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Multiple-@Q) magnetic orderings represent magnetic textures composed of superpositions of multi-
ple spin density waves or spin spirals, as represented by two-dimensional skyrmion crystals and
three-dimensional hedgehog lattices. Such magnetic orderings have been observed in various mag-
netic materials in recent years, and attracted enormous attention, especially from the viewpoint
of topology and emergent electromagnetic fields originating from noncoplanar magnetic structures.
Although they often exhibit successive phase transitions among different multiple-Q states while
changing temperature and an external magnetic field, it is not straightforward to elucidate the
phase diagrams, mainly due to the lack of concise theoretical tools as well as appropriate micro-
scopic models. Here, we provide a theoretical framework for a class of effective spin models with
long-range magnetic interactions mediated by conduction electrons in magnetic metals. Our frame-
work is based on the steepest decent method with a set of self-consistent equations that leads to
exact solutions in the thermodynamic limit, and has many advantages over existing methods such
as biased variational calculations and numerical Monte Carlo simulations. We develop two methods
that complement each other in terms of the computational cost and the range of applications. As a
demonstration, applying the framework to the models with instabilities toward triple- and hextuple-
(@ magnetic orderings, we clarify the magnetic field-temperature phase diagrams with a variety of
multiple-Q) phases. We find that the models exhibit interesting reentrant phase transitions where
the multiple-@ phases appear only at finite temperature and/or nonzero magnetic field. Further-
more, we show that the multiple-Q states can be topologically-nontrivial stacked skyrmion crystals
or hedgehog lattices, which exhibit large net spin scalar chirality associated with nonzero skyrmion
number. The results demonstrate that our framework could be a versatile tool for studying mag-
netic and topological phase transitions and related quantum phenomena in actual magnetic metals

hosting multiple-Q) magnetic orderings.

I. INTRODUCTION

Multiple-Q? magnetic orders are magnetically ordered
states whose spin textures are approximately given by
superpositions of multiple spin density waves or spin spi-
rals. They show mutual interference peaks in the spin
structure factor in momentum space, which are observ-
able in elastic neutron scattering experiments. In real
space, they are often regarded as periodic arrays of topo-
logically nontrivial objects made of many spins [IH5],
such as two-dimensional (2D) skyrmion crystals (SkXs)
in triple-Q (3Q) magnetic orderings [6H9], 2D vortex crys-
tals (VCs) in double-Q (2Q)) magnetic orderings [10], and
three-dimensional (3D) hedgehog lattices (HLs) in 3Q
and quadruple-Q) magnetic orderings [ITHI6]. Such topo-
logical spin textures induce unique effects on electronic
and transport properties through the Berry phase mech-
anism [I7,[18], such as the magnetoelectric effect [19] and
the topological Hall effect [20], and thus the multiple-Q
magnetic orderings have been attracting enormous atten-
tion for years.

Several proposals have been made for the stabi-
lization mechanism of the multiple-Q) magnetic order-
ings, for instance, long-range dipole interactions [21}-
20], the Dzyaloshinskii-Moriya (DM) antisymmetric ex-
change interactions [6], 27H39], four-spin interactions [40-
15], frustrated magnetic interactions [46H48], and bond-
dependent anisotropic interaction [49H51]. Among them,
in this paper, we focus on the long-range interactions me-

diated by conduction electrons [52H57]. Such interactions
are incorporated into effective spin models for magnetic
metals [58460], and have been shown to stabilize a vari-
ety of multiple-@) magnetic orderings, such as 2Q) and 3Q)
VCs [58] 59, [61, [62] , and 3Q) and quadruple-Q HLs [62-
65]. Usually, the models exhibit complicated phase dia-
grams while changing the lattice structures, the interac-
tion parameters, temperature, and an external magnetic
field. In the previous studies, such phase diagrams were
studied by using, e.g., the variational method and the
Monte Carlo simulation. It is, however, not straight-
forward to elucidate the phase competition between dif-
ferent multiple-Q) states. For instance, the variational
method is basically limited to zero temperature and re-
quires good variational states. The Monte Carlo simula-
tion is an unbiased powerful tool which is applicable to
not only the zero-temperature limit but also finite tem-
perature, but it requires careful analysis of the finite size
effect, and it is usually a time consuming task to ob-
tain the full phase diagram because of the relatively high
computational cost. Thus, there remain vast unexplored
parameter regions, including extensions of the models to
more complex multiple-QQ orderings, such as hextuple-
Q (6Q) ones [66H68]. An unbiased and computationally
cheaper method is therefore highly desired.

In this paper, we develop a versatile theoretical frame-
work for a class of the effective spin models with long-
range interactions, and demonstrate its power by reveal-
ing the complete phase diagrams for two types of the



models. Our framework is based on the self-consistent
equations derived from the saddle point method, which
gives the exact solution in the thermodynamic limit.
Specifically, we provide two methods, which we call
Method I and Method II, being complementary to each
other: the computational cost of Method I is cheaper
than Method II, but Method II has a wider range of ap-
plications in terms of the interaction types. Using this
framework, we study two different models that stabilize
3@ and 6Q) magnetic orderings. We show that both mod-
els exhibit interesting phase diagrams depending on the
interaction parameters and the direction of the magnetic
field. In particular, we find that multiple-Q magnetic
orderings with larger components can be stabilized by
raising temperature and/or applying the magnetic field,
which yield a variety types of successive and reentrant
transitions in the magnetic field-temperature phase dia-
gram. We also show that the 3Q and 6@ states can be
topologically nontrivial with nonzero spin scalar chirality.
Furthermore, we find several topological transitions asso-
ciated with changes in the topological skyrmion number.

The structure of this paper is as follows. In Sec. [[I]
we introduce the generic form of the Hamiltonian of
the effective spin model for magnetic metals with long-
range interactions mediated by conduction electrons. In
Sec. [T} we describe the theoretical framework for the
exact analysis of the effective spin model in the thermo-
dynamic limit based on the steepest decent method. We
show two methods, Method I and Method II in Secs. [[ITA]
and [[ITB] respectively. In Sec. [ILC] we give some re-
marks on the condition for the existence of the saddle
point solutions, the computational cost, and the range of
application for the two methods. In Sec. [[V] we present
the results for two different models that stabilize 3Q)
and 6¢) magnetic orderings. For each model, after in-
troducing the concrete model parameters (Secs.
and , we discuss the ground-state phase diagram
at zero magnetic field and stable spin configurations of
ground states therein (Secs.[IV A 2land[[VB 2). Then, we
present the magnetic field-temperature phase diagrams
for three different magnetic field directions, and elucidate
the details of the transitions between various multiple-Q
phases (Secs. [V A 3land IV B 3). In Sec. we discuss
two possible types of hidden transitions. Finally, Sec. [V]
is devoted to the summary and perspectives.

II. MODEL

We consider a class of spin lattice models proposed for
understanding the multiple-() magnetic orderings in itin-
erant magnets [58H60]. The generic form of the Hamil-
tonian is given by spin interactions in momentum space
as

H=H(Sq,, - ,Sax,) — VNB-Sq—, (1)

where
1 .
Sq=——) S, Q. 2
QT UNE @)

Here, S, = (S¥, 57, S%) represents the spin degree of free-
dom at site r in real space, and N is the total number of
spins. In this paper, we consider the classical spin limit
where S, € R® and |S,| = 1, for simplicity. In Eq. (T), the
first term includes the effective spin interaction mediated
by itinerant electrons, where Q, with n = 1,2,...,Ng
are the characteristic wave numbers given by the nesting
vectors of the Fermi surfaces of itinerant electrons in the
limit of weak spin-charge coupling [58]. Note that the
interactions defined in momentum space extend over in-
finite distances without decay in real space. The second
term in Eq. represents the Zeeman coupling with an
external magnetic field B, described as —)_ B - S; in
real space.

The simplest form of the Hamiltonian in Eq. is
given by two-spin interactions in the first term as

Nq
H=> (Hq, +H_q,) — VNB -Sq—o,  (3)
n=1
where
HQW = — Z Sgnjaj/Sf/Qn' (4)

Here, Jq, is a 3x 3 Hermitian matrix describing the form
of the two-spin interactions; the sums of o and o’ run over
x, y, and z. Note that ],Qn = Jén and S,Qn = S;"Qn.
The two-spin interactions are the lowest-order contribu-
tions in the perturbative expansion in terms of the spin-
charge coupling [58], which include the Ruderman-Kittel-
Kasuya-Yosida interaction « Sq, - S_q, [69H71]. In ad-
dition, the model can be extended to include higher-order
contributions. For instance, the four-spin biquadratic in-
teractions o (Sq, -S—q,)? 49, 50, 58, 63, [72H79] and the
six-spin bicubic interactions o< {Sq, - (Sq, x Sq,)}* [61]
have also been considered as the origin of stabilization of
multiple-Q) magnetic orderings.

IIT. METHOD

In this section, we construct the framework to obtain
the phase diagram of the model in Eq. based on the
steepest decent method also known as the saddle-point
method (see for example Ref. [80]). Specifically, we de-
velop two methods that complement each other, Method
I and Method II. Method I is computationally cheaper
than Method II, while it is only applicable to the two-
spin interactions in Eq. . Meanwhile, Method IT has a
wider range of applications; it can deal with the higher-
order spin interactions.

In the following, we consider the model in Eq. with
Q,, being commensurate with the lattice sites. Since the



period of magnetic ordering is set by Q, as discussed
in Sec. [[V] this corresponds to considering magnetic or-
ders commensurate with the lattice sites. Let a, (p =1,
2,...,d) be the primitive lattice vectors in spatial di-
mension d and A, be the magnetic translation vectors
spanning the magnetic unit cell: A, = ZZ,:l VL W
with integers [,,,. Then, all the Q, must satisfy

eiQn-A“ _ 1’ (5)

for all . While the magnetic unit cell can be smaller for
simpler spin states such as the single-Q spin state for the
case of Ng > 2, we take the largest common magnetic
unit cell defined by A,,.

Given such commensurate situations, it is commonly
useful to denote the spatial coordinate r as r = R 4+ rg
where R and r( are the position vectors of the magnetic
unit cell and the internal sublattice site, respectively:
R = ZZ:1 N, A, with integers N, € [0,L), and the
number of sublattice sites in a magnetic unit cell is de-
noted as Ny = N/L?. Also, it is useful to define an
averaged spin for each sublattice as

= 1
Sro = ﬁ Z SR+1‘0 . (6)
R

Note that |Sr0| < 1. Then, the model in Eq. (I} can
be rewritten in terms of Sr(J because SQ is expressed

as Sq, = \/L?/NoY_,, Sr,e "™ under the condition
in Eq. . For 1nstance the Hamiltonian in Eq. (| . is
rewritten as

’
o — —

1 _
d
H=—L Y 5 Tioarma Sr

(I‘(),Oé),(l‘f),o/)

+ZB-§%}, (7)

with a (3Np) x
fined as

(3Np) matrix, J, whose elements are de-

N,

Q
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1

3
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A. Method I

In Method I, to compute the partition function

_ / (TT dSmim )e ™, 9)

R,ro

where 3 is the inverse temperature § = 1/T taking the
Boltzmann constant unity (kg = 1), and the integral of
SR+r, is on the surface of the unit sphere in three dimen-
sions, we apply a 3Ny-dimensional Gaussian integral to

the two-spin interaction part by introducing the auxiliary
fields my:

BLY
exp [—N 3
O (ro,a),(r),0)

3No
NO
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1
+ ﬁ Z mro . SR+I‘0] . (10)
R,I‘O
After rescaling the variable as m,, — m,, = m,,/(8L%),

and performing the integrals of individual Sg+4r,, we ob-
tain

(BLANo)*Ne f YLl (lms, ).
(47)3No detj/ / rl_[a dm ’ ’
(11)

where

47 sinh(S|m,, + BJ)
L e

ﬂNO ~a 71 ~a
- 4 Z mroj(rg,a)(rg,o/)mr()'
(ro,a),(rp,a)

(12)

In the thermodynamic limit of L — oo, the partition
function asymptotically approaches

7 — HomE (13)

where {mg } denotes the saddle point that maximizes
g({mg }). The saddle point is obtained by the stationary
condition,

9g({rmy, })

=0. 14
omg, (14)
This leads to a set of equations,
Z ja « —0—1Q,7 ro ~?0 + B
0 i |my, + B
1
X |coth(f|lmy, + B|) — ———= |, 15
[ e B - e ] 09
o)
my = {M;j‘e—iQ"'r” +c.c.|, (16)
n=1

which are solved in a self-consistent way. We will remark
on the conditions for the existence of the saddle point

solution in Sec. [[ILCl



Once the saddle point solution is obtained, the free
energy per spin is obtained as

1 1 N

f= —ﬁ—Nan = —mg({mﬁ‘g )-
It is also straightforward to compute other thermody-
namic quantities. For instance, the internal energy per
spin, €, is obtained by —T29(f/T)/0T. The same result
is obtained directly from the Hamiltonian in Eq. by
replacing S, with (S,). The specific heat per spin, C, is
obtained by a numerical derivative of ¢ as C' = 9¢/9T.
In addition, the real-space spin configuration is obtained
by

(17)

of

(St = ~Nog e

; (18)
BrOHB

where B in g({mg }) is replaced by a sublattice depen-
dent field B,,. This leads to

1 ] m;, + B
By, + B|] [my, + B’
(19)

(SRe+ry) = | coth(Bmy, + BJ) —

which is independent of R; namely, (Sg, . ) takes the
same value at all the sites belonging to the same sublat-
tice.

Finally, let us make a remark on the ground state. In
Eq. , the factor in the square brackets becomes unity
at zero temperature, and the spin texture is given by the
sum of B and the spin density waves or the spin spirals
as

Ng

(SRry) = le { M, e Qo 4 c.c.} +B

n=1

(20

where N is the _normalization factor to ensure
[{Sr+ro)| = 1, and M, corresponds to the solution of
the self-consistent equations in Egs. and . While
the expression in Eq. includes only the Fourier com-
ponents with Q,, (Sr+r,) has higher harmonics such as
S2q, in general because of the normalization. This type
of spin texture has been discussed for understanding the
motion of hedgehogs and antihedgehogs in 3D HLs under
the external magnetic field [65] B1].

B. Method II

Next, we describe the other method, Method II, which
is applicable to the generic form of the model in Eq. .
The key idea of this method is a reduction of the number
of integral variables in Eq. @ by introducing “density of
state”. Recalling that the Hamiltonian can be written in
terms of the averaged spin S, defined in Eq. @, we can
calculate the partition function as

ZZ/[HdgropLd(gro)}e_BH’

(21)

4

where [ dSy, denotes an integral inside the unit sphere
in three dimensions, and py«(S;,) is the density of state
for §r0. The number of integral variables is reduced from
2N in Eq. @ to 3Ny in Eq. .

The quantity pra(S)dS/(4m)L" represents a probabil-
ity that the mean vector of L¢ 3D random vectors uni-
formly distributed on the unit sphere is found in the in-
finitesimal volume dS at S. This is equivalent to the
so-called Pearson random walk [82] [83]. From this obser-
vation, pr4(S) in the limit of LY — oo can be obtained
as

1 — 47 sinh v (|S
Eland(S) — In {OOD

where v(|S|) is determined by numerically solving

— 1
cothvg(|S]) — —=

vo(IS])

Using this form, we obtain an asymptotic form of the
partition function in the thermodynamic limit as

= S|. (23)

7 / (TTdSe,) e o 45mD, (24)
where
G({Se,}) =
3 47 sinh vg(|Sy, ) = g
777’[ + 1 fa - SI‘O SrO .
La %:[1’1[ UO(|SrO|) :| U()(l D' |
(25)

Then, by the steepest decent method, the partition func-
tion is expressed as

7~ M OUSLD) (26)
where {?fo} denotes the saddle point that maximizes
G({Sy,})- In comparison with Eq. in Method I, we
note that G({??O}) = g({mg }). Once the saddle point
solution is obtained, the thermodynamic quantities and

the real-space spin configurations are computed in a sim-
ilar manner to Method 1.

C. Remark

As both Method I and II are based on the steepest de-
cent method, the saddle point solution exists only when

g({mg}) in Eq. and G({S,,}) in Eq. have a
maxima in the parameter space. This is guaranteed when
the Hessian matrices of —g({my }) and —G({grao}) are
positive definite at {mg } and {gfo}7 respectively. In
Method I, this corresponds to the condition that J is
positive definite. In this case, however, since J is made



of the Fourier components of £Q, only [Eq. (8)], the
6Nq eigenvalues are given by those of Jiq,, while the
rest 3Ny — 6Ng eigenvalues are all zero. To avoid such
zero eigenvalues, we add a positive infinitesimal A to all
the diagonal elements of 7, namely, J — J + AZ with
an identity matrix Z, and take the limit of A\ — 07 in the
end of the calculations. This consideration ensures that
mg in Eq. includes the Fourier components of +Q,,

only because g({mg }) negatively diverges due to the sec-
A—07T

ond term of Eq. as —O(1/)\) —— —oo when mg,
includes the Fourier components of q # +Q,,.

Method I is computationally cheaper than Method IT in
most cases, since the number of the self-consistent equa-
tions of Method I (3Ng) is typically less than that of
Method II (3Ng). It is applicable to the model with
two-spin interactions in Eq. as long as Jq, is pos-
itive definite. Meanwhile, Method II has a wider range
of applications. In this case, Jq, in the two-spin interac-
tion part does not have to be positive definite. Further-
more, Method II can deal with the generic form of the
Hamiltonian expressed by a function of Sgn, including
multiple-spin interactions, such as the biquadratic ones
x (Sq, -S—q,)? [49, 50, 58, 63, [7279] and the bicubic
ones « {SQ1 ’ (SQ2 X SQ3)}2 [6”'

IV. RESULTS

In this section, as a demonstration of our framework
developed in Sec. [[TT, we study two models, both of which
are in the class of the models with only two-spin inter-
actions, as represented by Egs. and . Specifically,
for both models, we consider

HQT} == Z Jgéa Sanngn - ZD77 : (SQn X SfQ")’
a,al

(27)

where the first term represents the symmetric exchange
interactions with Js‘o‘/ = J,?/o‘ € R, and the second term
represents the antisymmetric ones of the DM type [27, 28]
with the so-called DM vectors D,, = (D, DY, D7) € R®.
For simplicity, we assume that the symmetric interactions
include only the diagonal elements, and that the DM vec-
tors are proportional to the corresponding characteristic
wavenumber:

Q,
Ql;

where §, is the Kronecker delta. Note that the latter
assumption leads the system to prefer proper-screw type
magnetic orders. Then, the Hermitian matrix Jq, in
Eq. is expressed as

T = J%Spp, Dy =D (28)

Jge D —iDY
Ja, = |-iD; Jy iDI |. (29)
iDY —iD¥ JZ

We define the two models on a simple cubic lattice
(d = 3) with the lattice constant being unity under the
periodic boundary condition. In the following, we set
the elements of the commensurate wave numbers Q,, as
+27/A or 0 with an integer A. In this setting, the mag-
netic unit cell fits into a cube of A® sites with the mag-
netic translation vectors A; = (A,0,0), As = (0,A,0),
and Az = (0,0, A), namely, [, in the equation for A,
above Eq. is {,r = Ay, . Then, the linear dimension
of the entire system is LA, the lattice site r is denoted as
r = (z,y, z) with integers x, y, and z in [0, LA), and the
number of spin is N = (LA)3. In the following calcula-
tions, we take A = 12.

The difference between the two models lies in the
number of the characteristic wave numbers Q,. One
of them has three (n = 1,2,3), and the other has six
(n=1,2,...,6). We call the former the 3Q) model and
the latter the 6¢) model. The directions of Q, as well
as the form of J** are defined in the following subsec-
tions. We present the results for the 3Q) and 6@ models
in Sec. [V A] and [V B] respectively. For both cases, we
clarify the ground-state phase diagram at zero magnetic
field while changing the interaction parameters, and the
finite-temperature phase diagram in a magnetic field for
representative sets of the interaction parameters. Finally,
in Sec. [[VC] we give some remarks on hidden transitions
found through detailed analyses.

All the results in this section are obtained by Method I
in Sec. [[ITA] while we confirm that Method IT in Sec. [[ITB]
delivers the same result for some parameter values. In

what follows, we omit the overline of Mn for simplicity
and use M, to represent the solution of the self-consistent

equations in Egs. and .

A. 3Q model

First, we discuss the model with three Q,, the 3Q
model.  After introducing the model parameters in
Sec. we present the ground-state phase diagram
at zero magnetic field while varying the anisotropy in
the symmetric interaction, A, and the magnitude of the
DM vectors, D, in Sec. Then, in Sec. we
show the magnetic field-temperature phase diagrams for
a couple of representative parameter sets of A and D.

1. Model parameters

The model Hamiltonian is given by Eqgs. and
with Ng = 3. We set Q,, as

Ql = Q)A(v QQ = an Q3 = in (30)

where @ = 2n/A with A = 12, and %X, y, and z rep-
resent unit vectors as x = (1,0,0), y = (0,1,0), and
z = (0,0, 1). We introduce an anisotropy A to the sym-



FIG. 1. Pictorial representation of the coupling constants
for the symmetric and antisymmetric interactions in the 3Q
model. The blue ellipsoids at +Q,, represent J;*: the lengths
along the principal axes [100], [010], and [001] denote the
amplitudes of J;*, J¥¥, and J;*, respectively. The red arrows
at +Q,, represent £D,,. The labeled numbers indicate . The
gray cube is a guide to the eye.

metric interactions J** in Eq. as
(Jf;x, ijy,J;Z) =
[J(1 - A),J(1+24),J1 - A)], (y
[J(]- - A)? J(]- - A)v J(l + 2A)]7 (77
[J(1+2A)7J(1_A)7J(1 _A)]a (77

)
2).  (31)
3)

As shown in Sec. [VA?2| the anisotropy stabilizes a 3Q
magnetic order. We take the DM vectors in the antisym-
metric interaction as D,, || Q, as in Eq. . Figure
shows the pictorial representation of J;** and D,. We
take the energy unit as J = 1.

2. Ground state at zero magnetic field

Figure 2] shows the ground-state phase diagram for the
3@ model at zero magnetic field while changing A and
D. The phase diagram with low resolution was obtained
by variational calculations in Ref. [62]; much higher reso-
lution can be reached here with much less computational
cost owing to the use of the present framework. As in the
previous study, we find three stable phases in the phase
diagram: the 1@) phase in the small A region including
the isotropic limit (A = 0) [84], the 3Q phase in the large
A region, and the 2@Q) phase in between them. The phase
transition between the 1Q) and 2@ phases is continuous
(second order), while that between the 2Q) and 3Q phases
is discontinuous (first order). If we look into more detail,
however, we find a discontinuous transition line in the 3Q
phase (not shown in the phase diagram); we will discuss
the hidden transition in Sec. [[V-Cl

We display typical spin textures in the three phases in
Fig. [3, with the values of |M,,| in each inset. Figure a)

0.5

04

03
<
0.2
0.1
0'8. . . 0.3 : 0.5
D
FIG. 2. Ground-state phase diagram for the 3Q) model at

zero magnetic field. The phase diagram includes the 1Q phase
where one of three [M,| is nonzero, the 2@Q) phase where two
of |1\7I,7| are nonzero at different values, and the isotropic 3Q
phase where |M;| = |[Ma| = [M3| > 0. The white dashed
line between the 3Q and 2Q) phases represents the first-order
phase transition, while the black solid line between the 2Q
and 1@ phases represents the second-order phase transition.

represents the 3@Q) state. This is a 3D HL that possesses
topological point defects, the magnetic hedgehogs and
antihedgehogs, forming a periodic lattice, as shown in
Fig.b). In this phase, the relation |M;| = |Ma| = |M3|
always holds; namely, the 3@Q) state is composed of a su-
perposition of three proper screws with equal amplitudes.
Meanwhile, Figs. [3{c) and [3{(d) represent the 2Q) and 1Q
states, respectively. The 2@ state is composed of a super-
position of two proper screws with different amplitudes
in general. Note that the C3 rotational symmetry about
the [111] axis is retained in the 3Q) phase, whereas it is
broken in the 2Q) and 1Q phases.

3. Magnetic field-temperature phase diagrams

Figures [4 and [5] show the magnetic field-temperature
phase diagrams for the representative parameter sets that
realize the 2Q) and 3Q ground states at zero magnetic
field, respectively. We take (D, A) = (0.25,0.2) for the
2Q case and (D,A) = (0.15,0.3) for the 3Q case, for
which the ground-state spin configurations at zero mag-
netic field are shown in Figs. [§(c) and [§|(a), respectively.
In each case, we obtain the results for different magnetic
field directions, B || [100], B || [110], and B || [111] in
panels (a), (b), and (c), respectively (B = |B]).

Let us begin with the results for (D, A) = (0.25,0.2)
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FIG. 3. Ground-state spin configurations stabilized in the 3Q
model at zero magnetic field for (a) the 3Q) state at (D, A) =
(0.15,0.3), (c) the 2@Q state at (D, A) = (0.25,0.2), and (d)
the 1@Q) state at (D, A) = (0.35,0.1). The color of the arrows
denotes the [111] component of spins, SH — (Sy + 5S¢ +
SZ)/+/3, in (a), while it represents the z component of spins,
Sy, in (c) and (d); see the color bars in (a) and (c). (b)
Positions of the magnetic hedgehogs (magenta spheres) and
the magnetic antihedgehogs (cyan spheres) in the 3Q spin
state in (a). The dashed lines are guides to the eye. Insets
of (a), (c), and (d) show distributions of |M,,| for each spin
state.

in Fig. 4l where the ground state at zero magnetic field
is in the 2@ phase. While increasing temperature at zero
field, we find two phase transitions: a first-order phase
transition from the 2Q) to 3Q) phase at 7'~ 0.754 and a
second-order phase transition from the 3@ phase to the
paramagnet at 7"~ 0.994. When we apply the magnetic
field, regardless of its direction, the 2Q and 3@ phases
are stable in the low field region, whereas the 1Q phase
appears for higher fields. Types of the transition to the
1@ phase depend on the field direction. For B || [100] in
Fig. @(a), the transition is of first order in most of the
high T regime where the system changes directly from
the 2Q) to 1Q phase although the discontinuity becomes
very weak and the order of the transition becomes un-
clear for T' 2 0.90 as indicated by the white dotted line.
Meanwhile, there appears an intermediate 2Q)’ phase be-
tween the 2Q) and 1@ phases in the low T regime, which
is a double-Q phase different from the 2@) phase (see be-
low). The transition from the 2Q to 2Q’ phase and that
from the 2Q)" and 1Q phase are of first and second order,
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respectively. In contrast, for B || [110] in Fig. [d{b), the
transition to the 1@ phase always takes place from the
2@ phase, but the nature of the transition changes with
temperature: it is of second order in the high T" regime,
while that becomes first order in the low T regime. This
suggests the presence of the tricritical point where the
two types of the transition lines meet, but it is hard to
determine its precise location within the present reso-
lution; it would be located at some point on the white
dotted line for 0.45 < T < 0.51 on which the order of
the transition is not precisely determined. Similarly, for
B | [111] in Fig. [fc), the first-order phase transition
between the 2¢) and 1@ phases becomes obscure while
increasing 7', and the order of the transition is not clear
in the high T regime for T' 2 0.67.

Interestingly, in all the cases, the 3Q) phase appears in
a domelike shape at finite temperature under the mag-
netic field. It is surrounded by the 2@) phase in the cases
of B || [100] and B || [110], while it borders both the
2@ and paramagnetic phases for B || [111]. The transi-
tion between the 3Q) and 2Q) phases are always of first
order, while that to the paramagnet is of second order.
The results indicate that the higher multiple-Q) phase is
induced from the lower one by the entropic gain.

Figure @(a) shows the temperature dependence of the
order parameters |M,| at a low field of B || [100],
B = 0.1, where we find successive transitions as 2Q" —
2Q — 3Q — 2Q) — paramagnet while increasing temper-
ature. At low temperature, a first-order phase transition
separates two double-Q) phases, the 2Q’ and 2@Q) phases,
although they are indistinguishable at B = 0. In both
phases, |M;|, which is the component along the mag-
netic field direction, is nonzero, but it discontinuously
changes at the transition. The other nonzero component
is switched at the transition; |M3| is nonzero in the low-
T 2@’ phase, while |1\~/12\ becomes nonzero in the high-T'
2Q phase. Note that |[Ms| and |[Ms| are both perpen-
dicular components to the magnetic field, but they are
not equivalent due to the anisotropy in the symmetric
exchange interactions J;*“ (see Fig. [1)). In the 3Q) phase
at higher temperature, all |M,| are nonzero; |M;| and
|M| take almost the same value, while |Ms| is smaller.
At the transition to the 2Q) phase, \1\~/13| goes to zero
continuously, and finally, the remaining two components
become zero continuously at the transition to the para-
magnet; it is unclear whether the two components vanish
simultaneously or not in the present resolution, namely
whether the 1Q) state exists or not before entering the
paramagnetic phase. We summarize the order parame-
ters in each phase in Table [[}

Figure |§|(b) shows the temperature dependences of the
specific heat per spin, C, and the spin scalar chirality per
spin, x. The latter is defined as

1 R
X :FZXTO 'er (32)
ro
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FIG. 4. Magnetic field-temperature phase diagrams of the 3Q model with (D, A) = (0.25,0.2) for the magnetic field directions
(a) B || [100], (b) B || [110], and (c) B || [111]. The white dashed and black solid lines represent first-order and second-order
phase transitions, respectively, while the white dotted lines represent phase transitions whose order is undetermined.
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FIG. 5. Magnetic field-temperature phase diagrams of the 3Q model with (D, A) = (0.15,0.3) for the magnetic field directions
(a) B || [100], (b) B || [110], and (c) B || [111]. The notations are common to those in Fig. [4]

with

[<Sr0>'(<sro+fl> X <SI‘0+’3’> + <Sro+:¥> X <SI‘0—19>

(Sro—p) X (Srg—3) + (Sro—4) X (Sre+s))],
(33)

| —

I
Xl‘o_

+

where {u,v,v} = {z,y,2}, {y,2 2}, or {z,2,y}, and
ég = B/|B|. The specific heat shows clear anomalies at
the transition between the 2Q) and 3@ phases and that
to the paramagnet: the former is a delta-function type
anomaly characteristic to the first-order transition, and
the latter shows a jump similar to the second-order phase
transition in the mean-field approximation. In contrast,
C shows less anomalies at the transition between the 2Q)’
and 2(Q) phases and that between the 3Q) and 2(Q) phases,
indicating that less entropy is released at these transi-
tions. A small but nonzero negative value of x is found
only in the 3Q phase, as shown in Fig. |§|(b) This indi-
cates that when itinerant electrons are coupled with the
3@ spin texture, the system shows the topological Hall

effect [20].

For the other field directions, B || [110] and B || [111],
the transition between the 2Q) and 3@ phases in the low
field regime takes place in a similar manner to that for
B || [100]. In the 2Q phases, |Ma| > |M;| > 0 for
B || [110] while [M3| > [My| > 0, |[My| > |[M,| > 0, or
|M;| > |[M3| > 0 for B || [111]. For B || [111], unlike the
other magnetic field directions, the system undergoes the
direct transition from the 3@ phase to the paramagnet,
where C' drops suddenly similar to the phase transition
between the 2Q) and paramagnetic phases in Fig. [6(b),
while x gradually vanishes similar to that between the
3Q and 2@ phases in Fig. Ekb) The order parameters
are summarized in Table [Il

Next, let us discuss the results for (D, A) = (0.15,0.3)
in Fig. B} where the ground state at zero magnetic field
is in the 3Q phase. Unlike the previous case in Fig. [4
there is only a second-order phase transition from the 3Q
phase to the paramagnet at zero magnetic field while in-
creasing temperature. When we apply the magnetic field,
although the system shows an overall common phase se-
quence from 3@Q to 2Q), and to 1@, there are qualitative



(a)
1.5\' =1
2
3
—=10
>
N \
\ I
0'8.0 0.2 04 0.6 0.8 10 12
(b)*° /
2Q) 2Q) 3Q 20
2.0 C
1.0
T
00 0.2 04 0.6 0.8 1.0 12
-10 X(x104)
-20
FIG. 6. Temperature dependences of (a) the order param-

eters [M,| and (b) the specific heat C' and the spin scalar
chirality x for the 3Q model with (D,A) = (0.25,0.2) and
B = 0.1 (B || [100]). The spin scalar chirality is multiplied by
a factor of 10* for better visibility.

TABLE I. Order parameters in each magnetically ordered
phase of the 3Q model. The sets of n, {1,732, - - - }, for nonzero
M, are shown, with the relations between nonzero |M,|.

Phase Sets of n Notes
B=0 1@ (U, (2.3
20 (3.2}, (2.1}, {1.3} M| > [ML,|
3Q {1,2,3} My, [ = [Mp, | = [Myg,|
B[00 1Q m o
20 (1.2} NI, | # ML,
2Q (18 N > M|
3Q {2,1,3} My, | > (M, [ > [ Mg
B 110 1Q {2 -
20 (21} [N, | > M,
2" {23 [My|> My
3Q {2,1,3} My, | > [M, | > [ Mg
Bl 1@ () (2h6.
2Q (3.2}, (2.1}, {13} My | > M|
3Q {1,2,3} My, | = [My, | = [Mpg |

differences depending on the magnetic field directions.

Figure (7| shows the field dependences of |M,,|, x, and
the magnetization per site, m, at T = 0.5; m is defined
as

(34)

m =

I

For B || [100], while increasing the magnetic field, we
find successive transitions as 3Q — 2Q — 1Q — param-
agnet. All of them are of second order, where |M3|, [Ma|,
and [M;| go to zero successively, as shown in Fig. (a).
Nonzero x is induced by the magnetic field in the 3Q
phase; x decreases almost linearly to B, but turns to in-
crease around B ~ 0.626 and vanishes at the transition
between the 3Q and 2Q phases at B ~ 0.759, as shown
in Fig. b). The transition is accompanied by a kink-
like anomaly in the magnetization curve. In contrast, for
B || [110], we find two distinguishable double-@) phases,
the 2Q and 2Q" phases, between the 3Q) and 1Q phases.
In the 2Q) phase, |[M;| and |M3| are nonzero, while in
the 2Q” phase, |[Ms| and |Ms| are nonzero, as shown in
Fig. c). Notably, x is zero for the former but becomes
nonzero for the latter, as shown in Fig. [7d). The transi-
tions are of second order for all the cases, except for that
between the 2Q) and 2Q)" phases. Finally, for B || [111],
the phase sequence is similar to that for B || [100], but
the transition between the 3Q and 2@) phases and that
between the 2Q and 1Q) phases are of both first order,
as shown in Fig. e). Note that |M,| are exchangeable
because of the C3 rotational symmetry about the [111]
axis. In this case, x becomes nonzero not only in the 3¢
phase but also in the 2Q) phase, as shown in Fig. f).
We also summarize the order parameters in each phase
found in these cases in Table[ll

B. 6Q model

Next, we discuss the model with six Q,;, the 6¢) model.
We present the results in parallel with Sec. for the
3@ model: after introducing the model parameters in
Sec. we present the ground-state phase diagram at
zero magnetic field while varying A and D in Sec.[[VB2]
and then, the magnetic field-temperature phase diagrams
for a couple of representative parameter sets of A and D

in Sec. VB3l

1. Model parameters

The model Hamiltonian is given by Eqgs. and
with Ng = 6 with the set of Q,:
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FIG. 7. Magnetic field dependences of (a,c,e) the order parameters [M,| and (b,d,f) the magnetization m and the spin scalar
chirality x for the 3Q model with (D, A) = (0.15,0.3) and T = 0.5. The magnetic field directions are (a,b) B || [100], (c,d)
B || [110], and (e,f) B || [111]. The spin scalar chirality is multiplied by a factor of 500, respectively, for better visibility.

Similar to the 3Q model, we take Q = 27/A with A = 12.
We set J* in Eq. as

(g, Ty, i) =

[J(1—-A),J(1-A),J[1+2A)], (n=1,4)
[J(142A),J(1-A),J(1-=A)], (n=2,5). (36)
[J(1—A),J(1+42A),J(1-A)], (n=3,6)

Figure [8 shows the pictorial representation of J** and
D,,. We take the energy unit as J = 1 as before.

FIG. 8. Pictorial representation of the coupling constants
for the symmetric and antisymmetric interactions in the 6Q
model. The notations are common to those in Fig.
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FIG. 9. Ground-state phase diagram for the 6Q) model at
zero magnetic field. The phase diagram includes the 1Q phase
where one of |M,| is nonzero, the 3Q) phase where three of
|M,,| are nonzero, and the 6Q phase where all six |M,| are
nonzero. In the 3Q and 6Q phases, all the nonzero |M,,| take
the same value, while the value depends on D and A. The
white dashed lines separating these phases represent the first-
order phase transitions, and the black dot locates the triple
point where the three first-order transition lines meet.
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FIG. 10. Ground-state spin configurations stabilized in
the 6Q model at zero magnetic field for (a) the 6Q state at
(D,A) = (0.2,0.3), (c) the 3Q state at (D,A) = (0.3,0.3),
and (d) the 1Q state at (D, A) = (0.1,0.0). The color of the
arrows denotes the [111] component of spins, SP“], accord-
ing to the color bar in (a). (b) Positions of the hedgehogs
(magenta spheres) and the antihedgehogs (cyan spheres) in
the 6@Q state shown in (a). The dashed lines are guides to the
eye. Insets of (a), (c), and (d) show distributions of |M,,| for
each state. (e) Spin configuration on a (111) slice of (c). The
black dashed rhombus indicates the 2D magnetic unit cell.
(f) Distribution of the solid angle Q spanned by neighboring
three spins calculated from the spin configuration in (e).

2. Ground state at zero magnetic field

Figure [0] shows the ground-state phase diagram for
the 6@ model at zero magnetic field while changing A
and D. We find three stable phases, similarly to the 3Q
model (see Fig. : the 1Q phase in the small A region,
the 6@ phase in the large A region, and the 3@ phase
in between them. Unlike the 3Q) model, however, all the
transitions are discontinuous, and furthermore, the inter-
mediate 3Q phase does not extend down to D = 0. This
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results in the triple point denoted by the black dot in
Fig. [0l where the three first-order transition lines meet.

We display typical spin textures in the three phases
in Fig. with the values of |M,| in each inset. First,
Fig. a) represents the 6@Q) state. This is a 3D HL, in
which the magnetic hedgehogs and antihedgehogs form-
ing a periodic lattice, as shown in Fig. b). In this
phase, similar to the 3@ state in the 3Q) model (see
Sec. , |1\7I77| for all i are the same; namely, the 6Q
state is composed of a superposition of six proper screws
with equal amplitudes. In this phase, the Cz rotational
symmetry about the (111) axis is retained. We note that
the 6Q state is closely related to the magnetic state called
bee2 in a phenomenological Ginzburg-Landau theory in
Refs. [66H68]. This is explicitly confirmed by calculat-
ing T, = — M (MY)" MM, T, = —(M7)* M3 M; Mg,
and T, = —(Mg)* MY Mg MY, corresponding to Ty, Ty,
and T, respectively, discussed in the previous studies;
we confirm that all 7}, are positive real as 7}, in the
bee2 state. A difference is that the superposed spin he-
lices of the 6(Q) state are elliptically distorted due to the
anisotropy, whereas those of the bcce2 state are isotropic.

Next, Fig. [10|(c) represents the 3@ state. This state is
composed of a superposition of three proper screws with
equal amplitudes, in which the possible combinations of
n for nonzero |M,| are limited to {n:,n2,73} satisfying
Qm + Qn2 + QT}3 = 0, namely, {77137727773} = {17276}7
{1,3,5}, {2,3,4}, or {4,5,6}. For example, in the case
of {n1,m2,m3} = {4, 5,6}, for which Q4+ Q5+ Qs =0, as
all the three Q,, are orthogonal to the [111] axis, there is
no spin modulation in the [111] direction: any (111) slice
gives the same spin configuration regardless of the posi-
tion of the cut. Interestingly, the 2D spin texture on the
(111) slice is topologically nontrivial. Figures [10[e) and
f) show the spins configuration and the distribution
of the corresponding solid angle formed by neighboring
three spins, €2, respectively (refer to Ref. [63] for the cal-
culation of ). The results indicate that this 3Q state
is a SkX with skyrmion number Ng, = —1. This is ex-
plicitly shown by summing up €2 in Fig. f) within the
2D magnetic unit cell denoted by the dashed rhombus
in Fig. [10(e). Thus, the 3@ state consists of 2D SkXs
stacked along the [111] direction. Note that this state is
energetically degenerate with the stacking of SkXs with
Ngx = +1 obtained by flipping all the spins. Such a
stacked topological spin structure is common to other
combinations of {1, 12,73} listed above, while a partic-
ular set (or subset) with a particular value of Ng, might
be energetically favored when a magnetic field is applied.
We note that the C3 rotational symmetry about the (111)
axis is weakly broken in this 3Q) phase even at zero mag-
netic field.

Lastly, Fig. d) represents the 1Q) state where only
one of |[M,| is nonzero. The nonzero component of |M,|
can be chosen arbitrarily among the six at zero magnetic
field, while a particular one (or one from a particular
subset) will be selected in an applied magnetic field de-
pending on its direction.
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FIG. 11. Magnetic field-temperature phase diagrams of the 6Q model with (D, A) = (0.1,0.0) for the magnetic field directions
(a) B || [100], (b) B || [110], and (c¢) B || [111]. The white dashed lines and the black solid lines represent first-order and

second-order phase transitions, respectively. The black dots in (a) locate the triple points.
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FIG. 12. Magnetic field-temperature phase diagrams of the 6Q model with (D, A) = (0.2,0.3) for the magnetic field directions
(a) B || [100], (b) B || [110], and (c) B || [111]. The notations are common to those in Fig.

8. Magnetic field-temperature phase diagrams

Figures[IT]and [I2show the magnetic field-temperature
phase diagrams for the representative parameter sets that
realize the 1Q and 6@ ground states at zero magnetic
field, respectively. We take (D, A) = (0.1,0.0) for the 1Q
case and (D, A) = (0.2,0.3) for the 6Q case for which the
ground-state spin configurations are shown in Figs. d)
and [10f(a), respectively. Similar to the analysis of the
3Q model in Sec. in each case, we obtain the
results for different magnetic field directions, B || [100],
B || [110], and B || [111] in panels (a), (b), and (c),
respectively.

Let us begin with the results for (D,A) = (0.1,0.0)
in Fig. [[I] At zero magnetic field, the system is in the
1@ phase below the critical temperature at T' ~ 0.733;
the phase transition between the 1Q) and paramagnetic
phases is of second order. In an applied magnetic field,
the phase diagram is qualitatively different depending on
the direction of the magnetic field. While there is no ad-
ditional phase for B || [110] [Fig. [LI{b)], we find phase

transitions to multiple-@) phases for B || [100] [Fig. [L1j(a)]
and B || [111] [Fig. [LI|(c)]. In the case of B | [100], the
system changes from the 1Q) phase to the 3Q) and 6Q
phases in the intermediate magnetic field region at low
and high temperature, respectively, and comes back to
the 1@ phase for a higher magnetic field; namely, the sys-
tem undergoes reentrant transitions between the single-
and multiple-@) phases. All the transitions between the
magnetically ordered phases are discontinuous, resulting
in the two triple points denoted by the black dots in
Fig.|l1j(a). Notably, the 6¢) phase appears only at finite
temperature, and the width becomes wider for higher
temperature, suggesting that it is stabilized by the en-
tropic gain, similar to the 3Q) phase in the 3Q) model in
Fig. 4 In contrast, for B || [111], we find a reentrant
transition as 1Q — 3Q — 1Q, as shown in Fig. c),
where the intermediate 3() phase becomes narrower while
increasing temperature and vanishes into the transition
point between the 1Q) and paramagnetic phases in the
zero-field limit. It is worth noting that these results are
for A = 0: the multiple-Q phases are stabilized under
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FIG. 13. Temperature dependences of (a,c) the order

parameters |M,,| and (b,d) the specific heat C, the spin
scalar chirality x, and the skyrmion number Ng for the 6Q
model with (D,A) = (0.1,0.0). The data in (a,b) are for
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(B || [111]). The order parameters are sorted in descending
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The spin scalar chirality is multiplied by a factor of 10 for
better visibility.
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the magnetic field even in the absence of the magnetic
anisotropy in the symmetric exchange interactions.

Figures a) and [I3[b) show the temperature de-
pendences of |Mn|, C, x, and Ng in the intermedi-
ate magnetic-field regime for B || [100] (B = 0.8). In
this case, the system undergoes successive transitions as
1Q — 3Q — 6Q — paramagnet while increasing tem-
perature. In the 1Q) phase at low temperature, n for the
nonzero |[M,| is chosen from 1, 3, 4, or 6 for which the
easy axis in the corresponding symmetric interaction is
perpendicular to B (see Fig. . Meanwhile, in the in-
termediate 3@ phase, three out of six |Mn| are nonzero
with the relation [M,,| > |M,,| = [M,;| > 0 where
{n1,m2,m3} are chosen from {2, 1,6}, {5,1,3}, {2, 3,4}, or
{5,4,6}. In the 6Q) phase at high temperature, all of |Mn|
are nonzero with the relation |M;| = |Ms| = [My| =
|Mg| > |My| = |[Ms| > 0. We summarize the order pa-
rameters in each phase in Table [[T] The two transitions
between the magnetically ordered phases are both of first
order, as indicated by the delta-function type anomalies
in C shown in Fig. [[3[b). Meanwhile, the transition from
the 6@ phase to the paramagnet is continuous, where C'
shows a jump, similar to the case of the 3Q model in
Fig. [6{(b).

We note that, at the phase transition from the 6Q
phase to the paramagnet, the six components of the order
parameters |M,| show different critical behaviors: four
out of them go to zero in a square root fashion, but the
rest two vanish linearly, as shown in Fig. a). These
peculiar behaviors are understood from the expansion of
g({mg }) in Eq. in terms of My in Eq. , which
corresponds to the Ginzburg-Landau theory. Among
the relevant contributions to the stabilization of the 6Q)
phase, we obtain a third-order term given by

B[Méc{(l\?h - Ms)* + (Mj - My)}
+ MZ{(M7} - Ms) + (My-Mg)} +cc], (37)

which represents the coupling among B, the z component
of M,, with n = 2 or 5, and the other two M, with
n',n” =1, 3, 4, or 6 that satisfy Q, = Q,y + Q,» =
0 (see Fig.[8). Given this form, our result in Fig. a)
indicates that 1\711, 1\~/13,~1\~/I4, and_ Mg are the primary
order parameters, and Ms and Mj are the secondary
ones:

IM1| = [M3| = [My| = [Me| o [T — T|*/2,  (38)
IMa| = [M;] o |T — T/, (39)

near the critical temperature T,.. Thus, B{(M; - Mg)* +
(M% - My)} and B{(M} - M3) + (M, - Mg)}, both of
which are proportional to |T' — T.|, act as internal fields
to induce J\;IQ"” and Mg, respectively, through Eq. .
As shown in Fig. [I3|(b), x becomes nonzero in the 3Q
and 6¢) phases. Notably, the absolute value is almost
two or three orders of magnitude larger than that in the

3Q phase in the 3Q model [see Figs. [6[b), [f(b), [{(d),
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FIG. 14. Magnetic field dependences of (a,c,d) the order parameters |1\~/IW| and (b,d,f) the magnetization m, the spin scalar
chirality x, and the skyrmion number Ny for the 6Q model with (D, A) = (0.2,0.3) and T = 0.2. The magnetic field directions
are (a,b) B || [100], (c,d) B || [110], and (e,f) B || [111]. The order parameters are sorted in descending order as Fig. The
spin scalar chiralities in (b), (d), and (f) are multiplied by a factor of 4 (solid lines) [a factor of 400 in the 6Q and 6Q" phases

(dashed lines)] for better visibility.

L]
;‘:':.\
AN TR
SN L Eeats, g
RN ST
\\\\\'ll‘\i\’\’m’i}/ %o E
:\,\\\Q\\\—:Il"\fw.:‘:g:_:\ ﬁ <x <
TN N I I 277 e 5 <
RSN B
3R S R
> : NNt g Sk
~ } Q ,i‘.‘ <l < g
o, NN g
. ° .\\.o < <X
c ! §
\ <
\
g <
——— s — ]
-10 -05 0 [1 05 1.0 ~20-15-10-05 0 05 10
(b)B:14 o:-,l S‘“
ot NS
PENNA T R
TN\ NS PN
NN 22
Sol'v ! "\t\t\:'m:»'_,\ v/:o ’ﬁ
P\\\‘\ I IR S KIS SKISKIK
L2 R P I SN e o <]
Pol NN % b s s~y K>
LA INQN @ g by ahsf = oY
\\\ “\«\\\\.c.\‘-/A//_\\\ ’h é
\\A;‘\\\ * .. p ST~ §h
Yook Vi o/ <~ KA <
Weeskrhresteeritirany S <
NP7V EM] L4 Wiy o\ K
\“A“,Aa\ &,\\\\\\Ck s ag ]
S NN NS . K §
S A A NI i NN, KIS <
o N 2 S oKl
et «
CreMI NN ess LT
\\\‘\\ < : . k\ i\‘:::’ K
AN I <
" <]
-0.5 0 05 1.0 1.5
. 15. in configurations (left) and distribution of the
FIG. 15. S fi t left d distribut f th

solid angle  (right) in the 6Q model with (D, A) = (0.2,0.3)
and T'= 0.2 in B || [100]: (a) B = 0.8 and (b) B = 1.4, which
correspond to before and after the topological transition in
the 3Q phase, respectively. The notations are common to
those in Figs. e) and f). The green rhombi correspond
to a (100) slice of the magnetic unit cell.

and [7[f)]. This is because the 3Q state in Figs. [13|a)
and [13{(b) is topologically nontrivial, which consists of
stacked SkXs with Ny = —1, similar to the state at zero
magnetic field in Figs.[10|e) and[I0|f). Note that the zero
field state is energetically degenerate between Ny = +1
and —1, but the one with Ny, = —1 is energetically pre-
ferred under the magnetic field. As shown in Fig. b),
Ngk remains at —1 in the high-T" 6Q) phase, but it in-
creases in a stepwise manner, according to the motions
of hedgehogs and antihedgehogs on the discrete lattice.
Note that Ny is an average over the (100) slices, some of
which has Ny = —1 and the others have Ny, = 0 depend-
ing on how many Dirac strings connecting the hedgehogs
and antihedgehogs penetrate the slice. Finally, Ny goes
to zero at T' ~ 0.622, where the hedgehogs and anti-
hedgehogs cause pair annihilation. This is a topological
transition caused by temperature, whose remnant can be
seen as a hump in the specific heat in Fig. [13[a).

Figures [13|(c) and [13|(d) show the results for B || [111]
(B = 0.6), where the system undergoes the successive
transitions as 1 — 3Q — 1@ — paramagnet while
increasing temperature. In this case, the nonzero |M,|
in the 1Q phase is chosen from n = 1, 2, or 3, while those
in the 3Q) phase are limited to the combination of n = 4,
5, and 6. Note that n in {1, 2, 3} are equivalent under B ||
[111], and the same holds for 7 in {4,5,6} (see Fig. [3).
The order parameters in each phase are summarized in
Table [} In this case also, C' shows delta-function type
anomalies and a jump associated with the discontinuous
and continuous transitions, respectively, and y becomes
nonzero in the 3Q) phase taking a much larger absolute
value than that in the 3Q) model, as shown in Fig. d).
The large || is again due to the topological nature of the
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FIG. 16. Spin configurations (left) and distribution of the
solid angle  (right) in the 6Q model with (D, A) = (0.2,0.3)
and T'= 0.2 in B || [111]: (a) B = 2.0 and (b) B = 2.2, which
correspond to before and after the topological transition in
the 3Q phase, respectively. The notations are common to
those in Fig.

stacked SkXs with Ny = —1.

Next, let us discuss the results for (D, A) = (0.2,0.3) in
Fig. In this case, at zero magnetic field, the 6@Q state
persists up to the transition to the paramagnet at T ~
1.10. When we apply the magnetic field, it remains stable
in the low field region, but turns into the 3Q) phase in the
entire temperature range regardless of the magnetic field
direction. With further increasing the magnetic field,
however, the system behaves differently: while there is
no other ordered phase for B || [100] [Fig. [12(a)], we
find an additional first-order phase transition to the 1Q)
phase for B || [110] [Fig. [[2|b)], and two additional ones
to the 3Q" and 6Q phases for B || [111] [Fig. [I2|c)]. The
case of B || [111] is particularly interesting as it shows
reentrant transitions from 6Q to 3Q and 3@Q’, and to 6Q
while increasing the magnetic field.

Figure |14] shows the field dependences of |Mn|, m, X,
and Ny at T = 0.2. First, for B || [100], while increas-
ing the magnetic field, the system undergoes a first-order
phase transition from the 6Q" phase, which has a different
distribution of [M,| from the 6() phase in Fig. a) (see
Table [LI; see also Sec. , to the 3Q) phase with clear
jumps of \1\~/I,7|7 as shown in Fig. a). The discontinuity
is also found for m and x, as shown in Fig. [14|b).

It is worthy noting that while  is nonzero in the 6Q’
phase, the absolute value is much smaller than that in the
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TABLE II. Order parameters in each magnetically ordered
phase of the 6Q model. The sets of 1, {n1, 72, - - - }, for nonzero
M,, are shown, with the relation between |M,,]|.

Phase Sets of n Notes
B=0 1Q {1}7{2}7{3}:
{4},{5},{6}

3Q {1,2,6},{1,3,5}, [M,,| = [M,,| = [M,|
{2,3,4},{4,5,6}
GQ {17273147576} |M771| = |MU2| = ‘Mﬂ3‘

= ‘Mm‘ = |Mn5| = |Mn6|

B[00 1Q (LGhLne
3Q  {1,6,2},{1,3,5}, [My,| = [My,| # [My;]|
{3,4,2},{4,6,5}

6Q {17374767275}7 |M77~1| = |MU~2| = ‘Mﬁg‘
:~‘M7l4‘ >~|Mn5| :~|MTI5|

|MTI~1| > |M77~2| = ‘M?ls‘
> [My, [ = [My;| > [My]

6Q" {2,4,6,1,3,5},
{5,1,3,4,6,2}

B|[110] 1Q {1} ] ] ]
SQ {47576}7 {47273} |1\~/IW1| > |1\~/IU2| = ‘IYIUJ‘
GQ {273743 17576}5 |MW1| = |M772| > ‘M"B‘

{576747 17273} > ‘1\7‘[774‘ > |1\7‘["15| = |1\~/‘[TI6|
B[] 1Q  {1}{2.(3) ] ]
3Q {4,5,6} My, | = [Mi, | = My

3Ql {17276}’{27374}7 |M771| = |MU2| > ‘M’H3‘
{1,3,5}
GQ {475767 17273} |MTII| = |M7’I2| = ‘MWS‘

> ‘Mm‘ = |M775 = |Mn6|

3@ phase. The value of x in the 3Q) phase is comparable
to that in Figs. b) and d), because this 3Q) state is
also topologically nontrivial with Ng = —1, as shown in
Fig. b). In this case, the solid angle € is calculated
on the (100) slice. In the 3Q phase, however, we find a
topological transition from Ng = —1 to 0 at B ~ 1.104,
where Y is rapidly suppressed, as shown in Fig. b). We
show the spin configurations and the distributions of the
solid angle on the (100) slice for the Ny, = —1 and Ny, =
0 states in Figs. a) and b), respectively. The green
rhombi correspond to a (100) slice of the magnetic unit
cell on which Q and Ny, are computed; note that the spin
structure does not change along the [111] direction in this
3@ state. The change of Ny is mainly caused by changes
of the spin configurations near the triangular plaquettes
having large |Q| [three blue triangles in Fig. [L5|(b)]: these
plaquettes exhibit sign change of 2 before and after the
topological transition.

With a further increase of the magnetic field, the sys-
tem continuously changes into the paramagnet at B ~
3.031, as shown in Figs. [I4(a) and [14|b). Similar to
the previous case from the 6@ phase to the paramag-
net in Figs. [13[a) and[I3|(b), the three components of the

order parameters |M,| show different critical behaviors:



IM,,| = |[M,,| o |B—B.|'/? and [M,,|  |B— B,|. This
behavior is also understood from the Ginzburg-Landau
type argument: in this case, the third order terms like
B[My (M, - M,;,)* + c.c.], mainly contributes to stabi-
lize the 3Q) phase. Here, {11, 712,13} are chosen to satisfy
Q,, £Q,, £Q,, =0, and in addition, 7; and 7, are
chosen from 1, 3, 4, or 6, for which the easy axis in the
corresponding symmetric interaction is perpendicular to
B, and 73 is chosen from 2 or 5, for which the easy axis
is parallel to B (see Fig. [§ and Table [[). Thus, in this
transition, Mm and 1\7[,,2 are the primary order parame-
ters, acting as internal fields to induce the secondary one
M,,.
Next, for B || [110], the system exhibits successive
phase transitions as 6QQ — 3Q — 1@ — paramagnet,
as shown in Fig. [14{c). The transitions between the 6Q
and 3@ phases and between the 3Q) and 1@ phases are
both of first order, former of which is similar to that for
B || [100], while the transition from the 1) phase to the
paramagnet is of second order. As shown in Fig. d),
X is nonzero in both 6Q and 3@ phases, but the absolute
value is much larger in the 3Q) phase due to the nonzero
Nk as for the case of B || [100]. In this case, however,
Ng is —1 in the entire region of the 3Q) phase, and there
is no topological transition in the 3Q) phase, in contrast
to the B || [100] case. We note that there is a sign change
in y in the 6Q phase, which will be discussed in Sec.

Finally, for B || [111], the system exhibits reentrant
transitions as 6Q — 3Q — 3Q' — 6Q — paramagnet,
as shown in Fig. [14[e). The 3Q’ phase is distinguishable
from the 3() phase as these phases have different combi-
nations of the nonzero M,: |My| = |M5| = |Mg| > 0 in
the 3Q phase, while [M,, | = [M,,| > |[M,,| > 0 with
{m,n2,m3} = {1,2,6}, {1,3,5}, and {2,3,4} in the 3Q’
phase; see Table [[T} Similar to the previous two cases of
B || [100] and B || [110], all the phase transitions are of
first order, except for that to the paramagnet. Moreover,
similar to the case of B || [100], the system exhibits a
topological transition within the 3Q) phase at B ~ 2.093,
where Ng; changes from —1 to 0 and x is rapidly sup-
pressed, as shown in Fig. (f) The spin configurations
and the distributions of the solid angle for the Ny, = —1
and 0 states are shown in Figs. ) and [16| .(b respec-
tively. Similar to the case of B || [100] the plaquettes
with large |Q| exhibit sign changes of €2, which mainly
contributes to the change of Ng. In this case also, we
note that there is a sign change in x followed by the small
but nonzero Ngi in the low-field 6Q state. We will touch
on this issue in Sec. [V.Cl|

C. Remarks on hidden transitions

In this section, we describe two possible types of hidden
phase transitions that were found through the present
analysis. One is associated with phase shifts in the com-
plex variables Mg‘, namely, changes in arg M;*, and the
other is associated with changes in the distribution of the
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amplitudes |1\~/I,]\ while keeping the number of nonzero

|Mn| We note that the importance of the former type
has recently been pointed out in both experiment and
theory [61] [65, [85]. Both types of the transitions are ob-
scure, showing very weak anomalies in the physical quan-
tities, and therefore, it is hard to trace them throughout
the phase diagrams. Thus, we do not indicate such hid-
den transitions on the phase diagrams shown above.

For the former type of the hidden transitions, we find,
at least, four examples. For all the cases, the transitions
are of first order. The first case is in the 3Q) phase in the
ground-state phase diagram of the 3Q) model (Fig. [2)).
We find that the phases of all ]\2/5‘ are odd multiples of

/A for small D, namely, arg Mﬁ‘ = mng /A with an odd
integer ny, while they are even multiples of /A for large
D. The second case is found in the temperature evolu-
tion of the 2Q)’ phase in Fig. 6] indicated by small jumps
of M and M5 near T' ~ 0.1. In this transition, similar
phase shifts occur for the nonzero components of the or-
der parameters, M and Ml both nY and n? are odd
integers in the low T regime, while they become even in-
tegers in the high T regime. The third and fourth cases
are found in the field evolution of the low-field 6¢ phase
of the 6Q) model under B || [110 [Figs. [[4|(c) and [14] .(d
and B || [111] [Figs. e) and f)]. In both cases, My
exhibits a small jump, and x changes its sign discontinu—
ously. In the case of B || [111], this transition is followed
by a small change in Ny, as shown in Fig. f)7 which
is caused by motions of hedgehogs and antihedgehogs.
The onset of Ny appears at a slightly higher B than the
discontinuous transition. In contrast to the former two
cases, we cannot determine precisely the phase shifts in
these cases because the phase shifts occur in the subdom-
inant components of M,, and are difficult to follow within
the present numerical accuracy.

We note that the phase transitions associated with
phase shifts can take place in the system with N is larger
than the spatial dimension d in the continuum limit,
which corresponds to the large A limit in the present
models on the discrete lattice. This is because a phase
shift is reduced to a spatial translation when Ng < d
in the continuum limit [65]. Our 3@ model is marginal
as Ng = d = 3, and hence, we expect that the hidden
transitions in the former two cases above may disappear
when A is increased. Meanwhile, our 6¢) model satisfies
the condition as Ng = 6 > d = 3, and therefore, the
latter two transitions may survive even in the large A
limit.

For the latter type of the hidden transitions, we
find only one example in the current analysis. It
takes place in the low—ﬁeld 6Q phase for B | [100] in
Figs. . ) and [14] . In this transition, the distribu-
tion of |M | appears to change from |M,71| > |Mn2| =
M| = [My,| = [My| > [My| to [My,| > [M,,| =
IM,,,| > [M,,| = [M,,| > |M,,| at B ~ 0.21, where
{77137727773,774a7757776} - {2 4 6 1 3, 5} or {5 1 3, 4 6 2}
The distribution changes continuously, and y shows a



peak near the change. Thus, this transition looks contin-
uous, while the possibility of crossover or weak first-order
phase transition cannot be ruled out due to less accuracy.

V. SUMMARY AND PERSPECTIVES

To summarize, we have developed a theoretical frame-
work to investigate the phase competition between
multiple-QQ magnetic orders in a class of effective spin
models with long-range magnetic interactions derived
from the coupling to conduction electrons. In addition,
applying the framework to two models, the 3Q) and 6Q)
models, we have elucidate the magnetic field-temperature
phase diagrams, which reveal a variety of interesting
magnetic and topological transitions.

Specifically, we constructed two methods, Method I
and Method II, both of which are based on the steep-
est decent method and provide the exact solutions in the
thermodynamic limit. They are complementary to each
other: Method I is computationally cheap but limited to
two-spin interactions, while Method II is computationally
expensive but can be applied to generic multiple-spin in-
teractions. The framework is unbiased and concise, and
has many advantages over previously used methods, such
as variational calculations and Monte Carlo simulations.

Using the framework, we studied the ground-state and
finite-temperature phase diagrams of the 3@ and 6Q
models on a simple cubic lattice in an external magnetic
field applied to the [100], [110], and [111] directions. The
models include the anisotropic symmetric interactions
and the DM-type antisymmetric interactions, and exhibit
multiple-Q) magnetic orderings in the ground states. By
detailed analysis of the ground-state spin configurations
at zero magnetic field, we found magnetic hedgehogs and
antihedgehogs forming 3D lattices in the 3Q) phase of the
3@ model and the 6@ phase of the 6() model; we also
found magnetic skyrmions forming 2D lattices in the 3Q
phase of the 6¢) model. By further analysis with intro-
ducing temperature and the external magnetic field, we
obtained the complete phase diagrams with a higher res-
olution than ever before.

We found two particularly interesting features in the
phase diagrams: thermally-stabilized multiple-Q spin
states and topological transitions in the multiple-Q
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phases. As the former features, we found that a 3Q
phase of the 3QQ model and a 6@ phase of the 6Q) model
appear only at finite temperature [Figs. [4c) and [T1}a)].
The detailed analysis by the Ginzburg—Landau expan-
sion indicates that the magnetic field plays also an im-
portant role for the stabilization of the 6¢Q) phase, while
the 3Q) phase is stable even at zero magnetic field. As
the latter features, we found a transition between the 3Q)
state composed of stacked skyrmion crystals and the 6Q
state with a hedgehogs lattice in the 6@ model [Figs. @
a), (a), b), and . We also found topologi-
cal transitions within each 3Q) and 6(Q) phase, where the
skyrmion number vanishes while changing temperature
and the magnetic field [Figs. [L3|(b), [14(b), and [L4{f)].

Our results demonstrate that the newly-developed
framework in this paper provides a powerful tool to
investigate the phase competition in the effective spin
models for magnetic metals. It can be applied to a
generic form of the Hamiltonian, which includes not
only two-spin but also multiple-spin interactions with
any anisotropy. In recent years, several variations of
such effective spin models have been studied for un-
derstanding of multiple-() magnetic orderings in many
materials, e.g., the skyrmion lattices in GdyPdSis [86],
GdRUQSiQ [73, 74, 87], GngU4A112 [78], and EuPtSi [76],
and the hedgehog lattices in MnSi;_,Ge, [62H64]. Our
framework would be useful to clarify the complete phase
diagrams and the nature of the transitions between dif-
ferent multiple-@ phases in a high resolution. While our
demonstration was limited to the model with two-spin
interactions only in this paper, the models with higher-
order spin interactions, such as biquadratic and bicubic
interactions, are important for a new generation of the
topological multiple-QQ magnetic orderings that appear
in the systems with no or less anisotropy arising from
the spin-orbit coupling [60]. Such extensions are left for
future studies.

ACKNOWLEDGMENTS

This work was supported by Japan Society for the
Promotion of Science (JSPS) KAKENHI Grant Nos.
JP18K03447 and JP19HO05825 and JST CREST Grant
No. JPMJCRI18T2.

[1] A. N. Bogdanov and D. A. Yablonskii, “Thermodynam-
ically stable “vortices” in magnetically ordered crystals.
the mixed state of magnets,” Sov. Phys. JETP 68, 101
(1989).

[2] Hans-Benjamin Braun, “Topological effects in nanomag-
netism: from superparamagnetism to chiral quantum
solitons,” /Adv. Phys. 61, 1 (2012).

[3] Jan Seidel, ed., Topological Structures in Ferroic Materi-
als| (Springer, Cham, 2016).

[4] Alexei N. Bogdanov and Christos Panagopoulos, “Phys-

ical foundations and basic properties of magnetic
skyrmions,” Nat. Rev. Phys. 2, 492 (2020).

[5] Yoshinori Tokura and Naoya Kanazawa, “Magnetic
Skyrmion Materials,” Chem. Rev. 121, 2857 (2021).

[6] S. Miihlbauer, B. Binz, F. Jonietz, C. Pfleiderer,
A. Rosch, A. Neubauer, R. Georgii, and P. Boni,
“Skyrmion Lattice in a Chiral Magnet,” Science 323, 915
(2009).

[7] X.Z.Yu, Y. Onose, N. Kanazawa, J. H. Park, J. H. Han,
Y. Matsui, N. Nagaosa, and Y. Tokura, “Real-space ob-


http://www.jetp.ac.ru/cgi-bin/e/index/e/68/1/p101
http://www.jetp.ac.ru/cgi-bin/e/index/e/68/1/p101
http://dx.doi.org/10.1080/00018732.2012.663070
http://dx.doi.org/10.1007/978-3-319-25301-5
http://dx.doi.org/10.1007/978-3-319-25301-5
http://dx.doi.org/10.1038/s42254-020-0203-7
http://dx.doi.org/ 10.1021/acs.chemrev.0c00297
http://dx.doi.org/ 10.1126/science.1166767
http://dx.doi.org/ 10.1126/science.1166767

servation of a two-dimensional skyrmion crystal,” Nature
465, 901 (2010).

[8] Naoto Nagaosa and Yoshinori Tokura, “Topological prop-
erties and dynamics of magnetic skyrmions,” Nat. Nan-
otechnol. 8, 899 (2013).

[9] Albert Fert, Nicolas Reyren, and Vincent Cros, “Mag-
netic skyrmions: advances in physics and potential ap-
plications,” Nat. Rev. Mater. 2, 17031 (2017).

[10] Nguyen Duy Khanh, Taro Nakajima, Xiuzhen Yu, Shang
Gao, Kiyou Shibata, Max Hirschberger, Yuichi Ya-
masaki, Hajime Sagayama, Hironori Nakao, Licong Peng,
Kiyomi Nakajima, Rina Takagi, Taka-hisa Arima, Yoshi-
nori Tokura, and Shinichiro Seki, “Nanometric square
skyrmion lattice in a centrosymmetric tetragonal mag-
net,” Nat. Nanotechnol. 15, 444 (2020).

[11] Toshiaki Tanigaki, Kiyou Shibata, Naoya Kanazawa, Xi-
uzhen Yu, Yoshinori Onose, Hyun Soon Park, Daisuke
Shindo, and Yoshinori Tokura, “Real-Space Observation
of Short-Period Cubic Lattice of Skyrmions in MnGe,”
Nano Lett. 15, 5438 (2015).

[12] N. Kanazawa, Y. Nii, X.-X. Zhang, A. S. Mishchenko,
G. De Filippis, F. Kagawa, Y. Iwasa, N. Nagaosa, and
Y. Tokura, “Critical phenomena of emergent magnetic
monopoles in a chiral magnet,” Nat. Commun. 7, 11622
(2016).

[13] Naoya Kanazawa, Shinichiro Seki, and Yoshinori
Tokura, “Noncentrosymmetric Magnets Hosting Mag-
netic Skyrmions,” /Adv. Mater. 29, 1603227 (2017).

[14] Y. Fujishiro, N. Kanazawa, T. Nakajima, X. Z. Yu,
K. Ohishi, Y. Kawamura, K. Kakurai, T. Arima, H. Mi-
tamura, A. Miyake, K. Akiba, M. Tokunaga, A. Mat-
suo, K. Kindo, T. Koretsune, R. Arita, and Y. Tokura,
“Topological transitions among skyrmion- and hedgehog-
lattice states in cubic chiral magnets,” Nat. Commun. 10,
1059 (2019).

[15] Y. Fujishiro, N. Kanazawa, and Y. Tokura, “Engineering
skyrmions and emergent monopoles in topological spin
crystals,” |Appl. Phys. Lett. 116, 090501 (2020).

[16] N. Kanazawa, A. Kitaori, J. S. White, V. Ukleev, H. M.
Rgnnow, A. Tsukazaki, M. Ichikawa, M. Kawasaki, and
Y. Tokura, “Direct Observation of the Statics and Dy-
namics of Emergent Magnetic Monopoles in a Chiral
Magnet,” Phys. Rev. Lett. 125, 137202 (2020).

[17] Michael Victor Berry, “Quantal phase factors accompa-
nying adiabatic changes,” Proc. R. Soc. A 392, 45 (1984).

[18] Di Xiao, Ming-Che Chang, and Qian Niu, “Berry phase
effects on electronic properties,” Rev. Mod. Phys. 82,
1959 (2010).

[19] Yoshinori Tokura and Shinichiro Seki, “Multiferroics
with Spiral Spin Orders,” /Adv. Mater. 22, 1554 (2010).

[20] Naoto Nagaosa, Jairo Sinova, Shigeki Onoda, A. H. Mac-
Donald, and N. P. Ong, “Anomalous Hall effect,” Rev.
Mod. Phys. 82, 1539 (2010).

[21] Y. S. Lin and P. J. Grundy, “Bubble domains in double
garnet films,” |J. Appl. Phys. 45, 4084 (1974).

[22] A.P. Malozemoff and J.C. Slonczewski, Magnetic Domain
Walls in Bubble Materials| (Academic Press, 1979).

[23] T. Garel and S. Doniach, “Phase transitions with sponta-
neous modulation-the dipolar ising ferromagnet,” Phys.
Rev. B 26, 325 (1982).

[24] Motohiko Ezawa, “Giant skyrmions stabilized by dipole-
dipole interactions in thin ferromagnetic films,” Phys.
Rev. Lett. 105, 197202 (2010).

[25] H.Y. Kwon, K.M. Bu, Y.Z Wu, and C. Won, “Effect

18

of anisotropy and dipole interaction on long-range order
magnetic structures generated by Dzyaloshinskii-Moriya
interaction,” |J. Magn. Magn. Mater. 324, 2171 (2012).

[26] Oleg 1. Utesov, “Thermodynamically stable skyrmion lat-
tice in a tetragonal frustrated antiferromagnet with dipo-
lar interaction,” [Phys. Rev. B 103, 064414 (2021).

[27] 1. Dzyaloshinsky, “A thermodynamic theory of weak
ferromagnetism of antiferromagnetics,” |J. Phys. Chem.
Solids 4, 241 (1958).

[28] Toru Moriya, “Anisotropic Superexchange Interaction
and Weak Ferromagnetism,” Phys. Rev. 120, 91 (1960).

[29] 1. E. Dzyaloshinskii, “Theory of Helicoidal Structures in
Antiferromagnets. I. Nonmetals,” Sov. Phys. JETP 19,
960 (1964).

[30] I. E. Dzyaloshinskii, “The Theory of Helicoidal Struc-
tures in Antiferromagnets. I1. Metals,” |Sov. Phys. JETP
20, 223 (1965)!

[31] I. E. Dzyaloshinskii, “The Theory of Helicoidal Struc-
tures in Antiferromagnets. ITI. Metals,” Sov. Phys. JETP
20, 665 (1965).

[32] Yurii A Izyumov, “Modulated, or long-periodic, magnetic
structures of crystals,” Sov. Phys. Usp. 27, 845 (1984).

[33] Yoshikazu Ishikawa and Masatoshi Arai, “Magnetic
phase diagram of mnsi near critical temperature studied
by neutron small angle scattering,” |J. Phys. Soc. Jpn.
53, 2726 (1984)

[34] B Lebech, J Bernhard, and T Freltoft, “Magnetic struc-
tures of cubic FeGe studied by small-angle neutron scat-
tering,” |J. Phys. Condens. Matter 1, 6105 (1989).

[35] U. K. Rofller, A. N. Bogdanov, and C. Pfleiderer, “Spon-
taneous skyrmion ground states in magnetic metals,” Na-
ture 442, 797 (2006).

[36] Jun-ichiro Kishine and A. S. Ovchinnikov, “Theory of
spin resonance in a chiral helimagnet,” |Phys. Rev. B 79,
220405(R) (2009).

[37] Su Do Yi, Shigeki Onoda, Naoto Nagaosa, and
Jung Hoon Han, “Skyrmions and anomalous Hall effect
in a Dzyaloshinskii-Moriya spiral magnet,” Phys. Rev. B
80, 054416 (2009).

[38] Y. Togawa, T. Koyama, K. Takayanagi, S. Mori,
Y. Kousaka, J. Akimitsu, S. Nishihara, K. Inoue, A. S.
Ovchinnikov, and J. Kishine, “Chiral Magnetic Soliton
Lattice on a Chiral Helimagnet,” Phys. Rev. Lett. 108,
107202 (2012).

[39] Shun Okumura, Yasuyuki Kato, and Yukitoshi Motome,
“Monte Carlo Study of Magnetoresistance in a Chiral
Soliton Lattice,” \J. Phys. Soc. Jpn. 86, 063701 (2017).

[40] Tsutomu Momoi, Kenn Kubo, and Koji Niki, “Possible
Chiral Phase Transition in Two-Dimensional Solid *He,”
Phys. Rev. Lett. 79, 2081 (1997).

[41] Ph. Kurz, G. Bihlmayer, K. Hirai, and S. Bliigel, “Three-
Dimensional Spin Structure on a Two-Dimensional Lat-
tice: Mn /Cu(111),” Phys. Rev. Lett. 86, 1106 (2001)!

[42] Stefan Heinze, Kirsten von Bergmann, Matthias Men-
zel, Jens Brede, André Kubetzka, Roland Wiesendan-
ger, Gustav Bihlmayer, and Stefan Bliigel, “Sponta-
neous atomic-scale magnetic skyrmion lattice in two di-
mensions,” Nat. Phys. 7, 713 (2011).

[43] Sascha Brinker, Manuel dos Santos Dias, and Samir
Lounis, “The chiral biquadratic pair interaction,” New
J. Phys. 21, 083015 (2019).

[44] A. Lészl6fty, L. Roézsa, K. Palotds, L. Udvardi, and
L. Szunyogh, “Magnetic structure of monatomic Fe
chains on Re(0001): Emergence of chiral multispin in-


http://dx.doi.org/10.1038/nature09124
http://dx.doi.org/10.1038/nature09124
http://dx.doi.org/ 10.1038/nnano.2013.243
http://dx.doi.org/ 10.1038/nnano.2013.243
http://dx.doi.org/ 10.1038/natrevmats.2017.31
http://dx.doi.org/ 10.1038/s41565-020-0684-7
http://dx.doi.org/10.1021/acs.nanolett.5b02653
http://dx.doi.org/10.1038/ncomms11622
http://dx.doi.org/10.1038/ncomms11622
http://dx.doi.org/ https://doi.org/10.1002/adma.201603227
http://dx.doi.org/10.1038/s41467-019-08985-6
http://dx.doi.org/10.1038/s41467-019-08985-6
http://dx.doi.org/ 10.1063/1.5139488
http://dx.doi.org/ 10.1103/PhysRevLett.125.137202
http://dx.doi.org/ 10.1098/rspa.1984.0023
http://dx.doi.org/10.1103/RevModPhys.82.1959
http://dx.doi.org/10.1103/RevModPhys.82.1959
http://dx.doi.org/ https://doi.org/10.1002/adma.200901961
http://dx.doi.org/ 10.1103/RevModPhys.82.1539
http://dx.doi.org/ 10.1103/RevModPhys.82.1539
http://dx.doi.org/10.1063/1.1663916
http://dx.doi.org/ https://doi.org/10.1016/B978-0-12-002951-8.50006-6
http://dx.doi.org/ https://doi.org/10.1016/B978-0-12-002951-8.50006-6
http://dx.doi.org/10.1103/PhysRevB.26.325
http://dx.doi.org/10.1103/PhysRevB.26.325
http://dx.doi.org/10.1103/PhysRevLett.105.197202
http://dx.doi.org/10.1103/PhysRevLett.105.197202
http://dx.doi.org/https://doi.org/10.1016/j.jmmm.2012.02.044
http://dx.doi.org/ 10.1103/PhysRevB.103.064414
http://dx.doi.org/https://doi.org/10.1016/0022-3697(58)90076-3
http://dx.doi.org/https://doi.org/10.1016/0022-3697(58)90076-3
http://dx.doi.org/ 10.1103/PhysRev.120.91
http://www.jetp.ac.ru/cgi-bin/e/index/e/19/4/p960?a=list
http://www.jetp.ac.ru/cgi-bin/e/index/e/19/4/p960?a=list
http://www.jetp.ac.ru/cgi-bin/e/index/e/20/1/p223?a=list
http://www.jetp.ac.ru/cgi-bin/e/index/e/20/1/p223?a=list
http://dx.doi.org/ 10.1070/pu1984v027n11abeh004120
http://dx.doi.org/10.1143/JPSJ.53.2726
http://dx.doi.org/10.1143/JPSJ.53.2726
http://dx.doi.org/ 10.1088/0953-8984/1/35/010
http://dx.doi.org/ 10.1038/nature05056
http://dx.doi.org/ 10.1038/nature05056
http://dx.doi.org/ 10.1103/PhysRevB.79.220405
http://dx.doi.org/ 10.1103/PhysRevB.79.220405
http://dx.doi.org/ 10.1103/PhysRevB.80.054416
http://dx.doi.org/ 10.1103/PhysRevB.80.054416
http://dx.doi.org/10.1103/PhysRevLett.108.107202
http://dx.doi.org/10.1103/PhysRevLett.108.107202
http://dx.doi.org/ 10.7566/JPSJ.86.063701
http://dx.doi.org/ 10.1103/PhysRevLett.79.2081
http://dx.doi.org/ 10.1103/PhysRevLett.86.1106
http://dx.doi.org/ 10.1038/nphys2045
http://dx.doi.org/10.1088/1367-2630/ab35c9
http://dx.doi.org/10.1088/1367-2630/ab35c9

teractions,” Phys. Rev. B 99, 184430 (2019).

[45] Souvik Paul, Soumyajyoti Haldar, Stephan von Malot-
tki, and Stefan Heinze, “Role of higher-order exchange
interactions for skyrmion stability,” Nat. Commun. 11,
4756 (2020).

[46] Tsuyoshi Okubo, Sungki Chung, and Hikaru Kawa-
mura, “Multiple-q States and the Skyrmion Lattice of
the Triangular-Lattice Heisenberg Antiferromagnet un-
der Magnetic Fields,” Phys. Rev. Lett. 108, 017206
(2012).

[47] A. O. Leonov and M. Mostovoy, “Multiply periodic states
and isolated skyrmions in an anisotropic frustrated mag-
net,” Nat. Commun. 6, 8275 (2015).

[48] Shi-Zeng Lin and Satoru Hayami, “Ginzburg-Landau
theory for skyrmions in inversion-symmetric magnets
with competing interactions,” Phys. Rev. B 93, 064430
(2016).

[49] Satoru Hayami and Ryota Yambe, “Degeneracy Lift-
ing of Néel, Bloch, and Anti-Skyrmion Crystals in Cen-
trosymmetric Tetragonal Systems,” |J. Phys. Soc. Jpn.
89, 103702 (2020).

[60] Satoru Hayami and Yukitoshi Motome, “Noncoplanar

multiple-Q spin textures by itinerant frustration: Effects

of single-ion anisotropy and bond-dependent anisotropy,”

Phys. Rev. B 103, 054422 (2021).

Zhentao Wang, Ying Su, Shi-Zeng Lin, and Cristian D.

Batista, “Meron, skyrmion, and vortex crystals in cen-

trosymmetric tetragonal magnets,” Phys. Rev. B 103,

104408 (2021),

[62] Ivar Martin and C. D. Batista, “Itinerant Electron-

Driven Chiral Magnetic Ordering and Spontaneous

Quantum Hall Effect in Triangular Lattice Models,”

Phys. Rev. Lett. 101, 156402 (2008).

Yutaka Akagi and Yukitoshi Motome, “Spin chirality or-

dering and anomalous hall effect in the ferromagnetic

kondo lattice model on a triangular lattice,” |J. Phys. Soc.

Jpn. 79, 083711 (2010).

Yasuyuki Kato, Ivar Martin, and C. D. Batista, “Sta-

bility of the Spontaneous Quantum Hall State in the

Triangular Kondo-Lattice Model,” [Phys. Rev. Lett. 105,

266405 (2010).

Yutaka Akagi, Masafumi Udagawa, and Yukitoshi Mo-

tome, “Hidden Multiple-Spin Interactions as an Origin

of Spin Scalar Chiral Order in Frustrated Kondo Lattice

Models,” Phys. Rev. Lett. 108, 096401 (2012).

[66] Ryo Ozawa, Satoru Hayami, Kipton Barros, Gia-Wei
Chern, Yukitoshi Motome, and Cristian D. Batista,
“Vortex Crystals with Chiral Stripes in Itinerant Mag-
nets,” [J. Phys. Soc. Jpn. 85, 103703 (2016).

[57] Ryo Ozawa, Satoru Hayami, and Yukitoshi Motome,
“Zero-Field Skyrmions with a High Topological Num-
ber in Itinerant Magnets,” Phys. Rev. Lett. 118, 147205
(2017).

[58] Satoru Hayami, Ryo Ozawa, and Yukitoshi Motome,
“Effective bilinear-biquadratic model for noncoplanar or-
dering in itinerant magnets,” Phys. Rev. B 95, 224424
(2017).

[59] Satoru Hayami and Yukitoshi Motome, “Néel- and Bloch-
Type Magnetic Vortices in Rashba Metals,” Phys. Rev.
Lett. 121, 137202 (2018).

[60] Satoru Hayami and Yukitoshi Motome, “Topological spin
crystals by itinerant frustration,” |J. Phys.: Condens.
Matter 33, 443001 (2021).

[61] Satoru Hayami, Tsuyoshi Okubo,

[51

53

54

[55

and Yukitoshi Mo-

19

tome, “Phase shift in skyrmion crystals,” Nat. Commun.
12, 6927 (2021).

[62] Yasuyuki Kato, Satoru Hayami, and Yukitoshi Motome,
“Spin excitation spectra in helimagnetic states: Proper-
screw, cycloid, vortex-crystal, and hedgehog lattices,”
Phys. Rev. B 104, 224405 (2021).

[63] Shun Okumura, Satoru Hayami, Yasuyuki Kato, and
Yukitoshi Motome, “Magnetic hedgehog lattices in non-
centrosymmetric metals,” Phys. Rev. B 101, 144416
(2020).

[64] Kotaro Shimizu, Shun Okumura, Yasuyuki Kato, and
Yukitoshi Motome, “Phase transitions between helices,
vortices, and hedgehogs driven by spatial anisotropy in
chiral magnets,” Phys. Rev. B 103, 054427 (2021).

[65] Kotaro Shimizu, Shun Okumura, Yasuyuki Kato, and
Yukitoshi Motome, “Spin moiré engineering of topolog-
ical magnetism and emergent electromagnetic fields,”
Phys. Rev. B 103, 184421 (2021).

[66] B. Binz, A. Vishwanath, and V. Aji, “Theory of the He-
lical Spin Crystal: A Candidate for the Partially Ordered
State of MnSi,” |Phys. Rev. Lett. 96, 207202 (2006).

[67] B. Binz and A. Vishwanath, “Theory of helical spin crys-
tals: Phases, textures, and properties,” Phys. Rev. B 74,
214408 (2006).

[68] B. Binz and A. Vishwanath, “Chirality induced
anomalous-Hall effect in helical spin crystals,” Physica
B Condens. Matter 403, 1336-1340 (2008).

[69] M. A. Ruderman and C. Kittel, “Indirect exchange cou-
pling of nuclear magnetic moments by conduction elec-
trons,” Phys. Rev. 96, 99 (1954).

[70] Tadao Kasuya, “A theory of metallic ferro- and antifer-
romagnetism on Zener’s model,” Prog. Theor. Phys. 16,
45 (1956).

[71] Kei Yosida, “Magnetic Properties of Cu-Mn Alloys,”
Phys. Rev. 106, 893 (1957).

[72] Satoru Hayami, “Multiple-Q magnetism by anisotropic
bilinear-biquadratic interactions in momentum space,” \J.
Magn. Magn. Mater. 513, 167181 (2020).

[73] Yuuki Yasui, Christopher J. Butler, Nguyen Duy Khanbh,
Satoru Hayami, Takuya Nomoto, Tetsuo Hanaguri, Yuk-
itoshi Motome, Ryotaro Arita, Taka-hisa Arima, Yoshi-
nori Tokura, and Shinichiro Seki, “Imaging the coupling
between itinerant electrons and localised moments in
the centrosymmetric skyrmion magnet GdRu2Siz,” Nat.
Commun. 11, 5925 (2020).

[74] Satoru Hayami and Yukitoshi Motome, “Square
skyrmion crystal in centrosymmetric itinerant magnets,”
Phys. Rev. B 103, 024439 (2021).

[75] Satoru Hayami and Ryota Yambe, “Meron-antimeron
crystals in noncentrosymmetric itinerant magnets on a
triangular lattice,” Phys. Rev. B 104, 094425 (2021).

[76] Satoru Hayami and Ryota Yambe, “Field-Direction Sen-
sitive Skyrmion Crystals in Cubic Chiral Systems: Impli-
cation to 4 f-Electron Compound EuPtSi,” |J. Phys. Soc.
Jpn. 90, 073705 (2021).

[77] Satoru Hayami, “Temperature-driven transition from
skyrmion to bubble crystals in centrosymmetric itiner-
ant magnets,” New J. Phys. 23, 113032 (2021).

[78] Max Hirschberger, Satoru Hayami, and Yoshinori
Tokura, “Nanometric skyrmion lattice from anisotropic
exchange interactions in a centrosymmetric host,” New
J. Phys. 23, 023039 (2021).

[79] Soonbeom Seo, Satoru Hayami, Ying Su, Sean M.
Thomas, Filip Ronning, Eric D. Bauer, Joe D. Thomp-


http://dx.doi.org/10.1103/PhysRevB.99.184430
http://dx.doi.org/10.1038/s41467-020-18473-x
http://dx.doi.org/10.1038/s41467-020-18473-x
http://dx.doi.org/ 10.1103/PhysRevLett.108.017206
http://dx.doi.org/ 10.1103/PhysRevLett.108.017206
http://dx.doi.org/10.1038/ncomms9275
http://dx.doi.org/10.1103/PhysRevB.93.064430
http://dx.doi.org/10.1103/PhysRevB.93.064430
http://dx.doi.org/10.7566/JPSJ.89.103702
http://dx.doi.org/10.7566/JPSJ.89.103702
http://dx.doi.org/ 10.1103/PhysRevB.103.054422
http://dx.doi.org/ 10.1103/PhysRevB.103.104408
http://dx.doi.org/ 10.1103/PhysRevB.103.104408
http://dx.doi.org/ 10.1103/PhysRevLett.101.156402
http://dx.doi.org/10.1143/JPSJ.79.083711
http://dx.doi.org/10.1143/JPSJ.79.083711
http://dx.doi.org/10.1103/PhysRevLett.105.266405
http://dx.doi.org/10.1103/PhysRevLett.105.266405
http://dx.doi.org/ 10.1103/PhysRevLett.108.096401
http://dx.doi.org/10.7566/JPSJ.85.103703
http://dx.doi.org/ 10.1103/PhysRevLett.118.147205
http://dx.doi.org/ 10.1103/PhysRevLett.118.147205
http://dx.doi.org/10.1103/PhysRevB.95.224424
http://dx.doi.org/10.1103/PhysRevB.95.224424
http://dx.doi.org/ 10.1103/PhysRevLett.121.137202
http://dx.doi.org/ 10.1103/PhysRevLett.121.137202
http://dx.doi.org/ 10.1088/1361-648x/ac1a30
http://dx.doi.org/ 10.1088/1361-648x/ac1a30
http://dx.doi.org/10.1038/s41467-021-27083-0
http://dx.doi.org/10.1038/s41467-021-27083-0
http://dx.doi.org/10.1103/PhysRevB.104.224405
http://dx.doi.org/ 10.1103/PhysRevB.101.144416
http://dx.doi.org/ 10.1103/PhysRevB.101.144416
http://dx.doi.org/10.1103/PhysRevB.103.054427
http://dx.doi.org/10.1103/PhysRevB.103.184421
http://dx.doi.org/ 10.1103/PhysRevLett.96.207202
http://dx.doi.org/ 10.1103/PhysRevB.74.214408
http://dx.doi.org/ 10.1103/PhysRevB.74.214408
http://dx.doi.org/ https://doi.org/10.1016/j.physb.2007.10.136
http://dx.doi.org/ https://doi.org/10.1016/j.physb.2007.10.136
http://dx.doi.org/10.1103/PhysRev.96.99
http://dx.doi.org/ 10.1143/PTP.16.45
http://dx.doi.org/ 10.1143/PTP.16.45
http://dx.doi.org/10.1103/PhysRev.106.893
http://dx.doi.org/https://doi.org/10.1016/j.jmmm.2020.167181
http://dx.doi.org/https://doi.org/10.1016/j.jmmm.2020.167181
http://dx.doi.org/10.1038/s41467-020-19751-4
http://dx.doi.org/10.1038/s41467-020-19751-4
http://dx.doi.org/ 10.1103/PhysRevB.103.024439
http://dx.doi.org/10.1103/PhysRevB.104.094425
http://dx.doi.org/10.7566/JPSJ.90.073705
http://dx.doi.org/10.7566/JPSJ.90.073705
http://dx.doi.org/ 10.1088/1367-2630/ac3683
http://dx.doi.org/10.1088/1367-2630/abdef9
http://dx.doi.org/10.1088/1367-2630/abdef9

(80]

(81]

(82]

(83]

(84]

(85]

son, Shi-Zeng Lin, and Priscila F. S. Rosa, “Spin-
texture-driven electrical transport in multi-Q antiferro-
magnets,” |Communications Physics 4, 58 (2021).

Hidetoshi Nishimori and Gerardo Ortiz, Elements of

Phase Transitions and Critical Phenomena, Oxford
Graduate Texts (Oxford University Press, Oxford, 2010).
Xiao-Xiao Zhang, Andrey S. Mishchenko, Giulio De Fil-
ippis, and Naoto Nagaosa, “Electric transport in three-
dimensional skyrmion/monopole crystal,” Phys. Rev. B
94, 174428 (2016).

Karl Peason, “The Problem of the Random Walk,” Na-
ture 72, 294 (1905).

James E. Kiefer and George H. Weiss, “The Pearson ran-
dom walk,” |AIP Conf. Proc. 109, 11 (1984).

Zohar Nussinov, “Commensurate and Incommensurate
O(n) Spin Systems: Novel Even-Odd Effects, A Gener-
alized Mermin-Wagner-Coleman Theorem, and Ground
States,” | (2001), arXiv:cond-mat/0105253.

Takashi Kurumaji, Taro Nakajima, Max Hirschberger,
Akiko Kikkawa, Yuichi Yamasaki, Hajime Sagayama, Hi-
ronori Nakao, Yasujiro Taguchi, Taka-hisa Arima, and
Yoshinori Tokura, “Skyrmion lattice with a giant topo-

(86]

(87]

(88]

20

logical hall effect in a frustrated triangular-lattice mag-
net,” Science 365, 914 (2019).

Ryota Yambe and Satoru Hayami, “Skyrmion crystals
in centrosymmetric itinerant magnets without horizontal
mirror plane,” |Sci. Rep. 11, 11184 (2021).

Nguyen Duy Khanh, Taro Nakajima, Satoru Hayami,
Shang Gao, Yuichi Yamasaki, Hajime Sagayama, Hi-
ronori Nakao, Rina Takagi, Yukitoshi Motome, Yoshinori
Tokura, Taka-hisa Arima, and Shinichiro Seki, “Zool-
ogy of Multiple-Q Spin Textures in a Centrosymmetric
Tetragonal Magnet with Itinerant Electrons,” |Adv. Sci.
2022, 2105452 (2022).

S. Ishiwata, T. Nakajima, J.-H. Kim, D. S. Inosov,
N. Kanazawa, J. S. White, J. L. Gavilano, R. Georgii,
K. M. Seemann, G. Brandl, P. Manuel, D. D. Khalyavin,
S. Seki, Y. Tokunaga, M. Kinoshita, Y. W. Long,
Y. Kaneko, Y. Taguchi, T. Arima, B. Keimer, and
Y. Tokura, “Emergent topological spin structures in the
centrosymmetric cubic perovskite SrFeOs,” Phys. Rev. B
101, 134406 (2020).


http://dx.doi.org/10.1038/s42005-021-00558-8
http://dx.doi.org/ 10.1093/acprof:oso/9780199577224.001.0001
http://dx.doi.org/ 10.1093/acprof:oso/9780199577224.001.0001
http://dx.doi.org/10.1103/PhysRevB.94.174428
http://dx.doi.org/10.1103/PhysRevB.94.174428
http://dx.doi.org/10.1038/072294b0
http://dx.doi.org/10.1038/072294b0
http://dx.doi.org/10.1063/1.34331
http://dx.doi.org/ https://doi.org/10.48550/arxiv.cond-mat/0105253
http://dx.doi.org/ https://doi.org/10.48550/arxiv.cond-mat/0105253
http://dx.doi.org/ https://doi.org/10.48550/arxiv.cond-mat/0105253
http://dx.doi.org/ https://doi.org/10.48550/arxiv.cond-mat/0105253
http://dx.doi.org/10.1126/science.aau0968
http://dx.doi.org/10.1038/s41598-021-90308-1
http://dx.doi.org/https://doi.org/10.1002/advs.202105452
http://dx.doi.org/https://doi.org/10.1002/advs.202105452
http://dx.doi.org/ 10.1103/PhysRevB.101.134406
http://dx.doi.org/ 10.1103/PhysRevB.101.134406

	 Magnetic field-temperature phase diagrams for multiple-Q magnetic orderings:  Exact steepest decent approach to long-range interacting spin systems 
	Abstract
	Introduction
	Model
	Method
	Method I
	Method II
	Remark

	Results
	3Q model
	Model parameters
	Ground state at zero magnetic field
	Magnetic field-temperature phase diagrams

	6Q model
	Model parameters
	Ground state at zero magnetic field
	Magnetic field-temperature phase diagrams

	Remarks on hidden transitions

	Summary and perspectives
	Acknowledgments
	References


