RESEARCH ARTICLE

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Zoology of Multiple-Q Spin Textures in a Centrosymmetric
Tetragonal Magnet with Itinerant Electrons

Nguyen Duy Khanh,* Taro Nakajima, Satoru Hayami, Shang Gao, Yuichi Yamasaki,
Hajime Sagayama, Hironori Nakao, Rina Takagi, Yukitoshi Motome, Yoshinori Tokura,

Taka-hisa Arima, and Shinichiro Seki*

Magnetic skyrmion is a topologically stable particle-like swirling spin texture
potentially suitable for high-density information bit, which was first observed
in noncentrosymmetric magnets with Dzyaloshinskii-Moriya interaction.
Recently, nanometric skyrmion has also been discovered in centrosymmetric
rare-earth compounds, and the identification of their skyrmion formation
mechanism and further search of nontrivial spin textures are highly
demanded. Here, magnetic structures in a prototypical skyrmion-hosting
centrosymmetric tetragonal magnet GdRu,Si, is exhaustively studied by
performing the resonant X-ray scattering experiments. A rich variety of

coexisting modulation vectors Q, has re-
cently attracted attention as the source of
rich emergent phenomena.'3l When the
local magnetic moment m(r) takes a non-
coplanar configuration, multiple-Q orders
are often endowed with a nontrivial topol-
ogy. For example, the superposition of mul-
tiple helical modulations can be regarded as
the periodic array of skyrmions (Figure 1d),
which appears as a stable particle-like object
with a swirling m(r) texture characterized

double-Q magnetic structures, including the antiferroic order of
meron(half-skyrmion)/anti-meron-like textures with fractional local

by a nonzero integer topological charge N,
= [ngdxdy.**] Here, the topological charge
density ngy(r) is defined as

topological charges are identified. The observed intricate magnetic phase

diagram is successfully reproduced by the theoretical framework considering no= L. ( on  dn > )

the four-spin interaction mediated by itinerant electrons and magnetic T 4n ox oy

anisotropy. The present results will contribute to the better understanding of with n@r) = m@)/|m(), and N, re
= ) L Te-

the novel skyrmion formation mechanism in this centrosymmetric rare-earth
compound, and suggest that itinerant electrons can ubiquitously host a
variety of unique multiple-Q spin orders in a simple crystal lattice system.

1. Introduction

Multiple-Q spin order, that is, two- or three-dimensionally mod-
ulated periodic structure characterized by a multiple number of

flects how many times n wraps a unit
sphere. Magnetic skyrmions are now
intensively studied as a potential candi-
date of high-density information bit!!l
or building block of natural magnonic
crystall® that is potentially suitable for magnetic data processing,
and further explorations of nontrivial multiple-Q orders with ex-
otic origin are highly demanded.

Previously, the skyrmion lattice (SkL) state with multiple-
Q character was mostly observed in noncentrosymmetric

N. D. Khanh, T. Nakajima, S. Gao, Y. Tokura, T.-hisa Arima, S. Seki
RIKEN Center for Emergent Matter Science (CEMS)

Wako Japan

E-mail: khanh.nguyen@riken.jp; seki@ap.t.u-tokyo.ac.jp

N. D. Khanh, T. Nakajima

Institute for Solid State Physics (ISSP)

University of Tokyo

Kashiwa Japan

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202105452

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202105452

Adv. Sci. 2022, 9, 2105452

2105452 (1 of 9)

S. Hayami, R. Takagi, Y. Motome, Y. Tokura, S. Seki
Department of Applied Physics

The University of Tokyo

Tokyo Japan

Y. Yamasaki

Research and Services Division of Materials Data and Integrated System
(MaDIS)

National Institute for Materials Science (NIMS)
Tsukuba Japan

S. Hayami, Y. Yamasaki, R. Takagi, S. Seki

PRESTO

Japan Science and Technology Agency (JST)
Kawaguchi Japan

H. Sagayama, H. Nakao

Institute of Materials Structure Science

High Energy Accelerator Research Organization
Tsukuba, Ibaraki Japan

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

magnets with the relativistic Dzyaloshinskii-Moriya (DM)
interaction.l*>7-1% n this case, the magnetic phase diagram is
rather simple, where the single-Q helical phase is realized in zero
magnetic field and the multiple-Q skyrmion lattice phase is sta-
bilized by the application of magnetic field H. On the other hand,
the skyrmion formation has recently been discovered in cen-
trosymmetric systems, such as Gd,PdSi, "'l Gd;Ru,Al,, 12l and
GdRu, Si,.3] Notably, these centrosymmetric Gd-compounds
commonly host an extremely small skyrmion diameter (%2 nm),
which is one order of magnitude smaller than conventional
DM-based noncentrosymmetric compounds. For such systems,
several alternative skyrmion formation mechanisms have been
proposed,['*2] while their experimental verification has rarely
been achieved.

In this work, we have exhaustively studied magnetic structures
for a prototypical skyrmion-hosting centrosymmetric tetragonal
magnet GdRu, Si,, by performing the resonant X-ray scattering
(RXS) experiments. We identified a rich variety of double-Q mag-
netic structures, including the antiferroic order of meron/anti-
meron-like textures with fractional local topological charge. The
observed intricate magnetic phase diagram is successfully re-
produced by the theoretical framework considering the four-
spin interactions mediated by itinerant electrons and magnetic
anisotropy. The present results will contribute to the better un-
derstanding of the novel skyrmion formation mechanism in this
centrosymmetric rare-earth compound, and demonstrate that a
variety of unique multiple-Q spin orders can be derived from a
simple crystal lattice system with itinerant electrons.

Our target material GdRu,Si, crystallizes into a centrosym-
metric tetragonal structure with space group I4/mmm,[2*l which
consists of alternative stacking of the Gd square lattice and Ru, Si,
layers along the [001] axis (Figure 1a). Magnetism is governed by
Gd** ion with rather isotropic magnetic moment (S =7/2, L =
0). Below the magnetic ordering temperature Ty = 46 K, the ap-
pearance of incommensurate magnetic order with the modula-
tion vector Q = {0.22, 0, 0} has been reported.**]

In Figure 1a,b, the H-T (temperature) magnetic phase di-
agrams of GdRu,Si, for HJ|[001] and H]|[100] are summa-
rized. The phase boundaries are determined by the magnetiza-
tion measurements,[®! where H-induced multiple-step metam-
agnetic transitions are observed for both H directions (see Note
S1 and Figure S2a, Supporting Information). The phase II for
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H]||[001] has been identified as the square skyrmion lattice state,
that is, the double-Q state described by the super-position of two
orthogonally modulated screw structures!* and a uniform mag-
netization (Figure 1d). Note that the recent scanning tunneling
microscopy (STM) experiment!?! revealed the two-dimensionally
modulated (i.e., double-Q) electron density distribution in Phase
II, I11, and possibly I, while this technique is rather sensitive to
charge degree of freedom and the corresponding spin texture in
the latter phases has not been confirmed directly. In addition, pre-
vious experiments mostly focused on H||[001], and the magnetic
structures under H1[001] remain unexplored.

2. Results and Discussions

2.1. Identification of the Single-Q and Double-Q Magnetic States

To eluciadate the detailed magnetic structure in each phase, mag-
netic resonant X-ray scattering (RXS) experiments in resonance
with the Gd L, edge at 5K were performed. First, we examined the
development of the magnetic modulation vector Q for H||[100],
by exploring the magnetic satellite reflections around a funda-
mental Bragg peak indexed as (0, 4, 0) + Q (Figure 2). Figure 2a,b
indicate the line-scan profile along (6, 4, 0) and (0, 4-7, 0), which
allows the identification of the magnetic modulation vectors Q,
= (g, 0, 0) and Q, = (0, g, 0) that are parallel and perpendicu-
lar to the external magnetic field H, respectively. Here, the sam-
ple was initially cooled at y,H = 0 T, and the data points repre-
sented by open symbols were obtained in a field-increasing pro-
cess from 0 to 5 T. The ones represented by closed symbols were
obtained in the subsequent field-decreasing process from 5to 0 T.
Magnetic-field dependence of the wavenumber g and integrated
intensity for these magnetic satellite reflections are also plotted
in Figure 2c¢,d. After the initial zero-field cooling (i.e., the phase
I), the magnetic satellite reflections are found for both [100] and
[010] directions. By applying H||[100], the phase IV is stabilized
for 2 T <uyH < 4 T, where the magnetic satellite reflection is
observed only parallel to H. This result indicates that the phase
IV is the single-Q state with Q, ||H. Above 4 T (i.e., phase III'),
the magnetic satellite reflection reappears along the both direc-
tions that are parallel and perpendicular to H, which suggests
that the phase III" is a double-Q state. When the H-value is re-
duced from the phase III’, only Q, ||H survives in the phase IV,
but then both Q,||H and Q,LH reappear in phase I. Here, the
phase I is characterized by the anisotropic magnetic satellite re-
flections with Q; = (0.219, 0, 0) and Q, = (0, 0.224, 0). This in-
dicates that the phase I is an anisotropic double-Q state which
breaks the fourfold-symmetry. It leads to the appearance of two
kinds of domains with opposite anisotropy in the phase I, and
the application of HJ|[100] selects one of the magnetic domains.
As detailed in Note S5, Supporting Information, the phase V ap-
pearing for larger H-value has been identified as a single-Q state
with Q, LH. In case of H||[001], both Q, and Q, magnetic satellite
peaks are always observed in the phase I, II, and III as discussed
in Note S6, Supporting Information.

Next, to understand the detailed relationship between the mag-
netic phases stabilized for HJ|[100] and HJ|[001], M—H profiles
have been measured for various directions of H rotated within
the (010) plane (Figure S2a, Supporting Information). On the
basis of these magnetization data, magnetic phase diagram as

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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(a) and HJ|[100] (b) determined based on the magnetization measurements. SkL and ML denote the double-Q spin orders representing the square lattice
of skyrmion texture and the antiferroic lattice of meron/anti-meron-like textures, respectively. The crystal structure of GdRu,Si, is also shown in the inset.
c—h) The schematic illustration of spin texture for the phase I, II, IlI, I, 1V, and V, identified through the resonant X-ray scattering experiments with
polarization analysis. The presented spin textures are based on Equations (3)- (7), with their local amplitude of Gd magnetic moment kept constant.
The phases |, I, 111, and I1I" are the double-Q states described by the superposition of two orthogonally modulated spin textures. The background color

represents the amplitude of out-of-plane spin component m?.

a function of Hjjoy and Hyyy (i-e., the [100] and [001] compo-
nents of H) at 5 K is summarized in Figure 3j (see Note S2,
Supporting Information for the detail). Here, the angle between
the H-direction and the [001] axis is defined as 6, and the corre-
sponding 6-dependence of magnetization at 3 and 7 T are plot-
ted in Figure 3k, respectively. At 3 T, the M-0 profile exhibits a
clear step-like anomaly at # = 60°, which represents the transi-
tion between the phases III and IV (Figure 3k). In contrast, the
M-0 profile at uyH = 7 T shows a smooth behavior without any
anomaly (Figure 31), demonstrating the continuous transforma-
tion between the phase III in H||[001] and the phase III’ (double-
Q state) in HJ|[100]. This observation suggests that the phase III
is also a double-Q magnetic state, which is consistent with the
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recent STM observation of square lattice manner of charge den-
sity modulation in the phase II1.2Y To summarize, we conclude
that the phases I, I, III, and III" are double-Q states, and that the
phases IV and V are single-Q states.

2.2. Magnetic Structure Analysis

To investigate the detailed spin texture in each phase, we have
performed the polarization analysis of the scattered X-ray in the
RXS experiments. The schematic illustration of the experimen-
tal setup is shown in Figure 3c. The magnetic field H is applied
perpendicular to the scattering plane. The incident X-ray is po-

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Magnetic field dependence of resonant X-ray scattering profiles for Q; and Q, magnetic satellite reflections under H||[100]. a) Line profiles for
(8, 4, 0) scan measured with various amplitude of H||[[100] at 5 K, which represents the Q, (||H) magnetic satellite peak around the fundamental Bragg
spot (0, 4, 0). The sample was initially cooled at yyH = 0, and the data points represented by open symbols are first measured in the field increasing
process from 0 to 5 T. Then, the one represented by closed symbols are measured in the field decreasing process from 5 to 0 T. The schematic illustration
of line-scan direction in the reciprocal space is shown in the upper panel. b) The corresponding data for (0, 4 — 7, 0) scan, representing the Q, (L H)
magnetic satellite peak. c,d) Magnetic field dependence of wavenumber g and integrated intensity for magnetic satellite reflections, obtained from the
data sets as shown in (a) and (b) (see Figure S3, Supporting Information for the detail). The red and blue symbols represent the data for Q; (||H) and
Q, (LH), and the open and closed symbols represent the one measured in the H-increasing and decreasing process, respectively.

larized parallel to the scattering plane (z-polarization). The scat-
tered X-ray beam may consist of two polarization components
parallel (z’) and perpendicular (¢’) to the scattering plane, and
their intensities (I,_,, and I,__,) are measured separately. When
the magnetic structure m(r) includes the modulated spin compo-
nent moexp (iQ - 1) + c.c. (with mq being a complex vector), the
magnetic scattering intensity I is given by!2®]

Lo |(e; X €) - mg|* )

Here, e; and e, are unit vectors representing the polarization of
incident and scattered X-ray beams, respectively. On the basis of
the above relationship, we can separately evaluate the amplitude
of each modulated spin component.

In the following, we discuss the case for the double-Q struc-
ture in phase III" at uyH = 5 T applied along the [100] direction,
as an example. First, the magnetic satellite peaks at (0, 4, 0) + Q
are investigated with the setup shown in Figure 3a. In this con-
figuration, the propagation vector k; of incident X-ray is almost
parallel to the [011] direction. Equation (2) suggests that I,__, and
I,_, mainly reflect the [100] and [011] components of mg, re-
spectively. Figure 3d,g indicate the line scan profiles of the I,_,
and I,__, intensities for Q; = (¢, 0, 0) and Q, = (0, g, 0), respec-
tively. In both cases, I___, is clearly observed, while I __, is almost
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negligible. This suggests that mq and mg, contain [010] or [001]
component, but do not have the [100] component. We have fur-
ther performed a similar polarization analysis for the magnetic
reflections at (0, 4, 4) + Q with the setup shown in Figure 3b,
where k; is almost parallel to the [010] direction. In this case, I, _,,
and I, _,, mainly reflect the [100] and [010] components of m, re-
spectively. Figure 3e indicates the line scan profiles of I__, and
I._,, for Q,. The observed presence of I,__, and absence of I__,
suggest that my mainly consists of the [010] component. The
corresponding line scan profile for Q, is also shown in Figure 3h,
where the absence of I,_, and I,_, intensities demonstrates that
m, contains neither [010] nor [100] component. Since the afore-
mentioned results for (0, 4, 0) + Q, (Figure 3g) suggest that the
projection of m,, along the [011] direction is not zero, m,,, should
possess the [001] component. On the basis of the above results,
we conclude that the spin texture in the phase III’ for HJ||[100]
can be approximately described as

m(r) « [(0, my, 0) exp(iQ, - 1) + (0,0, m,) exp(iQ, - 1) + c.c]

+ M,(1,0,0) G)

with M, representing the H-induced uniform magnetization
component. The resultant anisotropic double-Q spin texture

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Polarization analysis of RXS profiles in the phase III', and magnetic phase diagram as a function of Hjog and Higoy)- a,b) Experimental
configuration of RXS measurement to investigate magnetic satelllte peaks around the fundamental Bragg spots (0, 4, 0) ancl (0, 4, 4), respectively.

Scattering plane is always perpendicular to the [100] axis. k; and ke are the propagation vectors of incident and scattered X-ray, respectlvely. In (a) and

(b), k; is almost parallel to the [071] and [00] direction, respectively. c) Schematic illustration of experimental setup for polarization analysis. 7 (z')
and o (0”) are the polarization direction of incident (scattered) X-ray. d,e) Line profiles for (8, 4, 0) and (5, 4, 4) scans for Q; (||H) satellite reflection,
measured at 5 Kwith yoH =5 T applied along the [100] direction (phase 11"). g,h) The corresponding line profiles for (0, 4 — 7, 0) and (0, 4 + 7, 4) scans
for Q, (LH) satellite reflection. f,i) Real-space illustration of modulated spin components that belong to each magnetic modulation vector Q; and Q,.
j) Magnetic phase diagram as a function of H;og; and Hggy (i-e., the [100] and [001] component of H, respectively), determined from the M-H profiles
measured for various direction of H at 5 K (Figure S2, Supporting Information). The angle between the H-direction and the [001] axis is defined as 6. k1)
0-dependence of magnetization measured at ygH =3 T (K) and 7 T (L).

for phase III’ is the superposition of two orthogonally mod-  mentioned discussion for Figure 2, turns out to possess the spin
ulated sinusoidal spin components (Figure 3fi) as shown in  texture described by
Figure 1f.

By performing similar RXS measurements with the polariza-
tion analysis, each my component has been evaluated for all the
magnetic phases (i.e., phase I-V). The experimentally identified
spin textures are summarized in Figure 1c— h. (see Note S3-S6,  that is, the superposition of screw and sinusoidal spin modula-
Supporting Information for the detail). The phase I, which has  tions with Q,; = (0.219, 0, 0) and Q, = (0, 0.224, 0), respectively
been identified as an anisotropic double-Q state from the afore-  (Figure 1c). On the other hand, the phase I1I induced by H||[001]

m(r) « [(0, m,, im ) exp(iQ, - 1) + (m,,0,0) exp(iQ, - 1)] + c.c. (4)

Adv. Sci. 2022, 9, 2105452 2105452 (5 Ofg) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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is the double-Q state given by

m(r) « [(0, my, 0) exp(iQ, - 1) + (m,, 0,0) exp(iQ, - 1) + c.c.]
+ M,(0,0,1) (5)

which represents the square vortex lattice state described by the
superposition of two sinusoidally modulated spin components
(Figure 1e). The phases IV and V induced by HJ|[100] are the
single-Q states described by

m(r) « [(0, m,, im,) exp(iQ; - 1) + c.c.] + M,y(1,0,0) (6)
and
m(r) « [(0,0, m,) exp(iQ, - 1) + c.c.] + My(1,0,0) (7)

representing the screw spin order with Q,||H (Figure 1g) and
the sinusoidally modulated fan-like spin order with Q,LH (Fig-
ure 1h), respectively. Notably, the experimentally identified mq in
the H-induced phases III, III’, IV and V are always normal to the
H-direction (Figure le-h). In general, the magnetic moments in
the antiferromagnetic and helimagnetic states favor to be aligned
perpendicular to the H-direction, and the observed mq L H rela-
tionship is reasonable in this context. At 7 T, the rotation of mag-
netic field direction from the [001] axis (phase III represented by
Equation (5)) to the [100] axis (phase III’ represented by Equa-
tion (3)) leads to the continuous rotation of my, within the (010)
plane keeping the m, L H relationship, which well explains the
observed smooth M- profile in Figure 31.

2.3. Formation Mechanism of each Spin Texture

Next, we discuss the microscopic mechanism to realize such an
intricate magnetic phase diagram with a rich variety of double-Q
orders. In the following, we demonstrate that the observed phase
diagram and spin textures can be well reproduced by the effective
Hamiltonian given by

H=2N)Y [-]( > F“Vm"va"Qu>

v=1,2 a=x,y,z

+K< > F“vm“va“Qv> ] —ZH-mi )

a=xy,z

which is derived from a Kondo lattice model consisting of local-
ized magnetic moments and itinerant electrons. This theoretical
framework has originally been proposed in refs. [18, 27], where a
set of wavenumbers Q,; = (g, 0, 0) and Q, = (0, g, 0) are assumed
to take peaks in the bare susceptibility under the tetragonal lattice
symmetry. J(= 1) represents the amplitude of Ruderman—Kittel-
Kasuya—Yosida (RKKY) interaction stabilizing the magnetic mod-
ulation with the wavevector Q,, and K represents the amplitude
of four-spin interaction favoring multiple-Q orders.'"**I T, =
(7w 7y 7.) and Ty = (7,,7,,7,) describe the anisotropy of associ-
ated interactions originating from the spin-orbit coupling. The
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last term represents the Zeeman coupling in an external mag-
netic field H, and m, represents the local magnetic moment at
the position i (See Experimental Section for the detailed parame-
ters and procedures for the theoretical simulation.)

Figure 4a shows the magnetization profile for HJ|[001] theo-
retically calculated by Equation (8) with K= 0.3. It shows a series
of step-like anomalies, in good agreement with the experimental
results (Figure S2a, Supporting Information). The correspond-
ing H-dependence of individual (mg )? component and the sim-
ulated spin texture at selected H. -values are shown in Figure 4b,g—
i, respectively. We have found that the experimentally identified
spin textures for phases I (anisotropic double-Q state (Figure 1c)),
II (double-Q square skyrmion lattice state (Figure 1d)) and III
(double-Q square vortex lattice state (Figure 1e)), as well as the
H-induced transitions among these phases (i.e., I - II — III —
FM (Figure 1a)), are successfully reproduced in the present sim-
ulation. The same behaviors are also confirmed for a wide range
of K parameter of 0.1 < K 50.5.

Similar theoretical calculations have been also performed for
H]||[100], and the obtained H-dependence of M and (m, )2, as well
as the associated spin textures at selected H-values, are summa-
rized in Figure 4c—f,j-1. The simulation well reproduces the ex-
perimentally identified spin textures for the phases IV (single-
Q screw state (Figure 1g)), I1I" (anisotropic double-Q state (Fig-
ure 1f)) and V (single-Q fan state (Figure 1h)), while the manner
of H-induced phase transition depends on the magnitude of K.
The present calculation predicts the successive transitions in or-
der of I - IV - V — FM (Figure 4c) and [ — III'’ > V —» FM
(Figure 4e) for K= 0.2 and K = 0.3, respectively, which suggests
that the free energies for phases III’ and IV are almost degener-
ated. In the experiment, the transition in order of I —» IV — III'
— V — FM is observed (Figure 1b) in accord with theoretical pre-
diction, implying that the fine tuning of K value and/or magnetic
anisotropy would allow the full reproduction of the experimental
phase transition process for HJ||[100]. The above results suggest
that Equation (8) well captures the physics behind the skyrmion
formation and the related multiple-Q magnetism in this system.

To understand the topological aspect of each spin texture, their
corresponding spatial distribution of topological charge density
ng(r) are plotted in Figure 4m- r. The double-Q phases I, II,
and III are characterized by the common texture of in-plane spin
component (Figure 4g— i), which possesses two vortices and two
anti-vortices in the magnetic unit cell. By further considering the
out-of-plane spin component, they can be considered as a peri-
odic lattice of meron and anti-meron-like texture, where mag-
netic moments in meron and anti-meron wrap a half of unit
sphere and are characterized by Ny = —1/2 and Ny = +1/2,
respectively.! According to Equation (1), the sign of Ny is af-
fected by the orientation of out-of-plane spin component at their
core positions and the swirling manner of in-plane spin compo-
nent in the surrounding area. For example, the magnetic unit
cell of the phase II consists of a core-down vortex (i.e., a meron
with Ny = —1/2), a core-up vortex (i.e., an anti-meron with Ny
= +1/2) and two core-up anti-vortices (i.e., two merons), which
can be viewed as the square lattice of skyrmion (Ngy = —1) (Fig-
ure 4n). On the other hand, the phases I and III are character-
ized by the different orientation of core magnetization, and can
be considered as the antiferroic order of meron/anti-meron-like

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Numerical simulation of magnetic phase diagram and magnetic structures. a,b) Magnetic field dependence of magnetization M and modulated

spin component (m
(FM) state gives M ~ 1, and we defined (mey )2 = (m*

Q9

Q

)2, theoretically calculated by simulated annealing for H||[001] with Equation (8) and K = 0.3. Here, the uniform ferromagnetic

)2+ (m);2 )2. c—f) The corresponding results for H||[[100] calculated with K = 0.2 ((c) and (d))

and K= 0.3 ((e) and (f)). g—x) The real space distribution of local magnetization m(r) (g-I) and topological charge density ny (r) (m-r) as well as
(s—x) reciprocal-space distribution of |[mg| for the phase I, II, IIl, IV, I, and V obtained by simulated annealing. The background color represents the
amplitude of m?, ng, and [mg|. The results for the single-Q state are obtained by averaging over 500 Monte Carlo samplings to reduce the effect of

thermal fluctuations.

textures into the stripe and checkerboard patterns, respectively
(Figure 4m,0). Likewise, the double-Q phase III’ can be also in-
terpreted as the checkerboard antiferroic order of meron/anti-
meron-like textures (Figure 4q). Here, the phases III and III'
smoothly transform into each other by rotating magnetic field,
keeping the my LH relationship. Since ny (r) is invariant under
the global rotation of magnetic moments according to Equation
(1), these two phases are characterized by the common spatial
distribution of ny as shown in Figure 40,q.

In general, conduction electrons interacting with such non-
coplanar magnetic textures feel the local emergent magnetic
field b?_(r) = (h/e)ngy(r) due to the additional quantum Berry
phase.[23233] In case of GdRu,Si, with magnetic modulation pe-
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riod 4 ~ 1.9 nm,["¥] the amplitude of b?_(r) should be in order of
~100 T. The above analysis suggests that the presently identified
double-Q phases are characterized by the periodic modulation of
giant emergent magnetic field b?_(r), which will lead to the exotic
manner of local electron dynamics (such as meandering motion
of electrons). Note that ng(r) is always negligible for the phase IV
and V with single-Q character (Figure 4p,r), suggesting that the
multiple-Q nature is essential for the appearance of local topo-
logical charge and associated emergent magnetic field.

In Figure 4s— x, we plot theoretically calculated reciprocal-
space distribution of |mg| for each phase. They always exhibit
peak structures corresponding to Q; and Q,. On the other hand,
the higher order peak at the Q, + Q, position can be identified

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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only in phase II (square skyrmion lattice phase), but not in the
other double-Q phases. Since the magnetic scattering intensity
in the diffraction experiment is generally proportional to [mg|*,
the absence of Q; + Q, reflection in phases I and III reported in
ref. [13] would be reasonable.

3. Conclusion

In this study, we have identified a variety of double-Q spin
textures (including the antiferroic order of meron/antimeron-
like textures with fractional local topological charge) for a pro-
totype skyrmion-hosting centrosymmetric tetragonal magnet
GdRu,Si,. The observed good agreement between the exper-
imental and theoretical phase diagrams suggests a potential
mechanism for the skyrmion formation in this system, where
the magnetic interactions mediated by itinerant electrons and
the associated magnetic anisotropy play a significant role. Note
that several alternative theoretical frameworks based on mag-
netic frustration has also been proposed recently, some of which
may be effectively mapped into the present model and pos-
sibly reproduce the observed phase diagrams by tuning their
parameters.[2223] These novel theoretical frameworks predict the
appearance of numerous multiple-Q orders consisting of vari-
ous topological solitons such as merons, skyrmions and higher-
order skyrmions with Ny = +1/2, 1, and 2, respectively, depend-
ing on the symmetry of underlying crystal lattice and magnetic
anisotropy.['8-20.27] Previously, such multiple-Q spin textures with
fractional or higher-order topological charge have rarely been
identified experimentally.?>3] The present results glimpse how
rich variety of multiple-Q orders with unique topology/symmetry
can be derived from a simple crystal lattice system with itinerant
electrons, and highlight rare-earth intermetallics as a promising
platform for the further search of exotic topological soliton en-
sembles with nontrivial functionality. The direct real-space obser-
vation of these textures and full theoretical reproduction of finite
temperature phase diagram are the issue for the future study.

4. Experimental Section

Crystal Growth: Single crystals of GdRu,Si, were grown by the opti-
cal floating zone method as reported in ref. [13]. The phase purity of the
sample was confirmed by the powder X-ray diffraction. The orientations of
single crystals were determined using the back-reflection X-ray Laue pho-
tography method.

Magnetic and Electrical Transport Property Measurements: Magnetiza-
tion measurements were performed using a superconducting quantum
interference device magnetometer (MPMS, Quantum Design), which was
accompanied with a rotation probe to characterize the angle dependence
of magnetization. A single crystal of GdRu,Si, was cut into a rectangular
plate shape and silver paste was painted as electrodes for five terminal
measurements to investigate electrical transport properties. Longitudinal
resistivity p,, and transverse resistivity p,, were measured using the AC-
transport option in a physical property measurement system (Quantum
Design). The same sample was used for the measurements of magnetic
and electrical transport properties to avoid the influence of the demagne-
tization effect, which may cause discrepancy in the phase diagram due to
shape anisotropy.

Resonant X-Ray Scattering (RXS) Measurement: ~RXS experiments were
carried out on BL-3A, Photon Factory, KEK, Japan. The measurements were
performed using incident X-rays with a photon energy turned near the
Gd L, absorption edge (~7.935 keV) by utilizing a Si (111) double-crystal
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monochromator. A single crystal of GdRu,Si, with flat (010) plane was
fixed on an Al plate using varnish and put into a vertical-field supercon-
ducting magnet. In this setup, the scattering plane (0, K, L) was perpen-
dicular to the [100] axis. The incident X-ray was linearly polarized parallel to
the scattering plane (r). To analyze the polarization of the scattered X-ray,
the (006) reflection of a pyrolytic graphite (PG) plate was used. The 26 an-
gle for the analyzer at Gd L, edge was 88°. The polarization components
o’ (perpendicular to the scattering plane) and z’ (parallel to the scattering
plane) of scattered X-ray beams can be chosen by rotating the PG plate
about the scattered beam.

Theoretical Calculation: The results in Figure 4a— f were obtained by
performing simulated annealing for the model in Equation (8). In the sim-
ulations, starting from a random spin configuration, the temperature was
gradually reduced from high temperature to the final temperature T=0.01
withtherate T, , ; =aT,, where T, was the temperature in the nth step and
a was set to be 0.99995-0.99999. The standard Metropolis local updates
were performed in real space at each temperature and 10°~10° Monte
Carlo sweeps were performed for thermalization and measurements at
the final temperature. To determine the phase boundaries between differ-
ent magnetic phases, the simulations were also performed from the spin
patterns obtained at low temperatures.

The magnetic phases in Figure 4 were calculated for the model parame-
tersq=x/3,y,=0.855, ry=09,7,=1, and K=0.3 (Figure 4a,b,e,f) and K
=0.2 (Figure 4c,d) in the system size with N = 962. In the case of H||[001],
three distinct phases were obtained in addition to the fully-polarized state
at high fields; phase | for 0 < H 5 0.6, phase Il for 0.6 S H < 0.7, and phase
111 for 0.7 < H < 1.8. On the other hand, three phases were stabilized in the
case of H||[100]; phase | for 0 < H < 0.55, phase IV for 0.55 S H < 1.6, and
phase V for 1.6 < H <2 at K= 0.2 and phase | for H < 0.5, phase I’ for
0.5 < H $ 1.6, and phase V for 1.6 < H < 2 at K=0.3. Note that the similar
low-temperature phase sequence against magnetic field H was obtained
to reproduce that in experiments in the wide range of model parameters
of K and magnetic anisotropy, as detailed in ref. [27].

In Figure 4g— |, the spin textures for the phases I, II, Ill, IV, I, and
V were calculated with (H[100), Hpoop K) = (0, 0.1, 0.3), (0, 0.65, 0.3), (0,
1.0, 0.3), (1.0, 0, 0.2), (1.0, 0, 0.3), and (1.8, 0, 0.3), respectively. For Fig-
ure 4m-—r, the topological charge density n (r) was calculated following
the procedure in refs. [27, 34].
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