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Isotropic magnetoelectric effect in Tb,_,Gd,Mn,0Os studied by resonant x-ray scattering
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A new type of magnetoelectric (ME) effect was discovered in Tb;_,Gd,Mn;0s in which Gd ions are
substituted into TbMn,Os. The substitution of Gd ions increased to x = 0.5 was found to completely suppress
increases in electric polarization below T ~ 14 K, which is clearly observed in TbMn,Os. The electric
polarization of TbysGdysMn,Os reappears below 7' ~ 14 K in response to an external magnetic field applied
along each crystallographic axis. This isotropic ME effect is in distinction from those exhibited by the RMn,Os
family and by other multiferroic compounds. Resonant x-ray scattering was used to investigate the mechanism of
the ME effect, and the data clearly demonstrate that this phenomenon can be attributed to competition between
two different magnetic orderings. Furthermore, the magnetic-field dependence of the resonant intensity around
the O K edge implies that charge transfer between O and Mn ions microscopically contributes to the ME effects.
These findings indicate potential new applications for multiferroic materials.
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I. INTRODUCTION

Multiferroics, which have more than one ferroic order
parameter, have been under the focus of intensive research
for several decades. Many multiferroic materials, such as
TbMnO; and MnWOQ,, exhibit magnetoelectric (ME) effect
in which an external magnetic (electric) field leads to sig-
nificant changes in dielectric (magnetic) properties of these
compounds [1,2]. RMn,0s (R = rare-earth) compounds have
attracted much attention since they show various ME effects
depending on the type of rare-earth ions. Examples of these
ME effects include 180° and 90° rotation of electric polar-
ization in response to a magnetic field applied along the a
axis in TbMn,Os and the ¢ axis in TmMn,Os, respectively
[3,4]. It is known for RMn,Os5 compounds that a colossal
ME effect appears when a magnetic field is applied along the
direction of the rare-earth magnetic moment [5]. Magnetic
ordering in various RMn;0Os compounds has been observed
using techniques, such as neutron and x-ray scatterings, which
have revealed Mn** and Mn** zigzag antiferromagnetic chain
on the ab plane and/or Mn** cycloidal spin chain along
the ¢ axis in these materials [6—12]. Such complex magnetic
ordering is believed to be responsible for the various ME
effects and dielectric properties of these materials as a result of
the break of inversion symmetry via exchange striction and/or
inverse Dzyaloshinskii-Moriya effects [4,8,13-15].

Here, we investigated the dielectric and magnetic proper-
ties of Tb;_,Gd,Mn;Os, synthesized by substituting Gd ions
into TbMn,Os. Since TbMn,0Os5 and GdMn,Os exhibit
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different magnetic ordering and dielectric properties
[9,10,16], we expected that Tb;_,Gd,Mn,0Os compounds
might show new types of ME effects not seen before in
the RMn;0s family as a result of competition between
the two different magnetic orderings. Figure 1 shows the
dielectric and magnetic phase diagram for Tb;_,Gd,Mn,0Os
compounds, plotted as a function of Gd concentration x,
based on data obtained in the present paper. The dielectric
properties and magnetic ordering in TbMn,Os and GdMn,Os
have been reported in the previous publications [9,10,16].

In the case of TbMn,Os, an incommensurate magnetic
(ICM) ordering first appears at 7 ~ 42 K with the mag-
netic propagation vector quCM =(1/2+6,,0,1/443;). The
electric polarization along the b axis concomitantly appears
at T ~ 40 K with a commensurate magnetic (CM) ordering
with qICM = (1/2,0, 1/4) [see also Fig. 2(a)]. This phase is
denoted as FE1 in Fig. 1. The electric polarization decreases
at T ~ 25 K (in the FE2 phase) as the magnetic ordering
changes to an ICM ordering with qIICM, =(1/2+6,,0,1/4+
8.) and the spontaneous magnetic ordering of Tb ions occurs.
With further decreases in temperature, the electric polarization
increases again below 7' ~ 14 K (in the FE3 phase) as a result
of increases in the amplitude of Tb magnetic moments [17].
A colossal ME effect is also observed in that an external
magnetic field applied along the a axis in the FE3 phase results
in a flipping of the electric polarization [3].

Meanwhile, GdAMn;Os has relatively large electric polar-
ization below T ~ 36 K as shown in Fig. 2(e) in which
the magnetic moments of Mn ions align with the q%M =
(1/2,0,0). Herein, we refer to this phase as the FE4 phase.
The spontaneous magnetic ordering of Gd ions occurs at
T ~ 13 K [9,10] and appears to be only minimally associated
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FIG. 1. Dielectric and magnetic phase diagram plotted as
a function of Gd concentration x. Filled circles represent the
data obtained from dielectric measurements in the present paper,
whereas open circles indicate magnetic transition temperatures ac-
quired in a previous neutron-scattering experiment [16]. Magnetic
phases were estimated based on the present and previous exper-
iments, where qfy, = (1/2,0, 1/4), qI]CM(,) =(1/2+80,0,1/4 +
8(7), and g%y = (1/2,0,0). (R) represents rare-earth magnetic or-
dering induced by the moments of Mn ions.

with the electric polarization. Applying a magnetic field to
GdMn,Os results in minor changes in the electric polarization
[18]. Thus, TbMn,0s and GdMn;Os exhibit varying dielec-
tric properties due to their different magnetic orderings.
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In the present study of Tb;_,Gd,Mn;,Os, an isotropic ME
effect was discovered in the case of Tby5GdysMn,Os where
the electric polarization drastically increases in response to
a magnetic field applied along each crystallographic axis.
We performed resonant x-ray scattering (RXS), which clearly
showed that this ME effect is associated with two different
magnetic orderings. In addition, the effect of the magnetic
field on the intensity at the O K edge suggests that charge
transfer between O and Mn ions microscopically promotes the
ME effect.

II. EXPERIMENTAL DETAILS

Single crystals of Tb;_,Gd,Mn,0s (x = 0.00, 0.15, 0.25,
0.40, 0.50, 0.60, 0.75, 0.85, or 1.00) were grown by the
PbO-PbF, flux method [19]. Figure 3 plots lattice constants
as functions of Gd concentration x, based on data from x-
ray single-crystal structural analyses. These lattice parameters
increase with increasing Gd concentration since the radius of
the Gd*>* ion is larger than that of the Tb*" ion. In addition,
we confirmed that our samples were single crystals by x-ray
structure analyses. Dielectric measurements were performed
using a LCR meter and an electrometer with a commercial
magnetometer at the High Energy Accelerator Research Or-
ganization (KEK).

RXS experiments were also performed around Mn Ly i1, O
K, Gd, Tb Ly, and Gd and Tb My edges at BL-3A, BL-4C,
BL-16A, and BL-19B [20,21] at the Photon Factory, KEK,
Japan, employing m-polarized incident x rays. Note that, since
a polarization analysis was not performed, 7-o’ and 7-7’
processes both contributed to the scattering intensities in these
measurements.
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FIG. 2. Temperature dependence of electric polarization (black line) and dielectric constant (red line) along the b axis for compounds for

which x = 0.00, 0.25, 0.50, 0.75, and 1.00.
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FIG. 3. Lattice constants at room temperature as a function of Gd
concentration x.

III. RESULTS AND DISCUSSION
A. Dielectric measurements

Figure 2 shows temperature dependence of the electric
polarization obtained from pyroelectric current measurement

and the dielectric constant at a frequency of 10 kHz for
Tb;_xGd,Mn,05 (x =0.00, 0.25, 0.50, 0.75, and 1.00).
The electric polarization in TbMn,Os increases again below
T ~ 14 K. The extent of this increase is suppressed as the Gd
concentration increases in the region of x < 0.5. In the case
of Tby 5Gdy sMn,Os, the electric polarization first appears at
T = T¢; ~ 40 K as shown in Fig. 2(c), and this ferroelectric
phase corresponds to the FE1 phase. A second dielectric
transition occurs at T = T, ~ 18 K at which point the FE1
phase transitions to a different ferroelectric phase termed the
FES5 phase as shown in Figs. 1 and 2(c). With further decreases
in temperature, the electric polarization disappears at T =
Tcs ~ 14 K at which point the FE6 phase appears. Dielectric
constant shows a sharp anomaly at each phase-transition
temperature, which suggests that each dielectric phase is a
single phase. For the compounds with x more than 0.5, the
FE4 phase appears with a large electric polarization. Based on
these dielectric measurements, we obtained a dielectric phase
diagram for Tb;_,Gd,Mn;,0Os5 as shown in Fig. 1.

We measured the ME effect in Tbgys5GdysMn,Os. Fig-
ures 4(a)—4(f) show temperature dependence of the electric
polarization and the dielectric constant at various magnetic-
field strengths. Below T¢3 (in the FE6 phase), the electric
polarization appears in response to an external magnetic field.
It is noted that this colossal ME effect results from the applica-
tion of an external magnetic field along each crystallographic
axis, although the magnitude of the magnetic field leading
to the ME effect varies slightly depending on the magnetic-
field direction. This isotropic ME effect is in contrast to
those in other RMn,0Os compounds and other multiferroic
materials for which it is required to apply a magnetic field
along a particular crystallographic axis to induce colossal ME
effects. Hence, the finding of this isotropic ME effect points
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FIG. 4. Temperature profiles for [(a)—(c)] electric polarization and [(d)—(f)] the dielectric constant in Tby sGd sMn,Os at various magnetic-
field strengths along the a, b, and ¢ axes. Magnetic-field (H || b axis) dependence of electric polarization (black line) and dielectric constant
(redline) at (g) 7 = 11 K, (h) T =9 K, and (i) T = 5 K. The arrows represent the magnetic-field sweep direction.
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FIG. 5. Magnetoelectric phase diagram under an external mag-
netic field along the b axis in Tby sGdy sMn,Os. Filled and open cir-
cles represent the transition temperature points obtained from dielec-
tric measurements while increasing the temperature and magnetic-
field strength, respectively. Pg’;Mn corresponds to the electric polar-
ization driven by the magnetic ordering of rare-earth and Mn ions
with q;, where q; = (1/2,0, 1/4) and q, = (1/2, 0, 0). The length
of the red arrow represents the amplitude of the electric polarization.
Magnetic orderings were observed in the present paper.

out new potential for applications of multiferroic materials.
Meanwhile the electric polarization in the FE1 phase slightly
changes under magnetic field.

Magnetic-field dependence of the electric polarization and
the dielectric constant at each temperature are shown in
Figs. 4(g)—4(i). In these measurements, the magnetic field
was applied along the b axis. Two ferroelectric phase tran-
sitions are evident at H ~ H; and H ~ H,. The first tran-
sition occurs at H ~ H; = 2.5 T at each temperature and is
associated with the appearance of electric polarization with
a strong peak of the dielectric constant. The behavior of
the dielectric constant implies that paraelectric-ferroelectric
phase transition occurs at H ~ H,. This ferroelectric phase is
denoted as FE7. Meanwhile, the magnitude of H, varies with
temperature. At 7 = 9 K, a second phase transition occurs at
H ~ H, = 6 T, which leads to a large electric polarization.
This phase appears to be equivalent to the FES phase based
on the temperature dependence of the electric polarization
and the dielectric constant shown in Figs. 4(b) and 4(e). In
addition, significant magnetic-field hysteresis is also apparent
at H ~ H, without obvious anomalies of the dielectric con-
stant. This result indicates that the FE7-FE5 phase transition
is a first-order transition. Figure 5 shows a magnetoelectric
phase diagram under an external magnetic field along the b
axis in TbysGdysMn,Os. The transition temperature points
were obtained by dielectric measurements performed while
increasing temperature or magnetic-field strength. Below T¢3,
increasing magnetic-field strength induces ferroelectric phase
transition from the FE6 phase to the FE5 phase via the FE7
phase. Figure 5 also shows magnetic ordering in each phase
observed in our present RXS paper (see below paragraph).
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FIG. 6. Energy spectra of magnetic reflections around Mn
Ly edges (a) at q; = (0.5,0,0.25), (b) at q» = (0.5,0,0), and
(c) around the O K edge at q; = (0.5, 0, 0.25) together with the fluo-
rescence spectrum. The fluorescence background has been subtracted
from each energy spectrum.

B. Resonant x-ray scattering without external magnetic field

We employed RXS to investigate the mechanism of the ME
effect in Tby 5Gdy sMn,Os. Figures 6(a) and 6(b) present the
energy spectra of resonant scattering with magnetic propaga-
tion vectors ¢q; = (1/2,0, 1/4) and q, = (1/2, 0, 0) around
Mn Ly edges at T = 10 K (in the FE6 phase) without an
external magnetic field. Note that different samples were used
in each of the measurements, and it is typically difficult to
compare the RXS intensities acquired from different sam-
ples since the scattering intensity strongly depends on the
sample surface conditions. Well-defined magnetic peaks were
observed at both reciprocal lattice points, indicating that the
magnetic ordering in the FE6 phase is associated with two
magnetic propagation vectors q; and q,. The temperature
dependence of the intensities at the Mn Ly edge is shown
in Fig. 7(a). Magnetic ordering with q; appears at T ~ Ty; =
40 K concomitant with the first ferroelectric phase transition
to the FE1 phase as shown in Fig. 7(e). The resonant intensity
at q increases below T ~ Ty, = 20 K simultaneously with a
decrease in the q; intensity.
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FIG. 7. Temperature dependence of resonant scattering intensity
without an external magnetic field (a) at the Mn Ly edge at q; =
(0.5, 0, 0.25) (closed circles) and at q, = (0.5, 0, 0) (open circles),
(b) at Gd (closed circles) and Tb (closed triangles) Ly edges at (4.5,
0, 0.25), (c) at Gd (open circles), and Tb (open triangles) My edges
at qo, and (d) at the O K edge at q;. (¢) Temperature dependence of
electric polarization (black line) and dielectric constant (red line).

Figures 7(b) and 7(c) show temperature dependence of the
resonant scattering intensities with q; at Gd and Tb Ly edges
and those with q, at Gd and Tb My edges, respectively. Well-
defined magnetic reflections are apparent with q; around Gd
and Tb Ly edges, whereas no reflections are observed with
q. despite careful attempts to acquire the peaks. Meanwhile,
the resonant reflections at q; and q, both appear at Gd and
Tb My edges. This is likely due to RXS at the rare-earth My
edge enabling one to detect a resonant scattering sensitively
since this energy range corresponds with a direct electronic

transition to 4 f orbitals. These observations indicate that rare-
earth moments also align with both q; and q5.

The intensities at q; at Gd and Tb Ly edges appear at
T ~ Ty andincrease at T ~ Typ and T ~ Tz = 14 K. A re-
cent neutron-scattering study for TbMn,Os showed a similar
thermal evolution of magnitude of magnetic moments at Th
sites [17]. The intensities at q, at Gd and Tb My edges appear
simultaneously with that at the Mn Ly edge at T ~ Tx;. The
significant increase in both resonant intensities with q; and q»
below 7Ty3 indicates that Gd and Tb ordering with q; and/or
q; induces the FE6 phase. Noted that the intensities at Gd
and Tb My edges show slightly different thermal evolution
as shown in Fig. 7(c), which might be attributed to different
behavior of q, magnetic ordering of Gd and Tb ions. Based on
these observations, we obtained the magnetic phase diagram
for Tb;_,Gd,Mn,0s provided in Fig. 1. According to this
diagram, the FE1 phase is primarily associated with the Mn
magnetic ordering with q;, whereas the FES phase is induced
by magnetic ordering of rare-earth and Mn ions with q
and/or q,. In the FE6 phase, a significant increase in the
magnitude of magnetic moments at the rare-earth sites leads
to the disappearance of the electric polarization.

We also observed spin polarization of O ions. Figure 6(c)
shows energy spectrum around the O K edge at q;. Note
that the fluorescence background has been subtracted from
the resonant scattering spectrum. Similar energy spectra have
been acquired from RMn;0s (R = Y, Er, Tb, Gd) [22-25] and
RMnO; (R = Tb, Dy)[26] compounds. Resonant peaks are
observed around E = 530 and E = 532.5 eV, respectively,
both of which correspond to 2p-3d hybridization between
O and Mn ions [27,28]. In addition, another peak is ob-
served around E = 536 eV. This energy range is associated
with rare-earth 5d states, and similar rare-earth contributions
were also observed in studies on RMn;05 (R = Tb, Sm, Gd)
[24,25]. These observations indicate that the spin polarization
of O ions is induced by charge transfer from O to both Mn and
rare-earth ions. In contrast, no magnetic signals were detected
around the O K edge at q, within the experimental error,
although the intensities observed around the Mn Ly iy edges
with q, are comparable to those with q; as shown in Figs. 6(a)
and 6(b). Therefore the magnetic moments of O ions likely
align solely with q;. The temperature dependence of the scat-
tering intensity at E = 530 eV and at q is plotted in Fig. 7(d).
Magnetic ordering with q; occurs simultaneously with that of
the Mn ions at T ~ Tyj. At T ~ Tn», the scattering intensity
is strongly suppressed compared to that at the Mn Ly edge.

C. Resonant x-ray scattering under external magnetic field

RXS for TbysGdysMn,0Os was also performed under an
external magnetic field, during which data were acquired
while increasing the magnetic-field strength along the b axis.
Figure 8(a) presents magnetic-field dependence of the reso-
nant intensities at Mn Ly, Gd, and Tb My at ;. The intensi-
ties around Mn and Tb absorption edges are seen to slightly
increase, whereas that at the Gd My edge decreases. This
suggests that the external magnetic field slightly destabilizes
the q; ordering of Gd ions. In sharp contrast, the intensities
at qp dramatically decrease above H ~ H; and almost dis-
appear at H ~ H,. These data clearly demonstrate that the
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FIG. 8. Magnetic-field dependence of resonant intensity at
(@ T =9Katq atMn Ly, OK (E =530eV, E =536¢V), Tb,
and Gd My edges and (b) at q, at Mn Ly, Tb, and Gd My edges.
(c) Magnetic-field dependence of electric polarization and intensity
at E = 530 eV. These data were obtained by increasing the external
magnetic-field strength. The intensities were normalized relative to
values obtained at H = 0 T for each data set.

disappearance of the magnetic ordering with ¢, leads to an
increase in the electric polarization. According to these mea-
surements, we obtained the magnetoelectric phase diagram
under an external magnetic field along the b axis (shown in
Fig. 5). Here, magnetic ordering of Mn ions with q; appears
in the FE1 phase, which is not significantly affected by an
external magnetic field. The electric polarization disappears
in the FE6 phase in which q; and q, magnetic ordering
of Mn and rare-earth ions coexist. The application of an
external magnetic field decays the magnetic ordering with qp,
which, in turn, causes ferroelectric phase transitions from FE6
to FES via FE7, resulting in the ME effect. Conversely, in
the FE5 phase, disappearance of the magnetic ordering with
q» appears to have little effect on the electric polarization.
This finding suggests that q, ordering makes only a minor
contribution to the FES phase.

As shown in Figs. 4(a)-4(c), Tby5GdysMn,0s exhibit a
colossal ME effect in response to the magnetic field applied
along any of the crystallographic axes. This isotropic ME
effect implies that the Gd>*t ions, which are isotropic due
to their zero orbital angular momentum L = 0, play a key
role. Previous RXS and neutron-scattering experiments for

GdMn,0Os have indicated that magnetic ordering of the Gd
ions preferentially induces the q, magnetic ordering [9,10].
Hence, it is probable that modulation of the Gd magnetic
ordering induced by an external magnetic field results in the
decay of the q, magnetic ordering of all ions, which leads
to the isotropic ME effects. Meanwhile, TbysGd sMn,0s
exhibits slight anisotropy in the ME effect, which is likely
due to the single-ion anisotropy of Tb** ions. Further under-
standing of the mechanism of this ME effect would require
clarification of the magnetic structure of the material, and
we intend to perform neutron scattering for Tbgy 5Gdg sMn,Os
using isotope Gd ions in the future.

Figure 8(a) also shows the magnetic-field dependence of
the resonant intensities at £ = 530 and E = 536 eV around
the O K edge. The intensity at £ = 530 eV increases to a
greater extent than those at other element absorption edges,
whereas that at £ = 536 eV does not show any significant
changes. Figure 8(c) again shows magnetic-field dependence
of the electric polarization and the intensity at £ = 530 eV.
Remarkably, both of them exhibit almost the same magnetic-
field dependence. A recent RXS study of YMn,Os suggested
that spin polarization at O sites reflects the magnetically
driven charge transfer between O and Mn ions, which plays
a major microscopic role in the electric polarization [23]. Our
observations as reported herein suggest that this charge trans-
fer makes the primary microscopic contribution to the ME
effect in TbysGdysMn,0Os. The data also imply that charge
transfer is the common origin for the ME effects exhibited by
the members of the RMn;Os family and by other multiferroic
compounds. Further theoretical and experimental studies are
required for a greater understanding of local mechanism of the
ME effects.

IV. SUMMARY

An isotropic ME effect is discovered in Tb;_,Gd,Mn,Os.
In particular, the electric polarization of TbgsGdysMn;Os
disappears when it transitions to the FE6 phase and reappears
in response to an external magnetic field applied along each
crystallographic axis. This isotropic ME effect is quite unique
among the members of the RMn;Os family and among other
multiferroic compounds. Our RXS study indicated that the
appearance of the rare-earth magnetic ordering with q; and
q: leads to the disappearance of the electric polarization in
the FE6 phase and that a decay of the magnetic ordering
with q, in response to an external magnetic field results
in the reappearance of the electric polarization. In addition,
the magnetic-field dependence of spin polarization at O sites
suggests that the charge transfer between O and Mn ions
microscopically contributes to the ME effect in this material.
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