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X-ray induced lock-in transition of cycloidal magnetic order in a multiferroic perovskite manganite
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We report the x-ray photoexcitation effects on cycloidal magnetic order in a multiferroic perovskite-type
manganite Gd0.5Tb0.5MnO3. The material exhibits a competition between the P (electric polarization)||a
ferroelectric state with the commensurate (C) ab-plane cycloidal and the P ||c ferroelectric state with the
incommensurate (IC) bc-plane cycloidal spin structure. The phase transition between these two phases can
be induced by an application of a magnetic field. We found that the x-ray irradiation can induce the bidirectional
and persistent phase transition between IC and C phases. The nonresonant x-ray magnetic diffraction revealed
that both the initial and the x-ray induced phases have the bc-plane cycloidal magnetic structure, whereas the
magnetic wave number varies between IC and C. The x-ray induced bc-plane cycloidal C phase is thus the hidden
multiferroic phase in the Gd1−xTbxMnO3 system, which does not show up with the application of any static field.
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In recent years, there has been increasing interest in manip-
ulations of magnetism without using a magnetic field aiming
for the development of low-energy consumption spintronics.
Along this line, there have been a number of studies in electric-
field switching of magnetically ordered states in versatile mag-
netic systems, including diluted magnetic semiconductors and
transition-metal oxides [1]. Among them, in multiferroics, i.e.,
materials with concurrent ferroelectric and magnetic orders,
control of multiferroic domains is expected to be possible
in terms of the application of an external field [2,3], such as
magnetic control of ferroelectric polarization [4,5] and electric
control of cycloidal spin helicity [6,7] and magnetization [8,9].
Furthermore, the attempts to control a multiferroic state
by photoexcitation have recently been reported. One such
experimental demonstration of photocontrol of multiferroic
order is the laser-pulse (1.4 eV) induced switching from
the paraelectric commensurate (C) spin collinear state to the
ferroelectric incommensurate (IC) spin spiral in cupric oxide
CuO [10]. It has been theoretically proposed that a short intense
THz laser pulse could lead to a reorientation of cycloidal
magnetic ordering via the excitation of electromagnons [11],
which accompanies the rotation and reversal of the ferroelec-
tric polarization. Related to this conjecture, the electromagnon
activated by the THz electric field has been detected by the
time-resolved resonant soft x-ray diffraction measurement in
multiferroic TbMnO3 [12]. In this Rapid Communication, we
study the effect of x-ray (high-energy photon) irradiation on
the multiferroic phase transition.

Competing electronic orders near the phase boundary
sometimes exhibit a significant response to external stim-
uli such as photoexcitation. Indeed, various photoinduced
phase transitions have been discovered in transition-metal
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oxides characterized by strongly correlated d electrons with
spin, charge, and orbital degrees of freedom [13], such as
Pr1−xCaxMnO3 [14] and V1−xWxO2 [15]. In this Rapid
Communication, we investigate x-ray irradiation effects on
a multiferroic manganite Gd0.5Tb0.5MnO3, which exhibits a
keen competition between two ferroelectric states. In the
perovskite manganite RMnO3 (R = rare earth) system, the
spins on the Mn atoms take different ordering patterns
depending on the temperature and magnitude of GdFeO3-type
lattice distortion [16]. One of the magnetically ordered phases
of TbMnO3 shows a bc-plane cycloidal spin structure with an
IC ordering wave vector (0 qm 1) with qm ∼ 0.27 [4,6,17].
The bc-plane spin cycloid with propagation along the b

axis generates ferroelectric polarization (P ) along the c axis
(P ||c) that can be elucidated by the inverse Dzyaloshinskii-
Moriya interaction (DMI) or spincurrent mechanism [18,19].
As the lattice distortion is varied by using solid solution
Gd1−xTbxMnO3 [20], the 90◦ reorientation of the cycloid from
in the bc plane to in the ab plane occurs at around x = 0.4
[see Figs. 1(a) and 1(b)]. The ab-cycloid spin structure, which
has a C wave vector of qm = 0.25, shows polarization along
the a axis (P ||a) due to the IDM mechanism [21]. Here, we
demonstrate the third hidden state (bc-plane cycloidal C order
with P ||c) that can be generated by x-ray irradiation.

A single crystal of Gd0.5Tb0.5MnO3 was grown by a
floating-zone technique. The synchrotron x-ray diffraction
measurement for the superlattice structures, in which the
photon energy was tuned to 12.0 keV, was performed at
BL-3A in Photon Factory, KEK, Japan. The nonresonant
x-ray magnetic diffraction, in which the photon energy was
tuned to 12.6 keV, was studied at BL19LXU in SPring-8,
Japan [22]. For these measurements, the crystal was cooled
using a He-flow cryostat.

As shown in Fig. 1(c), Gd0.5Tb0.5MnO3 shows a ferro-
electric phase transition at 24 K with electric polarization
along the c axis (P ||c), whereas there is no ferroelectric
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FIG. 1. (Color online) (a) Magnetic and ferroelectric phase dia-
gram of Gd1−xTbxMnO3 in the x-T plane. Here, the abbreviations
respectively represent paraelectric (PE), paramagnetic (PM), ferro-
electric (FE), and antiferromagnetic (AFM) phases. (b) Magnetic
structures of Mn spins in the ab-plane cycloidal commensurate phase
of Gd0.7Tb0.3MnO3 (left) and in the bc-plane cycloidal incommen-
surate phase of TbMnO3 (right). (c) Temperature dependence of
ferroelectric polarizations along the a axis (Pa) and the c axis (Pc)
measured without x-ray irradiation, and the magnetic wave number
qm measured with x-ray irradiation.

polarization component along the a axis (P ||a) down to
the lowest temperature [20]. Figure 1(c) also shows the
temperature dependence of the magnetic wave number qm

obtained by the superlattice peak position of (0 4 − ql 1)
reflection [23]. The temperature-scan measurement was done
after the prolonged-time (>10 min) x-ray irradiation at 8 K. As
the temperature decreases, the compound shows an IC wave
number qm = 0.247 below the critical temperature of the P ||c
ferroelectric phase, and then undergoes an IC-C transition from
qm = 0.247 to qm = 0.25 at around 20 K. However, upon
the IC-C transition, which was detected by the synchrotron
x-ray measurement, there is no discerned anomaly in the
ferroelectric polarization, measured without x-ray irradiation.
This puzzling observation led us to speculate that the observed
IC-C transition may occur only with the assist of the x-ray
irradiation.

To make the effect of x-ray irradiation clear, we have exam-
ined the x-ray irradiation time dependence of the superlattice
diffraction intensity at the commensurate (0 3.5 1) and the
incommensurate (0 3.507 0) reflections. In this experiment, the
x-ray irradiation was turned off during temperature variation
until the start of measurements. In exposing the sample to
x rays at 10 K, the diffraction intensity of the C phase
increases, whereas that of the IC phase conversely decreases.
This behavior indicates that the majority of the domains are
initially in the IC phase and that the prolonged x-ray irradiation
(>10 min) can wholly change the magnetic order from the
IC to the C state. In contrast, when the magnetic ordering is
fully converted to the C states by x-ray excitation at 10 K
and then the temperature is elevated without x-ray irradiation
up to 23 K, the x-ray induced phase transition is observed
in the counter direction, i.e., from the C to the IC states.
In these experimental procedures, we have confirmed that
the superlattice reflection intensity remains constant while
x-ray irradiation is off, indicating that the temporal variation
of the diffraction intensity originates from x-ray irradiation
and not from the thermal relaxation. Measurements of the
x-ray induced phase transition with varying incident x-ray
photon flux revealed that the volume fraction of the x-ray
induced phase can be scaled with the total dose of irradiating
x-ray photons, being irrespective of the x-ray photon flux.
Based on these results, we can estimate from the initial
slope of the intensity in Fig. 2 that a few hundreds of Mn
sites can be converted per one x-ray photon. Consequently,
Gd0.5Tb0.5MnO3 exhibits the persistent and bidirectional x-ray
induced phase transition between the C and the IC phases,
whose direction is switched with varying temperature.

Figures 3(a) and 3(b) show the temperature dependence of
the x-ray induced phase transition in the cooling and warming

(a)

(b)

FIG. 2. (Color online) X-ray irradiation time dependence of su-
perlattice diffraction intensities for (a) the C (0 3.5 1) reflections and
for (b) the IC (0 3.507 1) reflections.
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FIG. 3. (Color online) Temperature dependence of the superlat-
tice reflection intensity of the C (0 3.5 1) and IC (0 3.507 1) phases
taken with the acquisition times of 1 and 600 s in (a) a cooling run and
(b) a warming run. (c) Temperature dependence of the volume fraction
of the x-ray induced C phase. Arrows in (c) indicate the temperature
scan direction. Insets in (c) represent schematic free energy diagrams
and the x-ray induced phase transition below 23 K in the cooling run
(left) and above 21 K in the warming run (right).

runs, respectively. In these figures, we plot the diffraction
intensities observed with the acquisition time periods of 1 and
600 s at respective temperatures. The volume fraction of the
x-ray induced C phase, as estimated from the 600 s data set of
the C and IC reflections, is also depicted in Fig. 3(c). The x-ray
induced phase transition from the IC to the C phase occurs
below 24 K in the cooling process, and that from the C to the
IC phase occurs between 20 and 27 K in the warming process.
The observed temperature dependence evokes the presence of
the double-well potential [24,25]; the phase transition occurs
from the metastable state to the most stable state with the assist
of x-ray irradiation, while without x ray the low-temperature
IC-to-C transition appears to be largely suppressed by a high
potential barrier. The initial state could be a metastable state
as determined by the experimental process, and the final
state produced by x-ray irradiation may be a thermodynamic
equilibrium state as determined by the energy level between
the IC phase and the C phase. The observed switching of the
direction of x-ray phase transition between the IC and the C
states can be elucidated by postulating an alternation of the
most stable state with varying temperature.

We have measured nonresonant x-ray magnetic scattering
to determine the magnetic ordering structure in the x-ray

Diamond 
Phase Plate

U1

U3

U2

Analyzer 
Graphite (008)

FIG. 4. (Color online) (a) Schematic figure of the experimental
setup for the nonresonant x-ray diffraction with tuning the incident
x-ray polarization by a phase plate and analyzing the diffracted x-ray
polarization by a graphite single crystal. Nonresonant x-ray magnetic
diffraction measured at 18 and 24 K for (b) PL = −0.75 and for (c)
PL = 0.75. Here, PL stands for the presentation of incident x-ray
polarization, for which definition see the text. (d) The simulated
results for the ab-plane and bc-plane cycloidal magnetic ordering in
comparison with the ratio of the measured intensity IPL=−0.75/IPL=0.75

with the change of the parameter of the spin cycloid ellipticity.

induced phases. X rays can respond not only to charge but
also to magnetic moment in condensed matter [26–28]. Since
the x-ray susceptibility of magnetic moment has to be treated
as a tensor, the direction of magnetic moment can be estimated
by the polarization analysis of the scattering process. In the
present experiment, as shown in the experimental setup of
Fig. 4(a), the polarization of scattered x rays from the sample
was analyzed by a pyrographite crystal using (008) reflection.
The analyzer crystal was set to measure the π ′-polarized
scattered x rays selectively. In addition, the polarization of
incident x rays was tuned with a diamond phase plate between
π and σ polarization. The polarization of incident x rays is
parametrized as PL = cos δ, where δ is the phase of the light
wave and appears in the Jones vector of x ray as (Eσ ,Eπ ) =
1
2 (1 + eiδ,1 − eiδ). Figures 4(b) and 4(c) show the nonresonant
x-ray magnetic diffraction profiles for (0 4 − qm 3) reflection
with the scattering plane aligned along the [100] direction,
measured at 18 and 23 K, where the fully x-ray induced
phase is the C phase and the IC phase, respectively. The
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magnetic diffraction measured with the polarization parameter
being PL = ±0.75, which is the maximum tunable value
of |PL| in the present experimental setting. To determine
the spin cycloidal plane the diffraction intensity ratio Ir =
IPL=−0.75/IPL=0.75 was analyzed as a function of spin ellipticity
η, which is defined as η = ma/mb (mc/mb) in the ab- (bc-)
cycloid magnetic structure [29]. As shown in Fig. 4(d),
the intensity ratio increases (decreases) with increasing η

for the ab- (bc-) cycloid phase. The experimental results
measured at the IC (23 K) and C (18 K) phases are also
plotted in Fig. 4(d), which show good agreement with the
calculated value for the bc-cycloid magnetic structure. Here,
the ellipticity values are estimated from the results of polarized
neutron scattering [21]. It indicates that the x-ray induced IC-C
phase transition is not accompanied by the flop of the cycloid
plane.

In all, three multiferroic phases—the bc-plane cycloid
C, the ab-plane cycloid C, and the bc-plane cycloid IC
phases—are revealed to show up in Gd0.5Tb0.5MnO3. The
irradiation of x ray triggers the phase transition between
the bc-plane cycloid C and the bc-plane cycloid IC phase,
while the application of a static magnetic field does between
the ab-plane cycloid C and the bc-plane cycloid IC phase.
The difference in phase transition behaviors between the x-ray
irradiation and the application of a static magnetic field can
be elucidated as follows. In perovskite-type RMnO3, the
magnetic-field induced reorientation of the cycloidal plane
is theoretically reproduced by considering the energetical
competition between the DMI, single-ion anisotropy and the
effective field from the rare-earth f moment, which acts
on the Mn spins via the f -d coupling [30]. The applied
magnetic field reduces the DMI energy and influences the f -d
interaction, and thereby controls the energetical competition;
this may result in the concurrent conversion of the cycloidal
plane and the magnetic wave number, as observed in the
magnetic-field switching between the ab-plane cycloid C
and the bc-plane cycloid IC in Gd0.5Tb0.5MnO3. By con-
trast, the x-ray irradiation may not directly influence either
the DMI or the f -d interaction, and thus not change the free
energy difference between the ab-plane cycloid C and bc-plane
cycloid IC phases, but promote the phase transition from the

metastable state to the most stable state which would otherwise
be suppressed by the presence of a potential barrier in changing
temperature.

X-ray induced phenomena have been observed in some
manganites, i.e., the x-ray induced persistent phase transition
in charge-ordered manganites [31] and the x-ray induced
ferroelectric domain manipulation in a multiferroic mangan-
ite [32]. It was argued that the x-ray irradiations may induce
charge defects in the sample, which create a metastable state
and/or an effective electric field. In the present case, such
defects may also induce nonthermal spin disorder, resulting in
a broad spectrum of magnetic excitation, which should include
a phason mode of cycloid spin, and thus will drive the phase
transition from the metastable spin-ordered state to the stable
one.

In summary, we demonstrate the persistent and reversible
phase transitions between the IC and C cycloidal magnetic
state by x-ray irradiation in the multiferroic manganite
Gd0.5Tb0.5MnO3. The observed phase transition can be eluci-
dated by postulating the two (meta-)stable magnetic structures
separated by a potential barrier and the alternation of the most
stable state with varying temperature. The nonresonant x-ray
magnetic scattering measurement revealed that the irradiation
induces the phase transition between the bc-plane cycloid C
and the bc-plane cycloid IC phase. The photoinduced effect as
observed in this study will provide a path for photocontrol of
multiferroics.
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