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— Quantum-beam studies on dynamical cross-correlated
physics in strongly-correlated-electron systems —

Owing to strong interelectron interactions,
spin, orbital occupancy, orbital angular momen-
tum, charge, and lattice act as degrees of free-
dom, and consequently, their cross-correlation
dominates physical phenomena in strongly cor-
related electron systems. When more than one
of them are simultaneously in order, such cross-
correlations cause a non-conjugated external field
response such as a magnetization change by ap-
plying an electric field as schematically illustrated
in Fig. 1, thereby producing advanced features in
a monolithic device. The objective of this project
is to clarify the mechanism of the huge cross-cor-
relation properties of strongly correlated systems
from a microscopic point of view. Here, we report
two studies in this project as follows:
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Fig. 1: Schematic view of the cross-correlation
among multi-degrees of freedom, spin, elec-
tric polarization, charge, orbital, and lattice in a
strongly correlated electron system.

1-1 Electronic charge transfer driven by a spin
cycloidal structure in multiferroic material

Multiferroic materials with a coupling between
magnetism and ferroelectricity have been the fo-
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cus of intensive research. Several studies have
invited theoretical models for the mechanism of
spin-driven ferroelectricity, such as “spin cur-
rent (SC),” where a cycloidal magnetic structure
breaks the inversion symmetry [1]. However, lo-
cal ferroelectric mechanisms, such as electronic
displacements driven by magnetic ordering, have
remained elusive since they are expected to be
small in proportion to the electric polarization in
most multiferroic materials.

Recently, some resonant soft X-ray scattering
(RSXS) experiments at the oxygen absorption
edge for multiferroics have reported the extraction
of information on electronic displacement by ob-
serving spin polarization of ligand oxygen (O) ions
[2], which is induced via charge transfer from O to
magnetic ions. Particularly, a recent RSXS experi-
ment for typical multiferroic YMn.Os suggested
that the local electronic displacement provides a
major microscopic contribution to the ferroelectric-
ity, as evidenced by a one-to-one correspondence
in temperature dependence between the resonant
magnetic scattering at the O K edge and the elec-
tric polarization [3]. Despite these attempts, RSXS
experiments preclude quantitative discussion of
the O spin polarization in evaluating the contribu-
tion of charge transfer to ferroelectricity.

Here, we focus on YMn2Os. This material un-
dergoes a sequence of dielectric and magnetic
phases. The magnetic structures in these phases
are characterized by the magnetic wave vector
aqu; gu = (1/2, 0, 1/4) for a commensurate mag-
netic (CM) phase and gu = (1/2+dx, 0, 1/4+d;) for
an incommensurate magnetic (ICM) phase at low
temperature. The magnetic structure in the CM
phase is shown in Fig. 2 (a). The magnetic mo-
ments of Mn** form a cycloidal magnetic chain
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Fig. 2: (a) Magnetic structure of YMn,Os. Sample
alignment for (b) RSXS and (c) SR measure-
ment.

along the c-axis, which drives the ferroelectricity
in the ICM phase via the SC model. In the pres-
ent study, we observed spin polarization at ligand
O sites in YMn2Os by the synergetic use of RSXS
and muon spin rotation (uSR) as mutually com-
plementary techniques.

The uSR experiment enables one to investi-
gate the magnitude of O spin polarization; posi-
tive muon as pseudo-hydrogen exhibits a strong
tendency to form OH bonds with oxygen ligands,
thus serving as a sensitive probe for the spin
polarization of O ions. We performed RSXS ex-
periments at BL-16A at the Photon Factory, KEK,
Japan, and pySR experiments at M15 and M20
beamlines at TRIUMF, Canada. Figure 2(b) and
2(c) show the alignment of single crystals for the
RSXS and uSR experiments, respectively.

Figure 3(a) shows the RSXS energy spectra
around the O K-edge obtained for YMn,Os. A
well-defined peak observed around E = 530 eV
indicates the presence of a spin-polarized 2p or-
bital at O sites via charge transfer from Mn to O
ions. To extract information on the O spin polar-
ization, we measured the azimuthal dependence
of the resonant intensity. The data are shown in
Fig. 3(b). By definition, @ = 0° indicates that the
b* axis is perpendicular to the scattering plane.
The resonant intensity increases as the azimuthal
angle approaches @ = 90°. The line represents

the calculated angle dependence for the magnetic
structure of O ions, obtained by the present uSR
experiment (see below).

For the ySR study, it is necessary to narrow
down the candidate muon sites. Thus, we car-
ried out first-principle calculations and the muon
Knight shift measurements, which suggest that
major muons are located near an oxygen (O2) site
(see Fig. 2(a)) in all magnetic phases. The details
of these results are found in Ref. [4]. Figure 4 (a)
shows the time spectra at 32 K in the CM phase
with the initial muon spin polarization (P,) parallel
to the c and a axis. In both cases, muon spin pre-
cession signals were clearly observed. The corre-
sponding frequencies are obtained by curve fitting
using the following equation:

A(t) = ZA;cos(w;t + ¢p) exp(—4;) +C

where A; is the partial asymmetry, w; is the muon
spin precession frequency, ¢ is the initial phase, 4;
is the transverse relaxation rate, and C is a con-
stant component.

We first calculated the local magnetic field Bioc
at muon sites assuming that magnetic moments
appear only at Mn sites in the CM phase obtained
by neutron scattering experiment [5]. We found
that the calculated magnitude of Bioc is quite dif-
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Fig. 3: (a) RSXS spectrum around O K edge. (b)
Azimuthal dependence of resonant intensity at E
=530¢eV.
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Fig. 4: (a) ySR time spectra at T= 32 K with P, ||
cand P, || a. (b) Magnetic structure of O2 ions.

ferent from the experimental value. Then, we pre-
sumed the appearance of magnetic moments at
the O2 site with their direction parallel to a local
magnetic field exerted from the neighboring Mn**
moments (see Fig. 4(b)). The calculated value
of Bi,c Was in excellent agreement with those de-
duced experimentally when the O2 moment size
was assumed to be 0.1 ps. We also calculated the
azimuthal angle dependence of the RSXS intensi-
ty at the O K edge, which is shown as a red curve
in Fig. 2 (b). The reasonable agreement with ex-
perimental observations supports the appearance
of spin polarization at the O2 site.

According to the SR experiment at T = 10 K
in the ICM phase, we found that the magnitude of
magnetic moments at the O2 site increased in the
ICM phase. Meanwhile, recent neutron scattering
experiments have demonstrated that the magni-
tude of vector spin chiral components increases
in the ICM phase, which plays a key role in the SC
model [6]. Considering that the cycloidal magnetic
structure is formed via O2 ions (see Fig. 4(b)), our
results strongly suggest that the SC mechanism is
the primary case for the charge transfer from 02
to Mn** ions, thus leading to the local electric and
spin polarization of O2 sites in YMn2Os.

1-2 Checkerboard charge density wave (CDW)
and concomitant transverse-type lattice mod-

ulation formed in BiS. superconductor

Since the discovery of superconductivity in
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Bis04Ss [7] and LaO1xF«BiSz [8] in 2012, BiS:-
layered superconductors have attracted consid-
erable attention owing to their unconventional
features of superconductivity and anomalous
physical phenomena [9]. RO+_xFBiS. (R: rare-
earth ion) compounds crystallize in a tetragonal
structure with the space group P4/nmm, in which
double BiS; layers and RO block layers are al-
ternately stacked along the c¢ axis, as depicted in
Fig. 5. Superconductivity arises in these materials
when divalent oxygen ions are partially substi-
tuted with monovalent fluorine ions; thereby , the
electron doping changes the band insulator to the
metal. Increasing the ratio of fluorine substitution
enhances the superconducting transition tem-
perature (Tc), which reaches a maximum at ap-
proximately x = 0.5. Despite extensive research,
the superconducting pairing mechanism of RO+
«FxBiSz remains a subject of debate.
First-principles calculations of RO_«FxBiS: in-
dicate that the two-dimensional conduction bands
consist of Bi 6p and in-plane S (S1) 3p electron
orbitals [10]. The Fermi surface has a rectangular
parallelepiped shape that induces strong Peierls-
type instability, which is expected to drive some
long-range lattice modulation in LaOg sFosBiSz [11].
Recently, we found the superlattice structure in
this material with giat = (¢, ¢, 0.5), where { ~ 0.207
below T* = 260 K using a synchrotron radiation X-
ray diffraction technique (see the reference for de-
tails [12]). Figures 6(a) and 6(b) show represen-
tative examples of X-ray oscillation photographs
observed at 300 K and 30 K, respectively. None of
the fundamental reflection splits, which suggests
that the structure remains tetragonal even at 30
K. The existence of higher-order reflections (2¢, 0,
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Fig. 5: Crystal structures of LaOosFosBiSz at T
= 300 K and 30 K. Each ion is depicted as an
anisotropic thermal ellipsoid. The black rectan-
gles indicate the unit cell.
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0) indicates not multiple domains of a single-q lat-
tice modulation but a double-q lattice modulation.
As shown in Figs. 7(a) and 7(b), satellite peaks of
(0, 0, L) are absent in any values of L, while the
satellites of (2, 0, L) are clearly observed. This
result indicates that the lattice modulation is of the
in-plane type. Then, we found another reflection
condition for the (H, H, L) satellites. As shown in
Fig. 7(c), the (¢, ¢, £0.5) and (=¢, ¢, £0.5) reflec-
tions are absent, while the (¢, ¢, £0.5) and (-¢, ¢,
+0.5) reflections are clearly observed, indicating
the transverse-type modulation schematically il-
lustrated in Fig. 7(d). To verify the occurrence of
CDW formation, we evaluated the valence state of
Bi via BVS analysis [13]. The valence of Bi can be
expressed as

aZ

5 (cos(2mr(2¢,2¢,0)) + cos(2rr(2¢,—2¢,0))),

where a and B are the amplitude of the lattice
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Fig. 6: Representative examples of X-ray oscilla-
tion photographs observed at (a) 300 K and (b)
30 K. The white and red dashed circles indicate
the superlattice reflections with q = (=, ¢, 0.5)
and (-2¢, 0, 0), respectively. (c) Temperature
variation of the intensity of the (4-¢, -, 0.5) re-
flection. (d) Temperature variation of the relative
lattice constants a and c. Profiles of the (2+¢, ¢,
0.5) reflection scanned along (e) (H, H, 0) and (f)
(0, 0, L). The bold horizontal marks indicate the
experimental resolution.

modulation and a constant value for the BVS
analysis, respectively. Fig. 7(e) shows the map-
ping of the charge density using the equation. The
Bi valence with double-g modulation (gcaw = (2¢,
24, 0) and (2¢, —-2¢, 0)) exhibits a checkerboard-
like CDW. It is noteworthy that qcqw is almost co-
incident with one of the predicted nesting vectors,
that is, (0.4 0.4 0) or (0.4 —0.4 0) [10]. This finding
strongly indicates that the CDW formation should
originate from the Peierls instability.

CDW states are often stabilized by modulation
of the bond distances and thus couples with a
longitudinal-type superlattice structure, where the
wavenumber matches with the CDW. However,
the CDW in LaOosF05BiS; is concomitant not with
such longitudinal-type lattice modulation, but rath-
er with a transverse-type modulation with qcqw/2.
In addition to the Peierls instability, lattice instabil-
ity due to size-mismatch between the R(OF) layer
and BiS; layer has been proposed by theoretical
studies [11]. This is known as the in-plane chemi-
cal pressure (IPCP) effect, which contributes to
the emergence of superconductivity in BiS; ma-
terials [14]. The transverse mode around gia: may
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Fig. 7: Reflection profiles for (a) (2+¢, ¢, L) and (b)
(¢, ¢, L) observed at 10 K A small peak around (¢,
£, 8) is contamination from the tail of the (0, 0, 8)
reflection. (c) Oscillation photograph of the (2, 2,
0) reflection and its satellites observed at 30 K. (d)
Schematic illustrations of the S1 lattice modula-
tion. The arrows demonstrate the modulation of
S1 ions. (e) Schematic illustrations of the Bi va-
lence modulation.
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become more unstable than the longitudinal mode
around geqw OWing to the IPCP effect.
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