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Fig. 1 (Color online) a. Diagrams for the spin-states in Co3* ion.
b. Tanabe-Sugano diagram for d° system.
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Fig. 2 (Color online) a. The proposed orbital order model: the in-
termediate spin (IS)/high spin (HS)-state ordered state.
The lobes denote the e, orbitals (y2—2z2/z2—x2) of IS state.
b. Schematic drawing of the grazing-incidence resonant soft
xray scattering (GI-RSXS). The diffracted soft x-rays (k)
were observed with the incident soft x-rays (k;) being in the
grazing angle condition. The scattering plane were tuned
nearly parallel to the sample surface.
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(Color online) a. Temperature variation of resonant soft x—
ray diffraction at Q= (1/4 —1/4 1/4) measured with soft x—
rays of 776 eV. b. Temperature variation of GI-RSXS spec-
tra for 7—> o’ +x’ processes.
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Fig. 4 (Color online) Temperature dependence of a. magnetiza-
tion and intensity of super-lattice peaks measured by hard x—
ray diffraction, b. intensities of super—lattice peaks at (¢ —¢q
g) for P1 and P3 of GI-RSXS, and c. correlation lengths ob-
tained by reciprocal of the full width at half maximum of the
super—lattice reflections for super-lattice and P3. d.
Schematic image of the surface order and bulk disorder of
the orbital degree of freedom, as realized in the temperature
region between Ty, and T.
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Fig. 5 (Color online) a. Schematic illustration of magnetic struc-
ture of skyrmion crystal. b. Schematic of small-angle
resonant x-ray scattering and picture of sample.
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Fig. 6 (Color online) Observed CCD images of small-angle RSXS
and corresponding schematic illustrations of magnetic struc-
tures for a. helical, b. skyrmion crystal, and c. field-polarized
spincollinear (ferromagnetic) phase.
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Fig. 7 (Color online) Q dependence of small-angle RSXS intensi-
ties for a. the helical and the SkX phases, b. g; reflection in
the SkX phase including high-g region.
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Fig. 8 (Color online) Temporal change of applied magnetic field
(a), the azimuthal angle 8 (b), and the magnitude of g—vec-
tor (g =1|q|) (c) of magnetic scattering from helical and Sk
X magnetic structures. The schematic pictures of transient
variation in SkX structure d from helical to Sk X as increas-
ing magnetic field and e from the SkX to helical magnetic
structure as decreasing magnetic field.
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Abstract

In strongly correlated materials, the various physical properties emerge from the various order of

electron degrees of freedom, thus the elucidation of the spatial distribution of electronic order is
crucial to the understating of material physics. Resonant x—-ray diffraction is a sensitive probe for
the spatially modulated electronic states in materials by utilizing the anomalous scattering factors
of the target atoms. In the soft x-ray region, resonant x—ray scattering that can directly probe the
spatially modulated electronic states with utilizing the L—edge absorption edges of the 3d transi-
tion metals has become an indispensable tool to probe the emergent physical properties of strong-
ly correlated materials and magnetic materials. In this review, we report recent research results
obtained by novel techniques of resonant soft x-ray scattering, the distinct surface state of elec-
tric order as seen via the grazing-incidence scattering and the formation of magnetic skyrmion
crystal as seen via the transmission-type small-angle scattering.
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