ¢.'3 As a result, the spiral-AFM and ferroelectric
(SAFM-FE) phase transform into a weakly ferromagnetic
and paraelectric (WFM-PE) phase. When rg (or ¢) is appro-
priate to locate the system on the boundary between the two
phases, we can expect local inhomogeneity and/or phase-
separation tendency that play some role in the electronic
properties and produce unusual electronic responses.

In this Rapid Communication, we report on phase separa-
tion and unusual magnetoelectric responses in a multiferroic
manganite EuggY(,MnO3, which resides on the boundary
between the two competing phases. We briefly review earlier
results'*!> for the magnetic and electric phase diagrams of
Eu;_, Y, MnO; with the Pbnm orthorhombic structure. As
displayed in Fig. 1(d), EuMnO; with relatively large rp of
Eu’* shows a canted A-type AFM order with a weak ferro-
magnetic moment along the ¢ axis below 42 K but does not
show ferroelectricity (i.e., WFM-PE state).!>!® By the isova-
lent doping of Eu®* site with Y3*, having smaller rg, the
WFM-PE state disappears while the SAFM-FE state with
spontaneous polarization along the a axis emerges at x>
~0.25.17 At the doping level of x~0.2, the WFM-PE and
the SAFM-FE states keenly compete with each other. An
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PACS number(s): 75.80.+q, 61.05.cp, 75.30.Kz, 77.80.Dj

early report'* suggested the coexistence of ferromagnetism
and ferroelectricity in the same phase for x~0.2 samples.
However, more recent results'>!® do not support the simul-
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FIG. 1. (Color online) Temperature profiles of (a) magnetization
along ¢, (b) electric polarization along a, (c) linear thermal expan-
sion along a and b, and lattice parameter b for EuggY(,MnO; crys-
tals. The data in (b) and (c) were taken at O T, while those in (a)
were obtained at 0.01 T along c. All the measurements were per-
formed in the warming run. Before the measurements, the crystals
were cooled from ~50 K at 0 T (ZFC; black lines) and 5 T along
¢ [FCS5T; red lines (gray lines in print)]. (d) Magnetic and electric
phase diagrams of Eu;_, Y ,MnOj; (reproduced from Refs. 14 and
15).

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.180408

DANIJOH et al.

taneous coexistence. To settle this discrepancy, we investi-
gate magnetic and electric properties in various conditions
for EuygY(,MnO;, which resides on the boundary between
the WFM-PE and the SAFM-FE phases. We found anoma-
lous induction of ferroelectric polarization by applying an
alternating magnetic field. The results are discussed in terms
of spatial coexistence and competition of ferromagnetic and
ferroelectric phases.

Single crystals of EuggY(,MnO; were grown by the
floating-zone method. Powder x-ray diffraction (XRD) mea-
surements confirmed the Pbnm orthorhombic structure at
room temperature. The crystals were oriented using Laue
XRD patterns and cut into thin plates with the widest faces
normal to the a axis. Silver electrodes were then vacuum
deposited onto those faces for measurements of the electric
polarization along the a axis (P,). We made the following
measurements in various cooling magnetic-field (B,,) con-
ditions. The magnetization along the ¢ axis (M,) was mea-
sured with a commercial magnetometer. The temperature (7)
and magnetic-field (B) profiles of P, were obtained by mea-
surements of pyroelectric and magnetoelectric currents, after
poling the crystals at ~0.3 MV/m. The linear thermal ex-
pansion AL(T)/L parallel to a and b was measured using a
uniaxial strain gauge. Single-crystal XRD measurements us-
ing synchrotron x-rays with photon energy of 12 keV were
performed at BL-3A equipped with a superconducting mag-
net in the Photon Factory (KEK).

We first investigated history dependence of magnetic,
electric, and structural properties (Fig. 1). Before the mea-
surements, crystals were cooled from ~50 K (above mag-
netic ordering T) to 5 K at B=0 T [zero-field cooling (ZFC)]
and 5 T [field cooling at 5 T (FC5T)]. Figure 1(a) displays
M -T data (black and red lines) measured in a weak magnetic
field (0.01 T), which is applied at 5 K after the above cooling
procedures. The ZFC data show no distinct feature in the
M -T curve, while the FCST data exhibit a steep increase in
M, at T=20 K toward lower temperatures. This suggests
that only the FCS5T procedure makes the system weakly fer-
romagnetic below 20 K. Such history-dependent feature can
also be seen in P,-T curves, as shown in Fig. 1(b). Sponta-
neous polarization develops below 30 K for both ZFC and
FCST data, meaning that the system becomes ferroelectric.
However, only in the FC5T data, the spontaneous polariza-
tion almost vanishes again below 20 K, where the weakly
ferromagnetic feature arises. These results demonstrate a
clear anticorrelation between the (weak) ferromagnetism and
ferroelectricity and a history-dependent apparent ground
state, i.e., the SAFM-FE state after the zero-field cooling and
the WEM-PE state after the field cooling.

A comparison of AL(T)/L data shown in Fig. 1(c) with
those of M, and P, reveals a magnetostrictive coupling in
EuygY(,MnOs3;. Whereas no anomaly in AL(T)/L was ob-
served in the ZFC data,'® striking changes were observed in
the FCST data at 20 K, where the weakly ferromagnetic mo-
ment develops. The AL(T)/L parallel to a shows a steeply
increase while that along b decreases at 20 K toward lower
temperatures. Such magnetostrictive features were well re-
produced in the change in lattice parameter b measured by
the XRD measurement, as seen in Fig. 1(c). Thus, as the
system undergoes ferromagnetic order, the a axis elongates
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FIG. 2. (Color online) (a) Magnetization along ¢ and (b) electric
polarization along a for EujgY(,MnOj5 crystals as a function of B
parallel to ¢ at 9 K. The measurements were done once cooling
magnetic fields B, were applied at ~50 K and the crystals were
cooled to 9 K in the respective cooling fields.

while the b axis shrinks through the magnetostrictive cou-
pling. The difference in the b axis length between the
WEM-PE and the SAFM-FE phases will be used to detect
the coexistence of the two phases.

To further examine the history-dependent magnetic and
electric properties, the cooling-field dependencies of M, and
P, were measured at a fixed 7(=9 K). Right before these
measurements, the crystal was slowly cooled from ~50 to 9
K at selected cooling fields (B,.,). As shown in Fig. 2(a),
virgin magnetization data for B.,=1 T show nearly
straight line through the origin at B>-2.5 T, suggesting
that the system is AFM in the virgin state. By sweeping B
down to ~-3 T, a metamagnetic transition occurs. For the
virgin curves of B, =2 T, remanent magnetization M,
becomes finite. With increasing B, the virgin lines shift in
parallel toward higher magnetization and M., steadily in-
creases with increasing B, up to ~4 T. At B.,,=4 T, no
further increase in M., was observed. Once the crystal was
exposed to |B|=5 T, all the magnetization data fall into iden-
tical hysteresis curves with coercive field of ~2 T and M,
of ~0.2ug/fu. along c. The value of M, is comparable
with those in EuMnO; and LaMnO;, showing the canted
A-type AFM order in which the origin of spin canting has
been discussed in terms of the single-ion spin anisotropy and
the Dzyaloshinskii-Moriya interaction.”’>?! As seen in Fig.
2(b), virgin curves of P-B data?? also depend on B,,. With
increasing B.,, remanent polarization P, in the virgin
curves is suppressed drastically and finally becomes zero at
Beoo=4 T.Once |[B|>5 T is applied, P, almost vanishes in
all the B, data.

It is possible to understand the observed history-
dependent magnetic and electric properties in terms of the
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FIG. 3. (Color online) Fractions of the WFM-PE phase (solid
circles) and the SAFM-FE phase (open circles) at 9 K as a function
of cooling magnetic field for EuygY(,MnOs. The fractions were
estimated from remanent magnetization and electric polarization in
virgin curves. Grey lines are guides for the eyes. (b) Single-crystal
x-ray diffraction profiles around the (060) Bragg reflection. The
measurements were performed at 9 K and 0 T after the crystal was
cooled from ~50 K to 9 K in the respective cooling fields.

coexistence of the WFM-PE and the SAFM-FE
phases, which can transform into each other. The
systematic evolution of M., and P, with increasing B,
can be attributed to the increase in the fraction of the
WFM-PE phase at the expense of the SAFM-FE phase
volume.  Figure 3(a) displays the cooling-field
dependence  of = M, (Beoo)/ Mrem(Beooi=3 T) and
Prem(Beoo) ! Prem(Beooi=0 T) for the virgin curves, i.e., the
fractions of the WFM-PE and the SAFM-FE phases, respec-
tively. The result suggests that the two phases coexist by
cooling the crystal in the intermediate field range of
1 T<B,,<4 T.

The single-crystal XRD measurements confirmed the co-
existence of different phases for the intermediate B, re-
gion. Figure 3(b) displays XRD profiles around the (060)
Bragg reflection measured at 0 T and 9 K. Before the respec-
tive measurements, the crystal was first cooled from ~50 to
9 K at selected B, and then B, was removed at 9 K. The
diffraction pattern of B.,,;=5 T shows explicit shift in the
peak position toward higher 26 with respect to that of
B.,oi=0 T, indicating a decrease in the b axis length after the
field cooling procedure with B, =5 T [see also Fig. 1(c)].
No peak broadening was observed in both the B, ;=0 and 5
T data, while those of 2 T<B_,<3 T show noticeable
broadenings, demonstrating the coexistence of two phases
with different b axis lengths in the intermediate B, data.
Considering the magnetostrictive coupling presented in Fig.
1, these two phases should correspond to the WFM-PE and
the SAFM-FE phases.

The phase-separated multiferroic manganite exhibits
anomalous induction of ferroelectric polarization by apply-
ing an alternating magnetic field. Figures 4(a) and 4(b) show
M, and P, as a function of B at 9 K, respectively. Before
both the measurements, at first, magnetic fields were applied
(Bgu=+5 T and +8 T for measurements of M, and P,, re-
spectively) and were swept down to —Bg,, (i to ii in Fig. 4).
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FIG. 4. (Color online) (a) Suppression of magnetization and (b)
promotion of electric polarization by applying an alternating mag-
netic field for EuygY,MnOj5. Orange arrows denote the evolution
of magnetization or electric polarization. The inset of (a) shows a
magnified view of the magnetization curves. Roman numerals de-
note the order of measurements. Insets of (b): schematic drawings
of spin configurations near the boundary between the SAFM-FE
and the WFM-PE phases and a possible evolution of the SAFM-FE
phase during the magnetization reversal process.

In the course of sweeping B to —Bg, the magnetization
reversal and the metamagnetic transition occur at around
-2 T and -4 T, respectively [Figs. 2(a) and 4(a)]. The
magnetic anomalies accompany electric ones. Although no
finite polarization is observed at B, P, starts to
develop at around -2 T and becomes nearly constant at
-2.5 T>B>-4 T. With further decreasing B, P, starts to
decrease at ~—4 T and vanishes again at ~—6 T. After
sweeping B down to —B, We set B to Boye=+2.5 T (ii to
iii in Fig. 4). Magnetization and polarization curves during
this procedure also show the magnetization reversal and the
development of P, at around 2 T, and then we swept B be-
tween +B.y . and —By . (between iii and iv in Fig. 4), re-
peatedly, that is, applied a low frequency alternating B. As
indicated by an orange arrow in Fig. 4(a), the more B was
swept between =B, the smaller magnetization becomes.
In accordance with the suppression of M., surprisingly, P,
steadily increases with increasing the number of cycle for B
scan, as indicated by an orange arrow in Fig. 4(b).

We speculate that the anomalous increase in P, by apply-
ing an alternating B is related to the increase in volume
and/or number of the SAFM-FE phase. In the lower insets of
Fig. 4(b), we illustrate a possible change in spin configura-
tion near the boundary between the SAFM-FE and the
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WFM-PE regions during the process of magnetization rever-
sal. Whenever the system undergoes the magnetization rever-
sal, the WFM-PE region at the edge of the boundary can
transform into the SAFM-FE state, as illustrated in the inset
of Fig. 4(b). In addition, the magnetization reversal may oc-
casionally yield additional magnetic domains for the
WFM-PE region as well as accompanied domain walls. In
general, magnetic moments in domain walls of ferromag-
netic materials gradually rotate from the direction in one do-
main to the other. Especially, in a Néel domain wall, where
magnetic moments rotate in the plane, its spin configuration
can be viewed as a portion of that in the SAFM-FE phase
with the spin spiral plane normal to c.'? Thus, it is possible
that the magnetic domain walls act as nuclei of the
SAFM-FE phases. Note that the induction of electric polar-
ization by Néel domain walls has been pointed out in terms
of the symmetry-based discussion.’
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In summary, we investigated magnetic and ferroelectric
properties in EuggY(,MnOj; located near the boundary be-
tween a weakly ferromagnetic and paraelectric phase and a
spiral-antiferromagnetic and ferroelectric phase. We found
that the magnitude of magnetization and electric polarization
can be tuned to a considerable extent by magnetic-field his-
tory, which is ascribed to spatial coexistence of the two
phases transforming into each other. The unique simulta-
neous control of ferromagnetism and ferroelectricity can be
achieved in phase-separated multiferroics, in which ferro-
magnetic and ferroelectric phases are nearly degenerated.
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