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Resonant soft x-ray scattering was used to study the magnetic ordering of the multiferroic materials SmMn,Os
and GdMn;Os. In the case of SmMn,Os, the results confirm that antiferromagnetic ordering of Mn magnetic
moments occurs with magnetic propagation vector q,, = (1/2,0, 1/3 + §') in the incommensurate magnetic
phase, followed by the appearance of the commensurate magnetic phase with qy; = (1/2, 0, 0) as the temperature
is decreased. The energy spectrum around Mn Ly edges suggests that the Mn ions adopt unique electronic
states in the CM phase of SmMn,0s. No evidence was found for spin polarization of oxygen ions through
2 p-3d orbital hybridization between oxygen and Mn ions in this compound, although this phenomenon is clearly
evident in GdMn,0Os and other RMn,05 (R =Y, Er, Tb) compounds. The energy spectra around O K edge
strongly suggest that electronic polarization resulting from charge transfer between oxygen and Mn ions has little
contribution to the ferroelectricity while lattice distortion likely plays a key role in promoting ferroelectricity in

SmMn205 .
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I. INTRODUCTION

Multiferroic materials exhibiting two or more ferroic order
parameters that coexist and couple strongly with one another
have attracted a great deal of attention for several decades.
Among these materials, so-called type II multiferroics [1], in
which ferroelectricity is driven by magnetic ordering, exhibit
interesting phenomena such as nonlinear gigantic magneto-
electric (ME) effects.

Multiferroic RMn;0Os (R = rare-earth) compounds show
various ME effects, such as flipping and flopping of the elec-
tric polarization in response to the application of a magnetic
field in TbMn,0O5 and TmMn;Os, respectively [2,3]. Many
experimental studies for RMn,Os materials including neutron
and x-ray scattering have proposed that complex magnetic
ordering of Mn** and Mn>" ions induces electric polarization
as a result of the break of inversion symmetry via exchange
and Dzyaloshinskii-Moriya interactions, which are propor-
tional to the scalar product (S; - S;) and the vector product
(S; x §;) of neighboring spins, respectively [3—7]. It has been
revealed that nonlinear ME effects in RMn,0s compounds
are caused by simultaneous complex dielectric and magnetic
phase transitions induced by external field such as temperature
variations and magnetic fields [8—11].

On the more microscopic scale, there are two electric
polarization mechanisms; ionic and electronic polarization
(referred to herein as Pj,, and P, respectively). These
effects are cased by magnetically driven distortions of an
ionic lattice and charge transfer through orbital hybridization
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between ions, respectively. Some theoretical and experimental
investigations have pointed out that the both Pj,, and P
could contribute to electric polarization in RMn,;Os [12-14].
Furthermore recent resonant soft x-ray scattering (RSXS) ex-
periment around O K edge for YMn,Os has provided evidence
that spin polarization of oxygen ions occurs through charge
transfer between oxygen and Mn ions with the 2 p-3d orbital
hybridization [15]. It has been concluded that P plays a
major role for the ferroelectricity, based on the one-to-one
correspondence between temperature dependence of resonant
scattering intensity at O K edge and that of the electric
polarization. The spin polarization of oxygen ions via p-d
hybridization has also been observed in other RMn;0Os (R =
Tb, Er) and RMnOj3 (R = Tb, Dy) compounds [16—18].

In the case of SmMn,0Os, the microscopic magnetic prop-
erties had not been examined due to a large neutron absorption
cross section of the Sm ions in this compound. Recently,
our group carried out resonant hard x-ray scattering (RHXS)
experiments to investigate the magnetic ordering of Sm and
Mn ions, and determined the dielectric and magnetic phase
diagram [19]. The Sm and Mn magnetic moments are aligned
with qyy = (1/2 46, 0, 0) below T3 (=T¢2) = 28 K, which
coincide with the large electric polarization [see Fig. 5 of
Ref. [19] as well as Fig. 6(d) shown later] in this material
compared with that of other RMn;Os compounds. The order-
ing of both Sm and Mn moments change to commensurate
order with qy; = (1/2, 0, 0) at Tcym =~ 26 K. Therefore we
identified these phases as ICM2 and CM phases as shown
in Fig. 1. We found that the Sm and Mn ions had an almost
collinear magnetic structure in the CM phase, in which the
magnetic moments were oriented in the direction to the ¢
axis. In addition, measurements of dielectric properties and
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FIG. 1. Dielectric and magnetic phase diagrams of SmMn,Os.
The abbreviations have the following meanings: PE: paraelectric,
FE1: ferroelectric 1, FE2: ferroelectric 2, PM: Paramagnetic, ICM1:
incommensurate magnetic 1, ICM2: incommensurate magnetic 2,
CM: commensurate magnetic, ICM3: incommensurate magnetic 3.
The ICM1 and ICM3 phases were reported in Ref. [19]. The phase
transition temperatures were determined to be Ty; =~ 44 K, Ty, (=
Tc1) =34 K, Tnz (= Ten) ~ 28 K, Tem >~ 26 K, and Ty >~ 6 K.

magnetic susceptibilities indicated another ferroelectric and
magnetic phase transitions at Ty; ~ 44 K, Ty (=T¢)) =~
34 K, and Tnga =~ 6 K [19]. Quite recently, powder neutron
scattering experiments for SmMn,Os containing the '>*Sm
isotope were performed by Yahia et al. [20]. This prior work
showed that the Mn ions in this compound align with qy; =
(1/2, 0, 1/3+¢") in the range of Tcy < T < Tz, and that
another incommensurate magnetic ordering with qy; = (1/2,
0, 1/3+6") appears below T = Tng and coexists with the CM
phase. Figure 1 represents these phases as ICM1 and ICM3
phases, respectively. Yahia et al. also determined the magnetic
structure in the CM phase of SmMn;0Os, which was almost
equivalent to that previously reported by our own group [19].
However, it is still not clear whether or not spin polarization of
oxygen ions occurs in SmMn;Os. In addition, the microscopic
origin of the large electric polarization in the CM phase is also
not yet known.

In the present study, we employed resonant soft x-ray
scattering (RSXS) to observe the magnetic ordering of Sm,
Mn, and oxygen ions. The energy spectrum around O K
edge shows a lack of well-defined peaks from the 2p-3d
hybridization between oxygen and Mn ions, which strongly
suggests that P makes no appreciable contribution to the
large electric polarization in the CM phase of SmMn,Os. We
also applied RSXS to the analysis GAMn;0Os and compared
the spectra with those obtained from SmMn,Os.

II. EXPERIMENTAL DETAILS

Single crystals of SmMn,;0s5 and GdMn,0s5 were grown
using the PbO-PbF, flux method [21]. For the RSXS exper-
iments, samples of SmMn,0Os with (1, 0, 0)- and (3, 0, 2)-
surface normal, and GdMn,Os with (1, 0, 0)-surface normal
were prepared.

RSXS experiments were performed around Sm My (E ~
1089 eV), Mn Ly 1 (E ~ 653 eV, 645 eV, respectively), and
O K (E ~ 530 eV) edges for SmMn,0Os, which correspond
to Sm 3d & 4f, Mn 2p & 3d, and O 1s & 2p dipole
transitions, respectively. RSXS experiment were also carried
out around the Mn Ly and O K edges for GdMn;Os.
We used the silicon drift detector, an energy resolution of
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FIG. 2. (a) Peak profile obtained from 0-26 scans around Q =
(0.5, 0, 0.333+8) at T = 31 K and at Mn Ly E = 644.5 eV for
SmMn,0Os. The inset shows energy spectrum around Mn Ly; edge
at Q = (0.5, 0, 0.333+4") at T = 31 K. (b) Lattice modulation
reflections around Q = (0, 0, 6.66) at T = 26 K (filled circles), T
= 29 K (open circles), and 7' = 33 K (filled triangles). The dashed
line indicates L = 6.666.

which is less than 100 eV, to exclude higher-order harmonics
such as /2 scattering. In addition, the lattice modulation of
SmMn,0s was observed by hard x-ray diffraction at E =
16.8 keV. RSXS and lattice modulation measurements were
performed at the BL-19B, BL-16A [22], and BL-4C at the
Photon Factory in the High Energy Accelerator Research
Organization (KEK), Japan.

III. RESULTS

Figure 2(a) presents the results of a 6-26 scans around mo-
mentum transfer Q = (0.5, 0, 0.333+8") at Mn Ly edge and at
T = 31 K for SmMn,Os. The incident x-ray was m polarized.
Energy spectrum around Mn Ly edge is also provided in the
inset to Fig. 2(a). A well-defined peak was observed at Mn Ly
edge only between Tcyy ~ 26 Kand Txy ~ 34 K. The &’ value
varies with temperature. These observations confirm that the
Mn moments aligned antiferromagnetically with qy; = (1/2,
0, 1/34+¢") in the ICM1 phase (Tcm < T < Tnz), which is
consistent with previously reported results [20]. As shown
in Fig. 2(b), a superlattice reflection at Q = (0, 0, 6.666 +
258’) was observed at T = 29 K, which appeared between
Tns and Tnp. The position of this reflection corresponds
to lattice modulation with q; = (0, 0, 2/3 4+ 2§’). Studies
of RMn,0s compounds have shown that the q,; value for
these compounds is exactly half the q; value, meaning that
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FIG. 3. Energy spectra around Mn Ly ; edges (a) at Q = (0.5,
0, 0) at T =20 K in the CM phase and (b) at Q = (0.5, 0, 0.333+4")
at T = 31 K in the ICM1 phase for SmMn,Os, and (c) at Q = (0.5,
0,0) at T = 20 K for GdMn,Os. The incident x-ray was m polarized.

: q. = 2qy [8,23], which is consistent with the present
observation. No resonant peak was observed at Sm M,y edge
in this phase, despite careful attempts to acquire this peak. On
the basis of these data, we believe that only the long-range
ordering of Mn magnetic moments occurs in this phase, and
the CM phase with qy = (1/2, 0, 0) is triggered by the
spontaneous magnetic ordering of Sm ions.

Figures 3(a)-3(b) present the energy spectra around Mn
Ly edges at Q = (0.5, 0, 0), T = 20 K in the CM phase
and at Q = (0.5, 0, 0.333+¢), T = 31 K in the ICMI
phase, respectively. We also obtained energy spectrum around
Mn Ly edges at Q = (0.5, 0, 0) in the CM phase for
GdMn,Os, as shown in Fig. 3(c), for comparison purposes.
Recently RHXS measurement at Gd Ly edge for GdMn;Os
has shown that the Gd moments are aligned with q,; = (1/2,
0, 0) in the CM phase [24]. Our result demonstrates that
Mn magnetic moments are also aligned with qy; = (1/2, 0,
0), which is equivalent to the CM phase in SmMn,0Os. The
energy spectrum obtained in GdMn,0Os is very similar to
that acquired in the ICM1 phase of SmMn,Os. These energy
spectra are composed of several peaks, labeled A1l (640.6 eV),
A2 (642.1eV), A3 (644.5eV), B2 (653.2 eV), and B3 (655.8
eV) in Figs. 3(b), 3(c). In the CM phase of SmMn;0s, an
additional peak labeled B1 (651.6 eV) appears around Mn Ly
edge, and the intensity of peak A2 increases while that of peak

B2 is decreased, as shown in Fig. 3(a). These features were
found to be independent of both temperature and azimuthal
angle.

In order to investigate the magnetic ordering of oxygen
ions, RSXS data were acquired around O K edge in the CM
phase. Figures 4(a), 4(b) show energy spectra of resonant
scattering at Q = (0.5, 0, 0) and fluorescence spectra obtained
around O K edge in SmMn,0Os and GdMn,0Os, respectively.
The fluorescence background obtained at Q = (0.495, 0, 0)
has been subtracted for each energy spectrum of resonant
scattering. The fluorescence background intensities are much
weaker than the resonant scattering ones since we used four-
blades slit. We observed peak profile around Q = (0.5, 0, 0)
at several energy for SmMn,; 05 and GdMn,Os, as shown in
Figs. 4(c), 4(d), respectively. GdAMn,Os exhibits main reso-
nant scattering peak in the vicinity of E = 530 eV at which
point the fluorescence intensity initially increases. A well-
defined peak was observed in H scan at £ = 530 eV, as shown
in Fig. 4(d). According to the first-principles calculations of
the density of states, this energy range corresponds to the
2p-3d orbital hybridization between oxygen and Mn ions
[25,26]. These results confirm that spin polarization of oxygen
ions occurs with qy; = (1/2, 0, 0) through the 2 p-3d orbital
hybridization in GAMn,Os. Energy spectra similar to that ob-
tained from GdMn,Os have been reported for other RMn;Os5
(R = Tb, Y, Er) and RMnO3 (R = Tb, Dy) compounds
[15-18].

In sharp contrast, SmMn,Os exhibits no well-defined peak
around £ = 530 eV, as can be seen in Figs. 4(a), 4(c).
Although recent RSXS study has shown the possibility that
propagation wave vector changes slightly near absorption
edge [27], we confirmed the disappearance of the resonant
peak for SmMn;0Os by measuring H vs. Eppoton intensity map
around Q = (0.5, 0, 0) as shown in Fig. 4(e). Meanwhile
nonresonant scattering intensities are apparent below E =
530 eV at T = 20 K, in the region above which the absorption
effect is intensively strong. A well-defined peak also appears
in the data from the H scan at E = 525 eV, as shown
in Fig. 4(c). We also observed the nonresonant scattering
even at a different energy such as E = 1 keV. Figure 5(a)
shows azimuthal dependence of the nonresonant scattering
intensity observed at E = 525 eV with o (filled circles)
and 7 (open circles) polarized incident x rays. Using the
amplitudes for nonresonant x-ray magnetic scattering [28]
and the magnetic structure obtained from neutron scattering
analyses [20], we calculated azimuthal dependence of the
nonresonant scattering intensity [the solid and dashed lines
in Fig. 5(a)]. Since the calculated values reproduced well
the azimuthal dependences, it is evident that the nonresonant
intensity results from magnetic scattering in SmMn;,Os. The
nonresonant intensity disappears at 7 = 31 K (T > Ty3 and
in the ICM1 phase), as shown in Fig. 4(a). We also observed
nonresonant peak for GdMn,Os at E = 525 eV [shown in
Fig. 4(d)], the intensity of which is much lower than that of
the resonant scattering peak at E = 530 eV. Recent RHXS
study for GdMn,Os determined that the nonresonant intensity
results from magnetic scattering, based on the azimuthal
dependence [24].

In addition, several peaks were observed around E =
535 eV in SmMn;0s. One possible explanation for the
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FIG. 4. Energy spectra of Bragg peak intensity at Q = (0.5, 0, 0)

around O K edge (a) at T = 20 K (filled circles) and 7 = 31 K (open

circles) and the fluorescence spectrum (dashed line) for SmMn,Os, and (b) GdMn,Os. The fluorescence background has been subtracted
for each energy spectrum of resonant scattering. The H scan peak profile around Q = (0.5, 0, 0) at each energy for (¢) SmMn,0s and (d)
GdMn,O0s. (e) H vs. Ephoon map of resonant scattering intensity around O K edge at T = 20 K for SmMn,Os. Dashed line indicates E =

530 eV. The incident x-ray was 7 polarized.

appearance of these peaks is nonresonant scattering. Gener-
ally, absorption coefficient varies with the incident x-ray en-
ergy in the vicinity of an absorption edge. Another possibility
is a rare-earth contribution. GdMn,Os also exhibited a peak
around E = 536 eV, as shown in Figs. 4(b), 4(d). This energy
range is associated with rare-earth 5d states [25,26] and sim-
ilar rare-earth contributions were also observed in TbMn,Os
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FIG. 5. Azimuthal dependence of (a) the nonresonant scattering
observed at E = 525 eV and (b) the intensity at £ = 535 eV in
the CM phase for SmMn,0s with o (filled circles) and 7 (open
circles) polarized incident x rays. The solid and dashed lines in both
figures represent the calculated values for the o and m polarized
incident x rays, respectively. By definition, azimuthal angle of ¢ =
90° indicates that the c* axis is perpendicular to the scattering plane.

and RMnOj (R = Tb, Dy) [17,18]. Furthermore, the intensity
around £ = 535 eV in SmMn,0Os is comparable to that of
the nonresonant scattering, in spite of a strong absorption
effect. Therefore, these intensities might result from both
nonresonant and resonant magnetic scattering. Figure 5(b)
shows azimuthal dependence of the intensity at E = 535 eV.
The solid and dashed lines represent the calculated azimuthal
dependence of the intensities with o and 7 polarized incident
x-rays, respectively, assuming that the intensity at E = 535 eV
is due to resonant magnetic scattering and that the magnetic
moments of oxygen ions have only a ¢ axis component. Al-
though these calculations reproduce the experimental values
quite well, the exact origin of these peaks is presently unclear,
since the nonresonant scattering exhibits a similar azimuthal
dependence in Fig. 5(a). A polarization analysis for scattered
x ray would be required to determine this.

It is typically difficult to compare the RSXS intensities
acquired from different samples because of the strong effect
of the sample surface conditions on the scattering intensity.
However, it is possible to compare the energy spectra in Figs.
4(a), 4(b) since both were normalized relative to the calculated
nonresonant magnetic scattering values at E = 525 eV, using
the magnetic structures of SmMn;Os and GdMn,Os [20,29].

Figure 6(a) shows temperature dependence of scattering
intensities at Sm My and Mn Ly edges, as well as the
lattice modulation. Below T¢y, the Q = (0.5, 0, 0) scattering
intensities increase at both the Sm My and Mn Ly edges.
Scattering intensity at Q = (0.5, 0, 0.333+6’) at Min Ly edge
appears at Tnp =~ 34 K and disappears at Tcy =~ 26 K. In
addition, lattice modulation with q; = (0, 0, 2/3 +2§') is
observed between T and Tz =~ 28 K. There is simultaneous
magnetic ordering of Sm and Mn ions with qy; = (1/2+5,
0, 0) and of Mn ions with q,; = (1/2, 0, 1/3448’) between
Tn3 and Tey- As shown in Fig. 6(b), intensity at E = 535 eV
appears below T3 at the reciprocal lattice point Q = (0.543,
0, 0) which changes to the Q = (0.5, 0, 0) at Tcm. The (0.5,
0, 0.333+4¢") reflections in the ICM1 and ICM?2 phases cannot
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FIG. 6. Temperature dependence of the scattering intensities (a)
at Sm My, Mn Ly edges and lattice modulation, and (b) at O K edge.
Temperature dependence of (c) the magnetic susceptibility and (d)
the dielectric constant (red line) and the electric polarization (black
line) along the b axis. (c) and (d) are taken from Ref. [19].

be observed around O K edge by RSXS measurement because
of the limitation of Q range.

Figures 6(c) and 6(d) show temperature dependence of
the magnetic susceptibilities along the each crystallographic
axis, and dielectric constant and electric polarization along the
b axis, respectively [19]. These measurements confirm that
ferroelectric transitions occur simultaneously with antiferro-
magnetic transitions.

IV. DISCUSSION

The incommensurate ordering of the Mn magnetic mo-
ments occurs with qy; = (1/2, 0, 1/3438’) between Tn, and
Tcm, which is similar to the magnetic ordering observed in
EuMn, 05 [30]. We confirmed the appearance of ICM1 phase
as shown in Fig. 1, which coexists with FE1 phase. Lattice
modulation with qy; = (0, 0, 2/3 4+ 2§’) also occurs in this
phase, which indicates that local electric polarizations align in
a compensated structure along the c¢ axis, i.e., no net compo-
nent. That results in a relatively weak electric polarization in
the FE1 (ICM1) phase. Conversely, lattice modulation occurs
with in-phase along the ¢ axis in the FE2 (ICM2 and CM)
phase, which gives rise to a large electric polarization, as

has been discussed in our previous report [19]. Between T3
and Ty, ICM1 and ICM2 phases coexist, as can be seen in
Fig. 1.

The energy spectrum around Mn Ly iy edges in the ICM1
phase of SmMn;,0Os is quite similar to that obtained in the
CM phase of GdMn;Os [see Figs. 3(b), 3(c)]. Other RMn;0s5
(R = Tb, Er, Y) compounds also exhibit similar energy spec-
tra around Mn Ly r edges [16,31,32]. However, the energy
spectrum in the CM phase of SmMn,0s is different from
those in the ICM1 phase of SmMn;Os and in other RMn;Os5
materials. Previous RSXS studies for RMn,O5 (R = Tb, Er,
Y) compounds have found that the shape of the energy spectra
is modified by variations in both temperature and azimuthal
angle. This effect has been attributed to the different con-
tributions of Mn** and Mn>* ions to the magnetic structure
factor due to the formation of complex noncollinear magnetic
structures.

However, the shape of the energy spectrum in the CM
phase of SmMn;0s shows neither temperature nor az-
imuthal angle dependence. Furthermore, both SmMn,0Os and
GdMn,0Os have almost collinear magnetic structures in the
CM phase. The Mn**t and Mn?* magnetic moments form
equivalent spin arrangements such as zigzag antiferromag-
netic chains in the ab plane in both materials, although the
moments point to the ¢ axis in SmMn,Os and the a axis in
GdMn, 05 [19,20,29]. Thus the different energy spectra in the
CM phase of SmMn,0Os likely reflect the unique electronic
state of Mn ions in the CM phase of SmMn,Os rather than the
different magnetic structure of the Mn ions.

It has recently been reported that oxygen spin polarization
is primarily induced by 2 p-3d hybridization between oxygen
and Mn ions in RMn;05 (R = Tb, Y, Er) and RMnOs;
(R = Tb, Dy) materials [15-18]. GdMn,Os also exhibited a
well-defined peak around E = 530 eV [see Figs. 4(b), 4(d)],
where fluorescence exhibited first edge, which corresponds
to the 2p-3d hybridization [25,26]. A recent RSXS study of
oxygen spin polarization in YMn;Os has suggested that P,
resulting from p-d hybridization between oxygen and Mn
ions plays a key role for the ferroelectricity [15]. The energy
spectrum around O K edge in SmMn,Os is quite different
from those in other RMn,0s materials, in which there is no
well-defined peak in the vicinity of £ = 530 eV. Our pre-
vious RHXS [19] and recent neutron scattering experiments
[20] identified an almost collinear magnetic structure in the
CM phase in SmMn;0s, whereas Mn moments align in a
noncollinear manner along the ¢ axis in other RMn,0O5 com-
pounds [4,33,34]. This result suggests that exchange striction
is primarily responsible for the ferroelectricity in SmMn,Os.
Our present work also provides strong evidence that P, does
not significantly contribute to the large electric polarization in
this material, which is probably cased by P;,, dominantly in
the collinear magnetic structure of SmMn;Os.

Mn magnetic moments point to the ¢ axis in SmMn;Os
and the a axis dominantly in the other RMn;0O5 compounds
[4,19,20,29,33,34]. This difference maybe causes the dis-
appearance of oxygen spin polarization resulting from p-d
hybridization and P, in the CM phase of SmMn,0s due
to exchange interaction between Mn and oxygen spin. The
disappearance of P, likely changes the effective charges of
Mn** and Mn** ions [12] from those in the ICM1 phase,
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which could change the shape of an energy spectrum of
resonant scattering around Mn Ly 11 edges, although the fluo-
rescence spectrum remain almost unchanged in the CM phase
of SmMn;0Os. On the other hand, some theoretical studies of
manganese oxides have shown that crystal field effect can
modify the shape of an energy spectrum around Mn Ly
edges [35-37]. The different energy spectrum around Mn
Ly edges in the CM phase is possibly caused by changes the
environment around the Mn sites due to the lattice distortion.
Therefore further theoretical studies and structural analysis
would be required to confirm them.

V. SUMMARY

RSXS was used to investigate the magnetic ordering in
multiferroic compounds SmMn,0s and GdMn;0Os. In the
case of SmMn,0Os, we confirmed the existence of an ICM1
phase in which only the Mn magnetic moments are ordered
with qy = (1/2, 0, 1/3+45). The energy spectrum around
Mn Ly edges in the CM phase in SmMn;,Os is different

from those acquired in the ICM1 phase and in GdMn,Os,
probably due to the unique electronic state of the Mn ions in
the CM phase of SmMn;Os. The energy spectrum around O K
edge suggests that P, makes only a minor contribution to the
large electric polarization in the collinear magnetic structure
of SmMn,Os.
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