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Fig. 1 Concepts of coupled/decoupled coexisting two order
parameters (0,,0,). (a) A decoupled state, where a domain
switching of O, does not accompany that of O,, (¢) allowing
to access to possible four states in a multiferroic by applying
an appropriate conjugate field(s). (b) A coupled state,
where a domain switching of O, accompanies that of O,, (d)
leading to switch both parameters simultaneously. DW
denotes a domain wall. The signs in brackets represent the
signs of the order parameters, “+” or “—".
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Fig. 2 (Color online) Mechanisms of magnetically-induced elec-
tric polarization: (a) spin-current (inverse Dzyaloshinskii-
Moriya interaction) mechanism, (b) exchange striction
mechanism, and (c) spin-dependent d-p hybridization
mechanism. (c) shows a top view of a magnetic site / with
surrounding ligand sites / forming a tetrahedron. Electron
distribution from orbitals hybridized among i and / is also
shown.
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Fig. 3 (Color online) A sketch of the diffraction geometry. Here
Q (=q—q’) represents the momentum transfer.
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Fig. 4 (Color online) Crystal and magnetic structures of hexaferrites. (a) (110) projection of the crystal structure of a
Y-type hexaferrite and (b) the ALC structure composed of (c),(d) a helical component and (e),(f) an * * | |
antiferromagnetic component. (g) (110) projection of the crystal structure of a Z-type hexaferrite and (h) the
TC structure composed of (i),(j) a ferrimagnetic component and (k), (1) a cycloidal component. A cross mark
and a thick line in (a) and (g) indicate an inversion center and a mirror plane, respectively.
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Fig. 5 Resonant x-ray diffraction profiles along 00L from Y-type
Ba1,3Sro'7COZnFe“A1022: (a) around L=3, (b) 3.9 (Z3+
d),and (c) 4.5 (=3+1.5)2%. Black and gray curves are pro-
files obtained by using right and left circularly polarized x
rays, respectively.
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Fig. 7 (Color online) Resonant x-ray diffraction profiles along
00L from Z-type Sr;Co,Fe»,0y;: (a) around L =3 and (b) 4.
Black and gray curves are profiles obtained by using right
and left circularly polarized x rays, respectively. Lower
panels show the experimental setups where the respective
profiles were taken2s.
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Fig. 8 Real-space two-dimensional FR profiles obtained from Z-
type Sr;Co,Fe, 40y, at (a), (c) 004 and (b),(d) 003. (a) and
(b) [(c) and (d) ] were taken before [after] flipping a mag-
netic field (=0.3 T). Surrounding gray area is out of the
sample2y). The profiles obtained at (a),(c) 004 and (b),(d)
003 correspond to domain structures due to the ferrimagnet-
ic and cycloidal spiral components, respectively.
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Fig. 9 (Color online) (a),(b) Calculated electric polarization along (a) [100] and (b) [120] in a Z-type hexaferrite
with the TC structure induced by the d—p hybridization (P,,) and the inverse Dzyaloshinskii-Moriya interaction
(Prpm) as functions of in—plane magnetization direction measured from [100]. (c) Schematic configurations of
ferromagnetic/ferroelectric order parameters at different magnetization directions. The Arabic and Roman num-
bers correspond to those in (a) and (b), and the latter shows the processes where magnetization is reversed or
rotated by 90°. (d), (e) Experimental results of electric polarization along (d) [100] and (e) [120] as functions
of a magnetic field along [100] and [120] for Z-type Sr;Co,Fe,,O,;. Before each measurement, the sample was
poled by an electric field (E,,) from a paraelectric ferrimagnetic phase to the TC phase?s.
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Observation of multiple magnetic domains
coexisting in multiferroics by resonant x-ray
diffraction

Hiroki UEDA Paul Scherrer Institute, Forschungsstrasse 111, 5232 Villigen, Switzerland
Yoshikazu TANAKA RIKEN SPring—8 Center, Sayo, Hyogo 679-5148, Japan

Tsuyoshi KIVIURA Department of Advanced Materials Science, University of Tokyo, Kashiwa,
Chiba 277-8561, Japan

Abstract Anintrinsic coupling among coexisting order parameters is essential to give rise non-trivial cross-
coupling phenomena and to control more than two possible domain states in magnetoelectric mul-
tiferroics, which exhibit both magnetic and ferroelectric orders. Domain observation is one of the
most direct approaches to elucidate such a coupling or decoupling property as an order parameter
(s) defines a domain state. Among several techniques for observing domains, resonant x-ray
diffraction is one of the most powerful techniques because of its high sensitivity to magnetic sig-
nals, possible application to antiferromagnets without net magnetization, and selective detection
of coexisting order parameters in a complex magnetic structure. In this Topic, we show our ap-
proach using the resonant x-ray diffraction to investigate a coupling/decoupling property be-
tween coexisting two order parameters in two types of hexaferrites that show different multifer-
roic orders. The results are combined with symmetry analyses based on the Landau theory, and
the origin of magnetoelectric responses in the hexaferrites are revealed. Our approach to disentan-
gling complex emergent phenomena via domain observations would be applicable for a wide varie-
ty of materials.
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