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Insights into magnetoelectric coupling mechanism of the room-temperature
multiferroic Sr;Co,Fe;;O4 from domain observation
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The mechanism of a magnetoelectric coupling in a room-temperature multiferroic, Sr;Co,Fe;,04;, with the
Z-type hexaferrite structure, is examined by three approaches: observations of domain structures and their
field responses, measurements of magnetic-field effect on electric polarization, i.e., magnetoelectric effect, and
phenomenological discussions on the interplay among coexisting order parameters. With use of a resonant soft
x-ray microdiffraction technique, we visualized magnetic-field responses of two types of magnetic domains
ascribed to ferrimagnetic and spiral components inherent in a transverse conical magnetic structure of the
hexaferrite. A simultaneous inversion of these magnetic domains by a magnetic-field reversal was observed,
meaning that the process of a magnetization reversal corresponds to a 180° rotation of the cone axis. The
reversal process of the magnetic structure, together with experimental results of the magnetoelectric effect,
leads us to the conclusion that the magnetoelectricity in the Z-type hexaferrite originates mainly from the
spin-dependent metal-ligand orbital hybridization, with minor contribution from the asymmetric spin-exchange
interaction. Furthermore, such a mechanism is discussed by the symmetry analysis based on the Landau theory
and is well described in terms of couplings among the coexisting order parameters included in the free energy.
Thus, observations on field responses of multiple domains in multiferroics provide insights into underlying

microscopic magnetoelectric coupling mechanisms.
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I. INTRODUCTION

Spontaneous symmetry breaking in condensed-matter
physics is ascribed to the evolution of an order parameter. A
set of distinct order parameters is provided by the symmetry of
a matter and separates the matter into domains characterized
by the sign and/or orientation of the parameters. The manip-
ulation of domains by an external field is the key principle
to exploit ferroic materials such as ferroelectrics and ferro-
magnets. In multiferroics exhibiting both ferroelectricity and
(anti)ferromagnetism [1,2], at least two types of order parame-
ters, e.g., electric polarization P and magnetization M, coexist.
One of the most fascinating characteristics in multiferroics is
the interplay among the coexisting order parameters, which
leads to remarkable magnetoelectric (ME) responses to ex-
ternal fields. For example, it was reported that a reversal of
M accompanies that of P in multiferroics where ferromag-
netism and ferroelectricity originate from a transverse conical
(TC) spin order breaking time-reversal and space-inversion
symmetries simultaneously [3,4]. In such multiferroics, it was
pointed out that their ME responses are critically affected by
domain-wall couplings such as a clamping of domain walls
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ascribed to different order parameters [3,5]. In fact, the ME
response in a conical magnet, Mn,GeQOy, has been explained
in terms of not only coupled order parameters but also their
domain responses through direct observations of the change
in domain population as well as domain pattern by applying
external magnetic and/or electric fields [6,7].

In Mn,GeOQOy, a reversal of M inverts the sign of P in
each ferroelectric domain without any change of the ferro-
electric domain pattern [7]. This inversion process shows that
ferroelectric domain walls are clamped with ferromagnetic
ones. By means of a phenomenological approach based on
the Landau theory, when the symmetry allows the interplay
among multiple order parameters coexisting in the material,
one finds that it plays an essential role for such a domain
inversion as well as the emergence of the ME effect, i.e.,
magnetic control of P [6,8]. Therefore, such interplay among
order parameters can give rise to a promising basic concept for
the nontrivial control and understanding of properties inherent
in materials which show multiple electronic and/or structural
orders, such as multiferroics.

Among a variety of multiferroics, iron-based oxides
with hexagonal crystal structures, termed hexaferrites,
have been attracting considerable attention. This is
because they are rare single-phase multiferroics that allow
high-temperature and low-magnetic-field operation with
remarkable ME responses, either magnetic-field-induced
ferroelectricity or electric-field-induced magnetism [9,10].
To date, ME effects have been observed in several types of
hexaferrites such as Y-type (Ba, Sr),Me,Fe 205, [11-14],

©2019 American Physical Society


https://orcid.org/0000-0001-5305-7930
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.094444&domain=pdf&date_stamp=2019-09-27
https://doi.org/10.1103/PhysRevB.100.094444

UEDA, TANAKA, WAKABAYASHI, AND KIMURA

PHYSICAL REVIEW B 100, 094444 (2019)

(a)
Fe,Co in octahedral surrounding
Fe in fivefold surrounding

SA

(Fe,Co)Oy
(Fe,Co)O5 ~

! - : [100]
Fe,Co in tetrahedral surrounding

[001] 1 A
[100]

[010]

[010]

(c) [o01] (d)O (e) s (f)._ (9) CD (h)
Q9 @ - = 6
§ i O * & @
gl
5 %mt % e Lo g)
e . 0
(W [Tooh.’cﬁggal % & ',' .

FIG. 1. (a), (b) Crystal structure of Sr3;Co,Fe,4O4; viewed along [001] (a) and [110] (b). White crosses and horizontal lines in (b) represent
inversion centers and mirror planes, respectively. (c, d) The transverse conical (TC) magnetic structure proposed for Sr;Co,Fe 4Oy [19]. The
red (blue) arrows represent net magnetic moments in the respective L (S) blocks. The brown planes and the green arrows show the cycloidal
plane and net magnetization M in the whole unit cell, respectively. The TC structures formed in a domain (c) before and (d) after an M
reversal where both M and spin helicity are inverted by a 180° rotation of the cone axis around [001]. The TC structure drawn in (c) [(d)]
can be regarded as the combination of a ferrimagnetic component (e) [(f)] and a cycloidal one (g) [(h)]. The states with pinkish (light-bluish)
background [(e)-(h)] correspond to the red- (blue-) colored regions in Figs. 6(a) and 6(b) for the ferrimagnetic component [(e) and (f)] and

those in Figs. 6(c) and 6(d) for the cycloidal one [(g) and (h)].

M-type (Ba, Sr)(Fe, Sc, Mg)1,019 [15], and Z-type
(Ba, Sr)sMeyFepuO4 [16,17], where Me is a divalent metal
ion. It is considered that a characteristic common to these
ME hexaferrites is a spontaneous (or magnetic-field-induced)
development of a TC magnetic structure in which both M
and P coexist [18,19]. The TC structure is composed of a
cycloidal spin-spiral component and a collinear-ferrimagnetic
component. The former induces P through the asymmetric
spin-exchange interaction: the so-called spin-current [or the
inverse Dzyaloshinskii-Moriya (DM)] interaction [20-22].
This interaction had long been believed as a main origin of
ME coupling in the hexaferrite family.

Recently, however, it was proposed that the ME-coupling
mechanism depends on types of hexaferrites on the basis of
experimental observations of their ME effects and considera-
tion of the symmetries in their structures [23,24]. According
to these studies, the ME coupling in the Y-type hexaferrite
[23] is ascribed to the asymmetric spin-exchange interaction,
as expected in most of the previous studies, while that in
the Z-type hexaferrite [23,24] is mainly ascribed to the spin-
dependent metal-ligand orbital hybridization [25]. However,
due to the complex crystallographic and magnetic structures
of ME hexaferrites, their ME mechanisms were discussed
only on the basis of their macroscopic properties such as M
and P, as well as the modulation wave vectors k of their
magnetic structures.

The purpose of this study is to provide insights into the
ME-coupling mechanism in a room-temperature multiferroic
Z-type hexaferrite, Sr3Co,Fe 4041, showing a TC magnetic
structure [16,17,19] from the viewpoint of microscopic mag-
netic domains rather than its macroscopic ME properties.
We examine magnetic-field responses of two types of mag-
netic domains formed by the evolution of coexisting order
parameters inherent in the TC magnetic structure by adopt-

ing a resonant soft x-ray microdiffraction technique using
circularly polarized incident x rays. This technique allows
us to separately observe domain structures ascribed to the
coexisting order parameters. Judging from the magnetic-field
response of the magnetic domains, i.e., microscopic spatial
distribution of order parameters, together with that of P, i.e.,
macroscopic order parameters, the ME coupling in the Z-
type hexaferrite is dominantly ascribed to the spin-dependent
metal-ligand orbital hybridization mechanism. In addition, we
verify the ME-coupling mechanism in the Z-type hexaferrite
with the complex crystallographic and magnetic structures
through a symmetry-based discussion of the interplay among
the coexisting order parameters.

II. SAMPLE AND EXPERIMENT

The Z-type hexaferrite Sr3;Co,Fe;4O4; belongs to the
hexagonal space group P63/mmc with lattice parameters a &~
5.87 A and ¢ &~ 52.07 A [16,26]. Figures 1(a) and 1(b) display
its crystal structure viewed along [001] and [110], respec-
tively. The complex crystal structure is divided into small (S)
and large (L) magnetic blocks stacked along the [001] direc-
tion alternately. The effective moments in the S and L blocks
are estimated to be 5.9 ug and 39.8 g, respectively, where g
is the Bohr magneton. In this estimation, the occupancies of
Fe3t and Co*™ for the respective magnetic sites are taken into
account [27]. Note that the L block of the Z-type structure has
a mirror plane normal to [001] at the center of the block [white
lines in Fig. 1(b)]. The magnetic structure of Sr;Co,Fe 404
at room temperature in the absence of a magnetic field B was
reported to be the TC structure [19], which is illustrated in
Fig. 1(c). The net magnetization is parallel to the basal plane.
This structure can be divided into a collinear-ferrimagnetic
component with k = (0,0,0) [Fig. 1(e)] and a cycloidal
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FIG. 2. (a) A photograph of the specimen. An orange dashed box
roughly corresponds to the region where the intensity maps were
obtained. (b), (c) Scattering geometries for the RXD measurements
at (b) ¢ = 0° and (c) +90°.

spin-spiral component with k = (0,0, 1) [Fig. 1(g)]. Here-
after, we refer to the plane normal to macroscopic M in the
TC structure as a cycloidal plane. We define the handedness
of the cycloidal component such that magnetic moments in
the right- (left-) handed domain are rotated counterclockwise
(clockwise) from the lower to upper sides of the crystal struc-
ture [shown in Fig. 1(b)] viewed along [100] from the origin.
To represent the handedness of the cycloidal component, we
introduce vector spin chirality C. The cross product of two
magnetic moments at sites i and j, m; and m;, respectively,
defines C so that C between the sites, C;;, is described as

Cj=m; xm;. ()

A cycloidal configuration of magnetic moments gives a uni-
form sign of C among any pairs of neighboring magnetic
moments. The sign corresponds to the handedness of the com-
ponent in right- and left-handed cycloidal spin-spiral domains
shown in Figs. 1(g) and 1(h), respectively.

Single crystals of Sr3Co,FesO4; were grown by the
Na,0-Fe,0O3 flux method similar to that described in
Ref. [17]. Resonant x-ray diffraction (RXD) measurements
on one of the crystals with a flat and clean cleaved face
parallel to the (001) plane [see Fig. 2(a)] were performed
at the beamline 17SU, SPring-8. Highly focused, circularly
polarized, soft x rays whose beam size and photon energy
E,h, were approximately 30 x 15 um? and in the vicinity of
the Fe L3 edge (=710 eV), respectively, were utilized [28,29].
Here the degree of circular polarization for the incident beam
is represented by the so-called Stokes parameter P> such that
a beam with P, = 41(—1) corresponds to the right- (left-)
circularly polarized state [30]. The crystal was mounted with
the [001] direction along the scattering vector Q (= q — ¢/,
where q and q' are the wave vectors of the incident and
diffracted x rays, respectively). All the RXD data shown in
this paper were taken at room temperature and in B (|B| ~
0.3 T) along [100]. In this condition, the direction of M for
the TC structure [31] is fixed along [100]. B was applied

by using a pair of neodymium magnets. Two representative
scattering geometries used in this RXD study are illustrated in
Figs. 2(b) and 2(c), in which ¢ (= 0° or +90°) is the azimuthal
angle and 6 is the Bragg angle. We define ¢ = 0° as the
geometry where the [100] direction is parallel to the scattering
plane [Fig. 2(b)]. The positive rotation of ¢ is defined as a
counterclockwise direction along Q. To observe the spatial
distribution of magnetic domains, two-dimensional scans of
the focused x-ray beam on the cleaved face were carried out.

Resonant scattering amplitude from a crystal through
dipole transition is represented as

f=—a(e - &)+ bF, (¢ x ¢). 2)

Here € (¢') is the polarization unit vector of an incident
(scattered) beam, and b [= —3/(47rq)i(F_11 — F_&l)] is a co-
efficient of the magnetic scattering term, which is linear to
a local magnetic moment in the resonant elastic scattering
length. F ﬁl(fl) is the resonant strength of the dipole transition
with a change 1 in orbital quantum number and a change 1
(—1) in magnetic quantum number, and ¢ is the magnitude of
the wave vector of an incident photon. F,, and a are magnetic
and crystal structure factors, respectively, defined as

F, = ijexp(2niQ ‘R)) 3)
J

and

3
a=— Z |:f0 + E(Fll + Fil)i|eXP(27TiQ ‘R @
j

Here fy is the Thomson scattering amplitude, and m;
and R; are the unit vector parallel to the local magnetic
moment and the atomic position vector, respectively, of site
j. An RXD signal from a general magnetic material can be
circular dichroic through the pure magnetic scattering and/or
the charge-magnetic interference effect represented as

do \Pure 5 R ~ .~
(E> = P2|b| Im{[Fm : (q/ X q)](Fm : q/)} (5)
P

and

nter
(d—“) = —PIm(a*bF,) - (§ + q'cos20),  (6)
a2 ) p,
respectively [32]. Here the hat denotes the unit vector along
each vector. The circular polarization-dependent part in the
scattering cross section do /dQ2p, is discussed by using the
flipping ratio (FR). FR is defined as the normalized differ-
ence intensity between the data obtained with right circularly
polarized (RCP) and left circularly polarized (LCP) x rays,
(Ircp — ILcp)/(rcp + ILcp) (< do /dS2p,).

For ME measurements, some of the single crystals were
oriented by using the Laue x-ray diffraction method and cut
into thin plates with the widest faces perpendicular to [120]
or [100]. Silver paste was painted on the widest faces of the
plates and used as electrodes. The specimen was inserted in a
commercial superconducting magnet [Quantum Design Phys-
ical Property Measurement System (PPMS)]. The following
ME poling procedure was carried out to make a single ME do-
main state in advance of each measurement. An electric field
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Epoi(= £1MV/m) was applied at the paraelectric collinear-
ferrimagnetic phase (B = —3 T). Subsequently, B was swept
into the ferroelectric TC phase (B = —0.3T), and Ep was
removed. Then the ME current was measured by using an
electrometer (Keithley 6517A) while sweeping B at a rate of
~1.1 T/min. By integrating the ME current as a function of
time, P was obtained as a function of B. In this study, we mea-
sured P normal to and parallel to B in the basal plane. All the
ME measurements were carried out at 10 K, where the sample
resistivity is high enough to measure intrinsic ME current.

III. RESULTS AND DISCUSSION
A. Resonant x-ray diffraction

Figure 3(a) shows the OOL profile obtained on a certain
sample position by using an RCP x-ray beam at E,, =
709.2eV and ¢ = +90°, where the cycloidal plane is parallel
to the scattering plane [Fig. 2(c)]. In addition to the 002n
Bragg reflections (n = integer), finite 002n &= 1 space-group
forbidden reflections exist. The result is well explained by
the TC structure, because the cycloidal component with k =
(0, 0, 1) causes magnetic satellites around the Bragg reflec-
tions [19]. As displayed in Figs. 3(b) and 3(c), the change
of sign in the circularly polarized state of incident x rays
[P, = +1 (RCP) or —1 (LCP)] yields substantially different
intensities of both the space-group allowed and forbidden
reflections, i.e., 004 and 003, except for 004 at ¢ = 490°.
Photon-energy profiles of the intensities at 004 and 003 are
shown in Fig. 4 together with an x-ray absorption spectrum
(XAS) obtained by the total electron yield method for compar-
ison. All the intensities of the reflections are clearly enhanced
in the vicinity of the Fe L3 edge and become circular dichroic
around the absorption edge, except for 004 at ¢ = +90°. The
circular dichroism of the reflections is found to be due to the
resonant effect.

1. Circular dichroism caused by
the ferromagnetic order parameter

We apply the TC structure of Sr;Co,Fe 4Oy to Eq. (6)
with use of the Cartesian coordinate shown in Fig. 2(b)
to discuss what causes the circular dichroism of 004. The
structure can be described by using the half opening angles
of the conical structure,  and B, in an S block and an L
block, respectively [see Fig. 1(c)]. The magnetic moments of
the respective magnetic blocks are tabulated in Table I, where
myg and my, are the magnetic moments of an S block and an L
block, respectively.

Applying them to Eq. (3), one gets F,, at 004 as

F004

m

= 2N[(my cos B — mgcos®)cos @,
(mg cos B — mg cosa)sin ¢, 0]. @)

Here N is the number of the unit cell contributing to the
scattering. Note that the collinear-ferrimagnetic component
with k = 0 contributes to the 004 reflection, but the cycloidal
spin-spiral one does not. The circular dichroism through the
pure magnetic scattering term [Eq. (5)] is found to be zero
because F%% possesses only real number components. By
contrast, the interference term [Eq. (6)] provides a finite
circular dichroic signal at 004 because both the charge and
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FIG. 3. (a)-(c) Resonant x-ray diffraction profiles of the O0L
scan. Red and orange (blue and green) curves correspond to profiles
obtained by RCP (LCP) x rays. The profile in the range from L = 1.3
to 5.7 (a). The profiles around L = 3 (b) and 4 (c). Here the profiles
in (c) correspond to the data shown in Fig. 6(b). (d) Azimuthal-angle
dependence of the flipping ratio (FR) at 003. A red curve is a fit to
a sinusoidal function, A sin ¢ 4+ Bcos ¢ + C, where A, B, and C are
constants. The gray dashed or dotted lines show the origin of each
panel.

magnetic scatterings contribute to the 004 reflection in the
TC structure, that is, a and F,, are finite at 004. By plugging
Eq. (7) into Eq. (6), do /d2p, at 004 is obtained as

do \ 0%
<E> = —4NPIm(agos*b)(my cos B

P
— Img cos &) cOs ¢ COS 6. 8)

Equation (8) indicates that the ferrimagnetic component,
mycosf — mgcosae x M, in the TC structure gives rise to cir-
cular dichroism at 004 through the interference as reported in
ferromagnets [33—-35]. The absence of the circular dichroism
in 004 at ¢ = 4-90° [upper panel of Fig. 3(c)] well supports
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FIG. 4. Photon-energy profiles of 004 (upper) and 003 (middle)
at the respective azimuthal angles and an XAS (bottom, a black line).
Orange and red (green and blue) curves represent the data obtained
by RCP (LCP) x rays. The gray dashed lines show the origin of each
spectrum.

that the charge-magnetic interference effect represented by
Eq. (8) is responsible for the circular dichroism of the 004
reflection. An M reversal in terms of the crystal axis [100],

illustrated in Figs. 1(e) and 1(f), switches the sign of (3—5 %24.

2. Circular dichroism caused by the cycloidal
spin-spiral order parameter

In contrast to the circular dichroism of the 004 reflection,
that of the 003 reflection is not trivial. Note that the cycloidal
spin-spiral component with k = (0, 0, 1) contributes to the
003 reflection, but the collinear-ferrimagnetic one does not.
In general, the intensity of magnetic satellites due to a cy-
cloidal magnetic order can depend on the circularly polarized
state of incident x rays through the pure magnetic scattering
process represented in Eq. (5). The sign of do/dS2p, corre-
sponds to that of C in the cycloidal structure [36]. Applying
the magnetic moments in Table I to Eq. (3), one gets F,,
at 003 as

F?nm = 2N(%imy sin ¢ sin B, Fimy cos ¢ sin B, mgsina).

€)

TABLE 1. The magnetic moments located at the respective
blocks of the TC structure. Here ¢ is the azimuthal angle. The net
magnetization, i.e., the cone axis, is set to be parallel to the scattering
plane at ¢ = 0° as illustrated in Fig. 2(b). mg and m,, are the magnetic
moments of an § block and an L block, respectively. o and g are the
half opening angle of the conical structure in an S block and that in
an L block, respectively. The positions of the moments in the unit
cell along [001] are also shown, where ¢ & 52.07 A [16]. The upper
and lower signs in the table correspond to the cycloidal spin-spiral
domains shown in Figs. 1(g) and 1(h), respectively.

Magnetic moment Position
—Cos @ cos
S1 block mg| —singcosa 0
sina
cos ¢ cos B F sin ¢ sin B
L1 block my | sing cos B £ cosgsin B c/4
0
—Ccos @ cosa
S2 block mg| —singcosa c/2
—sino
cos ¢ cos B % sin ¢ sin B
L2 block my | sin @ cos B F cos ¢ sin 3c/4

0

The double sign in Eq. (9) corresponds to the sign of
C in the cycloidal component, i.e., right- and left-handed
cycloidal spin-spiral domains [Figs. 1(g) and 1(h)]. When the
cycloidal plane is parallel to the scattering plane, i.e., ¢ =
490° [Fig. 2(c)], Egs. (5) and (9) indicate that no circular po-
larization dependence appears due to the orthogonal relation
between F,, and q’ x q. Thus, our experimental observation
of the circular dichroism of 003 at ¢ = +90° [see Fig. 3(b)]
cannot be explained in terms of the pure magnetic scatter-
ing and suggests that the circular dichroism is ascribable to
another origin.

A plausible origin of the circular dichroism at 003 is the
charge-magnetic interference effect as in 004, because the
interference can give rise circular dichroism on diffracted
intensities even in antiferromagnets (e.g., the so-called alter-
nating longitudinal conical structure of a Y-type hexaferrite
[32]). Although the space group of Z-type hexaferrites has
long been considered as P63/mmc, in which 002n £ 1 re-
flections are forbidden, finite 002n £ 1 reflections of Z-type
(Ba, Sr);Co,Fe 4041 with the TC structure were observed
in recent nonresonant x-ray diffraction studies [24,37]. The
experimental results indicate that the TC magnetic ordered
phase somehow lowers the crystallographic symmetry of the
Z-type hexaferrite. Therefore, the charge-magnetic interfer-
ence is possibly finite and causes the circular dichroism at
003 which we observed in this experiment. Besides, the Eyp,
dependence of the scattering intensity of 003 is similar to that
of the XAS (see Fig. 4). The similarity supports the presence
of the interference effect, because the same factor (F' _11 +
F ll) dominates both an XAS and an E,;, profile through the
interference effect [32]. It is also worth noting that the asym-
metric peak structure of the 003 reflection [see Fig. 3(b)]
indicates the presence of the interference effect, which is
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FIG. 5. Spatial distributions of scattering intensities by using LCP (left) and RCP (middle) x rays and flipping ratio (right) obtained at
004 (a), (b) and 003 (c), (d) in a magnetic field B &~ 0.3 T along [100]. Those in (a) and (c) [(b) and (d)] were taken at ¢ = 0° [+90°].
The inhomogeneous patterns in the right panels of (c) and (d) show that right- and left-handed cycloidal spin-spiral domains coexist
[Figs. 1(g) and 1(h)]. On the other hand, the homogeneous pattern in (a) shows that a single ferromagnetic domain is formed in the

specimen.

probably in the form of crystal truncation rod scatterings
[38,39].

In the presence of both the charge-magnetic interference
and the pure magnetic scattering, do /dS2p, at 003 is obtained
as

do 003 R
(E) = —P,Im(app;*bF") - (§ + q' cos 26)

P,
+PylbPIm{[F° - (@ x @)](Fo" - q))"}
= FANP,Re(agos*b)my, sin Bcos 6 sin ¢
q:4N2P2|b|2mLmS sin & sin B sin @ sin 26 cos ¢

— 4N P>Im (a3 *b)ms sin o sin®6), (10)

by using Eqs. (5) and (6). The double sign in Eq. (10) corre-
sponds to the sign of C in the cycloidal component, i.e., right-
and left-handed cycloidal spin-spiral domains [Figs. 1(g) and
1(h)]. Thus, the first and second terms in Eq. (10) show that
the sign of C is detected through a circular dichroic signal.
On the other hand, the last term in Eq. (10) is independent
of the sign of C and gives an offset in FR. The first and
third terms in Eq. (10) proportional to a*b represent the
charge-magnetic interference terms, while the second term
corresponds to the pure magnetic scattering one. The first term
in Eq. (10) shows that the circular dichroism can be present at
¢ = £90° due to the interference effect, even though the pure
magnetic scattering (the second term) is absent. The circular
dichroism observed experimentally at 003 matches up nicely
with Eq. (10), including the FR, which shows a sinusoidal
function of ¢ [Figs. 3(b) and 3(d)].

3. Observations of the two types of domains
and their magnetic-field responses

Considering the discussions in the above two sections, one
can capture the sign of the ferromagnetic order parameter and
the cycloidal one by measuring the circular dichroism at 004
and 003, respectively. Furthermore, one can separately obtain
domain structures formed by the respective order parameters
by observing the spatial distribution of the circular dichroism
at the corresponding reflections. Figure 5 shows the results
of the intensity mapping measured at B =~ 0.3 T and room
temperature for the 004 reflection (upper panels) and the 003
reflection (lower panels) of the crystal whose photo is shown
in Fig. 2(a). The data were taken at both ¢ = 0° [Figs. 5(a)
and 5(c)] and ¢ = +90° [Figs. 5(b) and 5(d)]. Note that the
same color scale is used for the data obtained at the same
reflection.

First, let us focus on the data taken by using 004 [see
Figs. 5(a) and 5(b)]. The observed intensity profiles are nearly
homogeneous in the whole sample region for both ¢. (A
weak intensity contrast between the right-upper and left-lower
regions is ascribed to the crystallographic domains of which
the crystal plane orientations are slightly different from each
other. By taking FR, the effect of the crystallographic domains
is eliminated because of the normalization and the information
of magnetic domains is properly extracted.) The intensity at
¢ = 0° strongly depends on the sign in P, of incident x rays
while that at ¢ = +90° is less affected, which is confirmed by
the FR data [compare the right panels of Figs. 5(a) and 5(b)].
Such a circular polarization dependence is consistent with the
results of the OOL scans [Fig. 3(c)] and Epy, profiles (Fig. 4).
Because the sign of do /d Q> corresponds to the sign of M as
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shown in Eq. (8), the homogeneous two-dimensional FR map
indicates that a single ferromagnetic domain state is formed in
the specimen at B &~ 0.3 T and room temperature.

In contrast to the results of 004 corresponding to the
ferromagnetic domains, the two-dimensional 003 intensity
profiles are inhomogeneous, as shown in Figs. 5(c) and 5(d).
The FR map obtained at ¢ = 0° displayed in Fig. 5(c) shows
a weak color contrast and has an offset to the negative di-
rection. This is well explained by Eq. (10), where the finite
second term represents the sign of C, i.e., cycloidal spin-spiral
domains, and the third term provides an offset in FR while
the first term is absent at ¢ = 0°. Thus, the inhomogeneous
pattern in the FR map is ascribed to the cycloidal spin-spiral
domains, despite the presence of the offset. Quite similar but
clearer inhomogeneous patterns are observed at ¢ = +90°
[see Fig. 5(d)], where the finite first term in Eq. (10) represents
the sign of C and the second term is absent. The clearer
color contrast in Fig. 5(d) than that in Fig. 5(c) suggests that
the magnitude of the charge-magnetic interference term is
larger than that of the pure magnetic scattering term. This
is consistent with the FR as a function of ¢, as shown in
Fig. 3(d). These results show that both the ferromagnetic
domains and the cycloidal spin-spiral ones can be examined
by taking FR maps of 004 and 003, respectively, through the
dichroic interference effect.

The results of the resonant x-ray microdiffraction shown
above indicate that this technique is applicable to the di-
rect observation of the coupling between the ferromagnetic
and the cycloidal spiral domains (or order parameters) in
Sr;Co,Fe 4041. In order to observe how the reversal of B
affects the magnetic domains, the intensity maps were ob-
tained at 003 and 004. Figure 6 shows the respective magnetic
domain structures. The most intense color contrast is observed
at ¢ = 0° for 004 and at ¢ = 490° for 003. The domain states
before B reversal are single-ferromagnetic and multicycloidal
ones, as seen in the FR maps shown in Figs. 6(a) and 6(c),
respectively. After B is reversed, the ferromagnetic domain
is completely reversed [compare Figs. 6(a) and 6(b)]. In
addition, the cycloidal spin-spiral domain pattern is perfectly
intact but is reversed in its contrast by the B reversal [compare
Figs. 6(c) and 6(d)]. The simultaneous inversion of the two
types of domains by B reversal means that a reversal of M
always accompanies that of C in the cycloidal component.
This observation directly reveals the process of M reversal in
the TC phase, that is, a 180° rotation of the cone axis around
[001], which, for example, connects the structure shown in
Fig. 1(c) to that in Fig. 1(d) or vice versa.

B. Magnetoelectric effect

Both the M-reversal process revealed in the previous sec-
tion and the result of the B response of P, i.e., direct ME
effect, lead us to understand the microscopic mechanism of
the ME coupling in the Z-type hexaferrite. First, let us assume
the spin-current (or inverse DM) mechanism ascribed to the
asymmetric spin-exchange interaction [20-22]. The direction
of P induced by this mechanism is reversed by the sign change
in C. Therefore, if the ME coupling in the Z-type hexaferrite
were ascribed to the spin-current mechanism alone, a reversal
of M accompanying that of C, which was revealed by the

004 (¢ = 0°

(b)

W <

[100]

FR [001] [120] 1 mm
003 (¢ = +90°)

(d)

=

=

W <um

FIG. 6. The magnetic-field-reversal effect on domain structures.
Spatial distributions of flipping ratio obtained at 004 (a), (b) and 003
(c), (d) in a magnetic field B represented by a black arrow. Those
in (a) and (c) [(b) and (d)] were obtained before [after] a reversal of
B. Red and blue regions in (a) and (b) correspond to ferromagnetic
domains [Figs. 1(e) and 1(f)] while those in (c) and (d) correspond to
cycloidal spin-spiral domains [Figs. 1(g) and 1(h)].

present RXD study, should cause a perfect reversal of P.
However, Ref. [16] reported that the sign of P induced by B
is not changed by reversing that of B (or M), meaning that the
spin-current mechanism cannot be a main origin of the ME
coupling in the Z-type hexaferrite.

As a possible ME-coupling mechanism in the Z-type hex-
aferrite, the spin-dependent metal-ligand d-p hybridization
mechanism [25] has been recently proposed [23,24]. In terms
of the symmetry of the Z-type structure, an S block has
inversion centers at its center plane while an L block has a
mirror plane at its center [see Fig. 1(b)]. The local structural
symmetries allow the in-plane component of P to be finite
only in an L block but not in an S block. In the proposed
magnetic structure [Fig. 1(c)], the in-plane component of the
magnetic moments in an L block is coupled with that in
an adjacent L block with a finite angle (= 28). This spin
configuration alone breaks the inversion symmetry lying in S
blocks. Then macroscopic P is allowed along the basal plane.

To evaluate the contribution of the aforementioned two
mechanisms to P, we calculated P through the spin-dependent
metal-ligand d-p hybridization (P;,) and the asymmetric
spin-exchange interaction (Pysym) as a function of magnetized
direction represented by an angle ¥ . ¥, termed magnetization
angle, is defined as the angle between [100] and M as
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FIG. 7. The calculated results of magnetization angle ¥ depen-
dence of electric polarization P along [100] and [120] originating
from (a) the spin-dependent metal-ligand orbital hybridization and
(b) the asymmetric spin-exchange interaction in the Z-type hexa-
ferrite with the TC structure. These data were calculated by using
the upper sign of magnetic moments shown in Table 1. (c) The
relation between P,., (orange arrow) and Py, (blue arrow) in terms
of magnetization M (green arrow) normal to the cycloidal plane (red
line) for several magnetization angles ¥. Here magnetization angle
¥ is defined as the angle between [100] and M in the basal plane as
illustrated in (c).

illustrated in Fig. 7(c). For the calculation, we employed the
model structure where the magnetic moments of the respective
magnetic sites within a magnetic block are placed parallel or
antiparallel to the net magnetic moment represented in Table I
with taking the magnetic interaction into account [26]. The
local electric polarization p for each mechanism is obtained
by using

Pap = (& - m;)’ (11)
Pasym = €;; X (m; x m;) (12)

[20-22,25], respectively, where &;; is the unit vector of a
bond vector between sites i and j. Equation (11) means p
through the d-p hybridization between a magnetic site i and
a surrounding ligand site /, while Eq. (12) means p through
the asymmetric spin-exchange interaction between adjacent
magnetic sites i and j. The sum of p through a crystal gives
macroscopic electric polarization through the two mecha-
nisms, Py, and Pyym. The results displayed in Fig. 7 show
that the periodicities of Py, and Pyym as a function of ¥
are 180° and 360°, respectively [see Figs. 7(a) and 7(b)].
The result of P;., well agrees with the previous experimental
data [23]. On the basis of the result of our calculations, we
depict the geometrical relation among M, the cycloidal plane,
Py;.p, and Py at several angles in Fig. 7(c). Our RXD study

revealed that C is reversed by an M reversal, while the ME
study showed that P is not reversed by an M reversal. To
explain these experimental results consistently, P;., should
dominate the ME coupling in the Z-type hexaferrite [compare
the illustrations at ¥ = 0° and 180° (or ¥ = 90° and 270°) in
Fig. 7(c)].

To qualitatively estimate the contribution of P, to the
ME coupling, we carried out ME measurements in several
configurations, as illustrated in Fig. 8(c), where the relation
between Py, and Pygyn in terms of M is obtained from our cal-
culation [see also Fig. 7(c)]. Experimental results are shown in
Figs. 8(a) and 8(b) in which the states 1 ~ 6 and the processes
I~IV correspond to those in Fig. 8(c). The dominance of P,
over Pyym is confirmed as a larger magnitude of P shown
by an orange curve in Fig. 8(a) (process III) than that by a
blue curve in Fig. 8(b) (process IV). Here the former reflects
only P;, [see states 1 and 3 in Fig. 8(c)] while the latter
reflects only Py, [see states 5 and 6 in Fig. 8(c)]. The 180°
periodicity of Py, as a function of ¥ is confirmed as a sign
reversal of P by a 90° rotation of M (process II). P;_,, and Pygym
can be parallel or antiparallel depending on the orientation
of M, and the observed P is the sum of them. The P in
states 1 and 2 corresponds to Py, + Pasym and Py, — Pagym,
respectively [see the second top panel of Fig. 8(c)]. No sign
change in P between states 1 and 2 [red curve in Fig. 8(a)]
also confirms the dominance of P,.,. Thus, we conclude that
the nearly symmetric ME effect at an M reversal [red curve
in Fig. 8(a) (process I)] is compatible with the C reversal,
which was verified by the present RXD study, by employing
the spin-dependent metal-ligand d-p hybridization as the main
origin of the ME coupling in the Z-type hexaferrite.

C. Coupled order parameters based on the symmetry analysis

To comprehensively discuss the results of the RXD and
ME-effect studies in terms of coupled order parameters
based on the symmetry analysis, we introduce the follow-
ing parameters: Mio0), M(120), P10y, P10y, Criooy> Cii20ys
Cri.12, and T, characterizing the TC structure in the Z-type
hexaferrite. Here Mooy and P00y (M(120y and Pyjo0)) are
M and P, respectively, along the equivalent directions of
[100] ([120]), i.e., [100], [010], and [110] ([120], [210], and
[110]). Similarly, Cti00[Cri203] is C in the cycloidal com-
ponent whose cycloidal plane is in the equivalent planes of
(100) [(120)], where C(IOO) = C(IOO)é[IOO] and é[lOO] is the unit
vector along [100]. Cp; o is also C formed by a pair of
adjacent magnetic moments in L blocks, L1 and L2, defined
as Cpy,12 = Cp1,12€[0017, and T is the toroidal moment defined
as T =P x M = T#&o;. These parameters are eigenvectors
for the symmetry operations in the space group P63/mmc:
(1) identity operation 1, (2) threefold rotational operation
along [001] 3, (3) sixfold screw operation along [001] 63, (4)
mirror operation normal to [100] mj00), (5) ¢ glide operation
normal to [120] ¢,, (6) twofold rotational operation along
[100] 2{100y, (7) that along [120] 2120, (8) inversion opera-
tion 1, (9) threefold rotoinversion operation 3, (10) sixfold
rotoinversion operation 6, (11) mirror operation normal to
[001] mo1), and (12) time-reversal operation ¢. Taking care
of the location and orientation of the symmetry elements, one
obtains the respective eigenvalues summarized in Table II.
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FIG. 8. Isothermal electric polarization along [100] (a) and [120] (b) as a function of a magnetic field B parallel to [100] or [120]. These
data were obtained at 10 K. The Roman numbers show the processes in which B is reversed (I, III, and IV) or is rotated (II). (c) Illustrations
of expected changes in the magnetic and electric configurations through the respective processes. The Arabic numbers denote the respective
states labeled in (a) and (b). Red lines represent the cycloidal plane, and the directions of green, orange, and blue arrows indicate those of M,

Py, and Py, respectively.

Note that our symmetry analysis is to reveal what coupled
order parameters are present in the free energy but not to
calculate the tensor components of electric polarization as
performed in Ref. [23].

A term in the free energy must be invariant for any symme-
try operations in the higher symmetry phase. In other words,
such a term belongs to the totally symmetric representation
[6,40]. The symmetry analysis provides invariant terms in the
TC phase of the hexaferrite as

Ui = c1CooiPriooy = C1C{100}P8S2y(§?,

13)

Us = c2Ci120)Prooy = 62C{120}Pffg8?, (14)

d-
V = ¢3CL112Paooy = ¢3CL112P o) (15)
Wi = caM 100y Py T = caM PdsymTasym 16
1 = caMi00)Pri20)T = caM 100 P 150, (16)
Wa = csM 120, Piioo)T = csM 120, Pj50 T*™, a7

where c¢; ~ cs are coefficients for the respective terms. Uj,
U,, and V are trilinear coupling terms, because C is defined
by two magnetic moments while W; and W, are fourth-order

TABLE II. Eigenvalues of the parameters characterizing the TC structure of the Z-type hexaferrite for symmetry operations in the space
group P63 /mmc and irreproducible representations of the respective parameters.

Eigenvalue
Eigenvector 1 3 63 M(100) Cq 21001 2p120] 1 3 mo1) 6 t Irreproducible representation
M 100, 1 1 -1 1 —1 1 —1 1 1 —1 —1 —1 By,
M 120, 1 1 -1 -1 1 -1 1 1 1 -1 -1 -1 By,
Piooy 11 -1 -1 1 1 -1 -1 -1 1 1 1 B
Pi120) 1 1 -1 1 —1 —1 1 -1 —1 1 1 1 By,
Cioo) 1 1 -1 1 -1 -1 1 -1 -1 1 1 1 By,
Cioo) 1 1 -1 -1 1 1 -1 -1 -1 1 1 1 B
Crii2 1 1 -1 -1 1 1 -1 -1 -1 1 1 1 By
T I 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 Ay,
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coupling terms. Higher-order terms as well as trivial second-
order terms such as M? are ignored. Before going into detail,
we remark that the origin of P is specified in the respective
terms so as to make them surely invariant by adding affixes
to P in Egs. (13)-(17). This is because the characters of
two P components (P, and Pagym) are different with respect
to the 180° rotation of the TC structure around [001]. This
rotation operation caused by an M reversal is not identical
with any symmetry operations of P63/mmec. It is distinct from
the previous discussions about coupled order parameters in
spin-spiral-induced ferroelectrics possessing only the Pagyn
component [6,8,40-42]. In the case of M parallel to (100},
the directions of Fy;., and Py, are normal to each other. By
contrast, in the case of M parallel to (120), they are aligned
along (100), and the magnitude of Pyjg0) is changed by the
M reversal as discussed in Sec. IIIB. Then U,, V, and W,
including Py100)(= Py-p + Pasym) are no longer invariant for
the M reversal. Thus, we need to identify Pjg9) and Pyi20) in
the invariant terms as Py, or Pygypy. Taking into account this
issue, let us go into the details of these equations. U; and U,
show the coupling between C and P normal to M regardless of
the direction of M, meaning that P in these terms is ascribed
only to Pyym and that these terms describe usual trilinear ME
interactions [6,8,40-42]. V shows the coupling between the
canted moments in adjacent L blocks breaking the inversion
symmetry and P along [100], where the direction of M can
be along [100] or [120], i.e., P;., [see Fig. 8(c)]. W; and W,
represent the coupling among M, P normal to M independent
of the direction of M, i.e., Pyym, and T. T is defined by M and
P,sym which is normal to M.

We discuss how the order parameters are transformed at
the M reversal by using Eqs. (13)—(17). The microscopic order
parameters, i.e., C, are transformed by a 180° rotation of the
conical structure around [001] from (Cyi00), Cy1205, Cri,22) tO
(_C{IOO}, _C{IZO}, CLl,LZ)- To retain U;, U,, and V invariant, P
is transformed from (Pflszyé? , Pflsgg; , P<dl'(§)>) to (—Paszyg; , —Pflsg(r)? ,
PZJI'O’Z,)), as experimentally observed [see Fig. 8(c)]. As aresult,
the invariance of W;, and W, preserves T as predicted previ-
ously in a conical magnet [3]. Therefore, the change in the
microscopic order parameters revealed by the present RXD

study well explains the changes in the macroscopic order pa-
rameters observed in the ME-effect study through the coupled
order parameters allowed for the symmetry operations.

IV. CONCLUSION

In summary, we separately examined magnetic-field re-
sponses of two types of magnetic domains inherent in the
transverse conical phase of a room-temperature multiferroic
Z-type hexaferrite, Sr3Co,Fe 4041, by a resonant x-ray mi-
crodiffraction technique. A simultaneous inversion of the
two components inherent in the transverse conical magnetic
structure was observed for ferromagnetic domains and cy-
cloidal spiral ones. On the basis of the observation, the
magnetization-reversal mechanism in the transverse conical
magnetic phase was clarified to be a 180° rotation of the cone
axis about [001]. This magnetization-reversal mechanism,
together with the characteristic magnetoelectric effects, leads
us to the conclusion that the magnetoelectric coupling in
the room-temperature multiferroic is mainly caused by the
spin-dependent metal-ligand orbital hybridization with minor
contribution from the asymmetric spin-exchange interaction.
The change of order parameters by a magnetic field in the hex-
aferrite with the multielement ME couplings was described in
terms of the coupled order parameters based on the symmetry
analysis using the Landau theory. Our findings will contribute
to the correct understanding of magnetoelectric couplings
in multiferroics with complex crystallographic and magnetic
structures.
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