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The semiclassical motion of electrons in phase space x = (R,k) is influenced by Berry phases described by
a six-component vector potential A = (AR, A¥). In chiral magnets, Dzyaloshinskii-Moriya (DM) interactions
induce slowly varying magnetic textures (helices and skyrmion lattices) for which all components of A are
important, inducing effectively a curvature in mixed position and momentum space. We show that for smooth
textures and weak spin-orbit coupling, phase-space Berry curvatures determine the DM interactions and give
important contributions to the charge. Using ab initio methods, we calculate the strength of DM interactions in
MnSi in good agreement with experiment and estimate the charge of skyrmions.
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I. INTRODUCTION

In chiral magnets without inversion symmetry, spin-orbit
interaction (SOI) effects described by Dzyaloshinskii-Moriya
(DM) interactions'-? induce the formation of magnetic tex-
tures. For smooth textures and cubic systems such as MnSi,
the leading DM contribution to the free-energy density is given
by the term Dfi - (V x fi), where fi is the direction of the
magnetization. This term describes that energy can be gained
when the magnetic structure twists. In small magnetic fields,
these interactions (in combination with thermal fluctuations)
can stabilize lattices of topologically quantized magnetic
whirls, so called skyrmions.>* Skyrmions couple due to
their topological winding extremely efficiently to electric
currents resulting in ultralow critical currents for the motion
of skyrmions.>”’

In this paper, we argue that Berry phases in phase space
provide not only a natural framework to understand the
physical properties of skyrmions and other magnetic textures,
but also generate DM interactions and act therefore as the main
driving force inducing magnetic textures in chiral magnets. We
focus on Berry curvatures in mixed position and momentum
space which lead both to DM interactions and also to an electric
charge of skyrmions. Thereby, we naturally link skyrmions in
chiral magnets to skyrmions in quantum Hall systems with
filling close to v = 1, which are characterized by a quantized
electric charge.’~!2

Berry phases are quantum mechanical phases picked up
by a quantum system when the wave function changes
adiabatically.’>!> They can strongly affect the semiclassical
motion of electrons. For each electronic band n, the effects
of smoothly varying magnetic textures can efficiently be
described by a six-component vector potential A, = (AE,AE),
with

0
_|X1n>7 »6

Apj(X) = (X’”Haxj

j=1,... (1)
where x = (R,K) is the position in phase space and |x,n) =
[fi(R),k,n) is the Bloch function, which depends not only on
lattice momentum 7K, but also on the orientation fn(R) of the
magnetization. Here, we use the letter R to denote smooth

variations on length scales much larger than the lattice spacing.

1098-0121/2013/88(21)/214409(11)

214409-1

PACS number(s): 75.10.Lp, 03.65.Vf, 71.15.Mb, 71.20.Lp

Two aspects of Berry phase physics have been well studied
in the context of chiral magnets. First, Berry phases in
momentum space, described by the k dependence of AX(x),
give rise to the anomalous Hall effect,' which dominates the
Hall response for a wide range of temperatures and fields
in materials such as MnSi.!” Powerful ab initio methods
have been developed to calculate the anomalous Hall effect
quantitatively.'®?? Second, real-space Berry phases give rise
to the so-called topological Hall effect. For weak SOI, each
skyrmion contributes due to their topology one flux quantum
of an emergent magnetic flux,”® arising from the effec-
tive magnetic field BY, = Z—fe,-jkaRj AR, ~ :i:f—ee,-jkﬁ - (g, x
dg, ) with positive (negative) sign for majority (minority) band
n, respectively. This real-space emergent magnetic field acts
similar to the “real” magnetic field and has been observed in
MnSi (Refs. 3 and 23) and other materials (see, e.g., Refs. 24
and 25) as an extra contribution to the Hall signal. The same
effectis also responsible for the efficient coupling of skyrmions
to electric currents.>”’

Much less studied are systems with Berry phases in phase
space, where the R dependence of Al,‘l (x) and the k dependence
of AR(x) become important. It has been argued that such
a situation arises in smoothly deformed crystals'* or in the
presence of spatially varying external magnetic fields. Also, in
antiferromagnets with slowly varying spin texture the mixed
Berry phase was suggested to crucially influence the adiabatic
dynamics of electrons.?® Some of us?’ have recently pointed
out that DM interactions arise from certain Berry phases. Here,
we will provide a purely semiclassical derivation of the Berry
phase contribution to the DM interaction showing that DM
interactions can be viewed as a phase-space Berry phase effect.
By the same mechanism, magnetic skyrmions also obtain a
charge. In general, chiral magnets and their magnetic phases
turn out to be ideal model systems to study phase-space Berry
phases due to their smoothly varying magnetic textures driven
by DM interactions.

II. PHASE-SPACE BERRY PHASES
As has been shown by Niu er al.'*?® phase-space Berry

phases effectively lead to a curvature of phase space described
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by the antisymmetric 6 x 6 Berry-curvature tensor’®

0An,; A, _ (@ @
Quij=——+———=| )
T Bx[ a)Cj Q];R Q];k .
t
Here, Q:f}f] = %e,-jka_k describes real-space Berry phases
while Q< encodes the momentum-space Berry phases also

n,ij
discussed above. The 3 x 3 matrix 5251: jdRidk; is the Berry
phase which is picked up when an electron moves along a
loop in the phase-space plane spanned by the coordinates R;
and k;.

The Berry phases influence the semiclassical description of
the system in three points. First, the combination of smooth
variations in both position and momentum space leads to a shift
of the semiclassical energy levels'* €,(x) = €(x) + ¢,(x)
where €9(x) = (x,n|H(x)|x,n) and

a(x,n| ) a|x,n)
H . 3
oR, [0 — Hx)] ok, 3
Second, the Berry phases modify the semiclassical equa-

tions of motion,'* which read as (2, — J)x = ";x where

J = ((1]1 g). Third, the curvature of phase space leads in
semiclassical approximation to a modified density of states

d€,(x) = —Im |:

in phase spacezg’29
Wi(x) = y/det(<2,— /)
_ Eljklrs (Q J)Ij(Qn_J)kl(Qn_J)rv (4)

Only for this modified density of states the above semiclassical
equations of motion satisfy the Liouville theorem. A derivation
of Eq. (4) is given in Appendix B.

III. SEMICLASSICS FOR CHIRAL MAGNETS

While the Berry phase description has originally been
developed for noninteracting systems, it can also be used to
calculate ground-state properties in the presence of interactions
using that, within density functional theory (DFT), the interact-
ing system is mapped to a noninteracting one. In the following,
we describe an ab initio method for the calculation of the DM
interaction strength and the charge density in chiral magnets
with weak SOI. The method is based on DFT calculations
in the homogeneous (i.e., ferromagnetic) state. Berry phase
effects coming from the inhomogeneous magnetic texture are
then taken into account by means of a gradient expansion.

Within DFT, one can describe the ground state of a
ferromagnetic many-particle system with magnetization M
parallel to the unit vector i by an effective single-particle
Kohn-Sham Hamiltonian

2
Hi=Y tve)-M-Ba
2m
parametrized by an effective potential V(r), an exchange field
B(r), and an electric field E(r). We use the letter r for variations
on the atomic length scale. To obtain such a ferromagnetic state
in a chiral magnet, one has to apply a small external field B
in the direction of fi (implicitly included in B) (see following).
In the absence of SOI, V and E are independent of fi, while
B || fi.

&)
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A. DM interaction

Starting from the eigenstates [f,k,n) of the wuniform
Hamiltonian (5) for fixed fi, we can obtain the change of the
free-energy density § F()(R) to leading order in an adiabatic
approximation. We assume that fi(R) slowly varies in space
and use Egs. (3) and (4) with |x,n) = |fi(R),k,n) to obtain

M 4’k
FOR) = | G| utento

1

+ 5 I+ e Plew= W)QEE,(x)] (6)
Note that to leading order all contributions arise from mixed
position- and momentum-space Berry curvatures (see follow-
ing). They contribute only when both inversion symmetry is
broken and SOI is present.

To calculate d¢,,(x) and the Berry curvature Qfljl (x) directly,
we use that the change of an eigenstate |n) upon changing a
parameter A of H is given by 0, |n) = Zm#n E”"fzm (m|%|n)
and therefore the Berry curvature and the energy shift read as

S5 x,m) (x,m| 52 x,n)
=2 NG
Z; ><x> - e,$?><x>]

oOH
(X,n|3—Ri|X,m)(X m| g |x,n)

®)

Sén =—Zlm

0
= & (X) — € (X)
The derivative with respect to crystal momentum is identified

with the velocity v, while the derivative with respect to position
arises from the R dependence of fi:
10H oH 0H 0f . on

=V, T = =Tr)-(Ax —], )
h ok; dR, OR OR; OR;
where T(r) = fi x '3(,,—1: is the torque operator. Thus, we
arrive at

d
SFOR) = D& - (n x %) (10)
with
ln[1+ef’3(5“"*“)]Bknij
Z/(Z )3|:fknAknij + 5 i|,
(kn|T; |km) (k (K)|k
Agnij :hZIm[ n|T; lkm) (km|v; (k)| n)]’ (11
€km — €kn

m##n

kn|T; | km)(k (KK
By = —20 Y 1| Tl omjo; @lken) |
m#n (€xm — €xn)*

where Ay,;; describes the Berry energy (3), 8¢€,, = Agpiri(h X
5—2), , and By,;; the Berry curvature Qn 7 = By, j (i x
respectively.

Equation (10) can directly be identified with the DM
interaction'? in the continuum limit. We have therefore shown
that for smooth textures and weak SOI, the DM interaction
arises from mixed momentum- and position-space Berry
curvatures and the corresponding energy shifts obtained from
the Kohn-Sham Hamiltonian. Our semiclassical derivation
yields the same expression for D;; as obtained from quantum
mechanical perturbation theory.?’

i
3—,?,.)5’,
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At T =0, to linear order in Vi and for weak SOI, the
formula (10) is exact even for a fully interacting quantum
system [provided the exact Kohn-Sham Hamiltonian is used
in Eq. (5)]. To calculate changes of the ground-state energy
to linear order, changes of H due to Vi can be neglected (a
manifestation of the magnetic force theorem??). Therefore, the
only remaining source of errors is the external magnetic field
B®* needed to stabilize the ferromagnetic solution underlying
Eq. (5). As this field can be chosen to be weak (second order in
SOl strength), it does not affect the value of the DM interaction
to leading order in SOL.

Aside from DM interactions, also the current-induced spin-
orbit torque relies on broken inversion symmetry. Recently, it
has been shown that the intrinsic contribution to this torque is
related to the Berry curvature Byy;; Al

B. Charge density

The change of charge density to first order in the gradients
of the magnetization also arises from both the change of
the density of states and the energy levels from phase-space
curvatures. It is given by

0 "
50V (R) = e Z / (2n)3[ S 550~ fin QS,‘E(X)]

(12)
where e = —|e| is the electron charge. We obtain
of
50 R) = ¢ G 6 - il
0 '(R) =eG;;e i X IR,
(13)

3fin
/(27_[)3 [ fk Akm] fkanniji|-

In metals, extra charges are screened on the length scale
set by the Thomas-Fermi screening length Arg, resulting in
a strongly suppressed charge density p & —A3:VZ(8p'D).
Since the metal screens extra charge by changing the occu-
pation of the states on the Fermi surface, while the Fermi
sea participates in the formation of 8p'", the calculation of
the unscreened 8p‘! is interesting to understand how many
electrons are energetically redistributed between Fermi surface
and Fermi sea due to the phase-space Berry phases.

The results of our semiclassical derivation can be re-
produced by a gradient expansion of the Green’s function
similar to the technique used by Yang ef al. in Ref. 32 for
insulators (see Appendix C). While to leading order in Vi
the semiclassical formulas (3) and (4) are reproduced, higher
orders give for metals rise to additional contributions to the
density of states that are not captured by the higher-order
terms of Eq. (4) as we have checked explicitly.

In insulators, the situation is different. Neither energy shifts
[Eqg. (3)] nor the term linear in €2, in Eq. (4) contribute to the
total charge of a single skyrmion. The integral f dR; dk‘ Qslfm,
for example, has to be quantized (first Chern number) As
it evaluates to 0 for y — oo, it vanishes everywhere. All
contributions to the charge arise from higher-order terms in
the gradient expansion. As the charge has to be a topological
invariant in an insulator, it can be calculated from an adia-
batically deformed band structure where all occupied bands

PHYSICAL REVIEW B 88, 214409 (2013)

are completely flat and degenerate. In this limit, one can use
standard arguments>* to show that the total accumulated charge
due to smooth variations in phase space, e.g., in two space
dimensions, is given by the second Chern number

50@ = / d*R sp?

dsz k €ijkl
=—e | ——————Tr[Q;; Q2 14
NS (€2 €201, (14)

where €2 is a matrix in the space of occupied bands. We refer
to Appendix C 3 for the derivation of Eq. (14).

Therefore, either Abelian or non-Abelian winding numbers
can occur. In cases when all non-Abelian winding numbers
vanish, the right-hand side of Eq. (14) coincides with the
integral over the term quadratic in €2, on the right-hand side
of Eq. (4). For Abelian situations, § Q® can be expressed as a
product of two simple real-space and momentum-space wind-

ing numbers (i.e., two first Chern numbers) § 0¥ = o, @y,

d*k
(2m)?

and @ = % [ d*R QY the quantized total flux arising from
the real-space Berry phases. This can be shown by rewriting
Eq. (14) as a surface integral and using, for example, that
for R — oo both QR and QR¥ vanish (see Appendix C 4 for
details).

where oy, = Eh—z I Qkk is the quantized Hall conductivity

IV. RESULTS

A. Qualitative dependency on the SO strength

In order to investigate first qualitatively how the accumu-
lated charge in metals depends on the strength of SOI, we
consider the simple two-dimensional two-band toy model

H=e+ [D*R)+g*k)] -0 =ex +nR,k) -0, (15)
where ¢ is the vector of Pauli matrices, b*(R) the exchange

field arising from the magnetic texture, g°°(k) the SOI field,
and n = b®™ 4 g*°. From Eqgs. (1)—(3), one finds

1 0 a
Qi;i=F-n-[—nx—i (16)

"] 2 0x; 0x;
Se; = 8e_ = |n| § k. (17)

where =+ labels the minority and majority bands, respectively.
To analyze the model (15) analytically, we consider the limit
of weak SOI parameter Ay, with |g*°|/|b%| ~ As. SOI also
controls the size of skyrmions as their formation is driven by
DM interactions. For skyrmion lattices in chiral magnets, the
diameter of the skyrmions is proportional to 1/As, (Ref. 3).
Expanding Egs. (16) and (17) in XAy, shows that both de. and
all components of 2 are of order A2,. This argument shows that
the expansion in powers of 2, which lead to Eq. (6), is valid
for chiral magnets with weak SOI. Remarkably, all factors
of Ay cancel, when the total charge of a single skyrmion
§0W = [8pM d°R is calculated using Eq. (12). Assuming
that the exchange field b is small compared to the Fermi
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FIG. 1. (Color online) Illustration of the exchange field b**(R) in
a skyrmion lattice [Eq. (19)]. Arrows are colored according to their
z component and spaced in an arbitrary distance much larger than
the atomic lattice constant in MnSi. The black polygon encloses the
magnetic unit cell. In the three-dimensional system, the magnetic
texture is translationally invariant in the z direction.

energy, we find

P dk Bge
ij ~ 3 (2JT)2 ak] f (ek)9 (18)
2 [d®Rd% :
P00~ 3e | gy P R 1 (e

To obtain a qualitative estimate, we assume |0g*°/dk| ~
AsoErpa where Ep is the Fermi energy and a the lattice
constant. According to neutron scattering experiments,*3* the
skyrmion lattice in MnSi is well described by (see Fig. 1 for
an illustration)

2

b™(R) = Boz + B Y _[(2 x £,)sin(qo &, - R)
n=0

+2cos(qo &, - R, (19)

where go ~ 27 /190 A 7= (0,0,1) is the unit vector paral-
lel to a small magnetic field stabilizing the skyrmion lat-
tice, and :‘,:'n = [cos(2rn/3), sin(2xn/3),0]. From mean-field
calculations,* B;/By ~ —1.5 is obtained. As gy is linear in
Aso, WE Set go = Ago27/a. In this model, we obtain
Ep B? B?

i~ hso 8ij TE_%’ 5" ~eE—2F. (20)
As expected, the DM interaction is linear in SOI and quadratic
in the magnetization. Interestingly, the skyrmion charge is
independent of the SOI strength (when screening is ignored)
but proportional to the square of the local magnetization. These
main conclusions remain valid when we calculate the charge
with ab initio methods using the real band structure of a
complex material (see following).

D

B. Quantitative results for the DM interaction strength and the
skyrmion charge in MnSi

Based on the electronic structure of MnSi obtained within
the local density approximation (LDA), we compute D;; and
G;j at T =0 using Wannier functions®~® to reduce the
computational burden (see Appendix A for computational
details). Furthermore, we approximate V, E, and B in Eq. (5)
by their value for vanishing spin-orbit coupling. This allows
us to perform the calculation at B™' = 0 using that B || fi. The
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FIG. 2. (Color online) Normalized free-energy density

SFM(R)/§FV(0) and normalized charge density 80"(R)/8p™(0)
within the magnetic unit cell. The minimal free-energy density is
given by 8F1(0) = —0.0018 meV/A3, the total free energy is
reduced by 231 meV per skyrmion and layer. The maximal charge
density amounts to 8pV(0) = 1.95 x 10~%¢/A3, the total charge per
skyrmion and layer is 0.246e. The skyrmion center is located at the
origin, as in Eq. (19) (cf. Fig. 1).

torque is then simply given by T = M x B. For a left-handed
crystal structure, we obtain D;; = —D§;; with

D = —4.1 meV A per eight-atom cell. 21

An experimental value for D can be obtained from neutron
scattering in the helical phase of MnSi because a finite D shifts
the minimum of E(¢) = Dq + J¢* from g = 0to —D/(2J)
for a left-handed spiral. Using J = 52 meV A? per eight-atom
cell’” and ¢ = 277/190 A leads to an experimental value of
D = —3.43 meV A in good agreement with our result.

Next, we discuss the manifestations of phase-space Berry
phases on the skyrmions in MnSi. As G;; « D;;  §;; by
symmetry, § FV(R) and 80" (R) are proportional to each other
and can therefore be shown in a single plot (see Fig. 2), where
we used i(R) = b® /|b™| [with b** from Eq. (19)]. Integrating
8§ F(D(R) over the magnetic unit cell, we obtain a free-energy
reduction of 231 meV. Both charge density and free-energy
density are maximal in the center of the skyrmion located
at (0,0). Integrating 8pV(R) over the magnetic unit cell, we
obtain the charge of 0.246e. However, 8p"(R) is strongly

T T T T T 0.5
0.4
0.3
0.2
0.1
0

-0.1
-0.2
-0.3
-0.4

o X

N W A~ o1 oo N

QoY

FIG. 3. (Color online) Screened charge density pu/[50"
(0)A2;.g2] within the magnetic unit cell, with §p"(0)A3.g2 = 1.07 x
10719 /A3,
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screened due to the short At = /€o/(e2Np) ~ 0.224 A,
where Nr ~ 0.11/(eV A3) is the density of states at the Fermi
level obtained in our LDA calculations. The resulting screened
charge density varies between p™™ ~ 4.5 x 107!1e/A3 close

to the core and pMin &~ —4.1 x 107'1e/A3 between two

skyrmions (see Fig. 3 for illustration).

V. CONCLUSIONS

Our analysis has shown that mixed real-space/momentum-
space Berry phases are quantitatively important in materials
such as MnSi. Energetically, they are the driving force for the
formation of magnetic textures and lead to a redistribution
of charge in the skyrmion phase which we calculated using
ab initio methods. For the future, it will be interesting to
investigate how the phase-space Berry curvature QR¥ affects
the Hall effect. As in MnSi, the contributions arising from
the topological Hall effect, i.e., from QRR and the anomalous
Hall effect due to Q¥ are of similar magnitude, we also expect
substantial contributions from QR¥.
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APPENDIX A: COMPUTATIONAL DETAILS OF THE
AB INITIO CALCULATIONS

From the full-potential linearized augmented-plane-wave
code FLEUR (Ref. 38), the electronic structure of MnSi
was obtained within the local density approximation® to
density functional theory. The atomic coordinates and lattice
parameter (a = 4.558 A) of the eight-atom unit cell of MnSi
as given in Ref. 40, muffin-tin radii of 2.12ay for both Mn
and Si, and a plane-wave cutoff of 3.7a, ! were used in the
calculations (ap = 0.529177 A is Bohr’s radius). The basis
set was supplemented with local orbitals for the Mn 3s and
3p states. The unconstrained spin moment per formula unit
is 0.94up and thus larger than the measured spin moment
by more than a factor of 2. We constrained the spin moment
per formula unit to the value of 0.4up. From the relativistic
first-principles Bloch functions of 100 bands given on an
8x8x8 k mesh, we constructed 64 relativistic maximally
localized Wannier functions using disentanglement within the
WANNIER90 code.*! The lowest 40 bands in the valence window
are the 32 local orbitals plus 8 Mn 4s bands. These were
skipped, i.e., the 100 bands from which the Wannier functions
were disentangled are bands 41 to 140.

Based on Wannier interpolation,***} we evaluated D;;(f)
for the 001, 111, and 110 directions fi of magnetization using a
512x512x512 interpolation mesh. We find that to very good
approximation

D;(f) = D;;(h)é; = Di x (i x &;), (A1)
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where € =X, € = §, and €; = Z are unit vectors of the

Cartesian coordinate system and a single parameter D =

—7.69a¢p/V meV describes the amplitude of DMI, with

V = a® the volume of the unit cell. Equation (A1) neglects

the anisotropy of D;(fi), which is small according to our
calculations.

Using Eq. (A1), we can express § F()(R) as follows:
(1 —D:)- [ ﬁ
SF'(R) = D;(n) (n X 8Ri>
= Dii- [V x n]. (A2)

In the skyrmion lattice in MnSi, only the derivatives 9, and
d,fi contribute and d;h = 0. Thus, we have
—sinf %
R sin @ %
V xh= 0 si ¢ﬁ +sin6 ¢@_ ’
cos B sing - + sinf cos 3=

cos 0 cos ¢% + sin 6 sin(p%

(A3)

yielding an alternative expression for § F(V(R) in terms of the
azimuthal and polar angles of the exchange field and their
derivatives:

20 20
SFOR) = D| sing— — cosp—
ax ay

: ¢ . 09
+ sinf cosf| cosp— + singp—
ax dy

= DqoQ(q0x,40Y), (A4)
where
. a6
Q(qox,q0y) = [Sm¢ 3qon) cos ¢ 3(q0y)
. d¢ . d¢
+ sin6 cos 6 (cos 1) 3(qor) + sin¢ 8(qoy)>:| .
(AS)

We define the free energy per skyrmion §EU as integral
of sFV(R) over the magnetic unit cell, where we set the
extension of the magnetic cell in the z direction equal to the
lattice parameter a of the eight-atom unit cell of MnSi. We
obtain

SEW :a/(SF“)(R)dxdy
aD
= . / d (qox)d (q0y)Q(qox,q0y)

aD
= 39— = —231 meV.

(A6)

q0

Determining the tensor

d*k
Lij = 9/ Gnp Zl:fkanm‘j (AT)
from Wannier interpolation, we get

1) = 18& - [ x (A x &), (A8)
with t = —0.091eaq/V, where small anisotropies of #; have

been neglected. #;; describes the intrinsic component of the
SOI-mediated spin torque per volume to an applied electric
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31

field in the homogeneous system.”" One contribution to

spD(R) is given by

. R on
—t,-_,-e,- -inx ﬁ .

However, due to the additional Fermi surface term, the
complete expression for §p'"(R) is given by

(A9)

) . . on
30" (R) =eGyj&; - (i x — ), (A10)
oR;
where according to our calculations
eG,-j = gé, . [ﬁ X (ﬁ X éj)], (All)

with g = 0.008252, neglecting again the small anisotropies.

Similar to rewriting the free-energy density above, we obtain

spP(R) = gh - [V x fi] = gg0Q(gox,q0Y). (A12)

We define the charge per skyrmion § Q1 as integral of o (R)
over the magnetic unit cell, where we set the extension of the
magnetic cell in the z direction equal to the lattice parameter
a of the eight-atom unit cell of MnSi. This yields

s0W =q / spP(R)dx dy

— Z_‘j/d(qOX)d (g0y)Q(q0x,q0Y)

= 3998 — 0.246e.
qo

(A13)

APPENDIX B: COORDINATE INDEPENDENT
FORMULATION OF THE PHASE-SPACE VOLUME

In this section, we review the derivation of the volume
element [Eq. (4)] of the main text following mostly the
review by Morrison?’ and rewrite some of our formulas using
differential forms. This makes the derivation transparent and is
manifestly independent of the chosen coordinate system.*+*

Consider a transformation from canonical coordinates X;
with standard Poisson brackets {f,g} = ;-—;i]i ja"—fg’j to a new
set of coordinates x; = x;(X). The Poisson brackets of the
(noncanonical) coordinates x; are given by

0x; ox;

m] = (0 V). (B1)

{xivxj} = i’j'm

The natural volume element of the 2d-dimensional phase space
is obtained from the Jacobi determinant [0.X;/dx;]:

dde 2d

d¥x 9X; o
= = = etw ,
(m)? (2m)?

v = = |—
(27T)d 8)6]'

(B2)

where we used that detw = (|dx;/0X;[*detJ)™" =
|0X,;/0x;|* asdetJ = 1 and det M~! = 1/det M.

It is useful to rewrite Eq. (B2) using that the phase-space
volume dV is independent of the coordinate system. In
canonical coordinates, we define the 2-form & from the inverse
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of J=! = —J using

1 . _
O = E(J-l),,- dX' ndX/ (B3)
l BX’ 8X/ . .
= LU Y=L dx' Adx’
2 Ox; ) 0x; * *
1 . .
= 5 dx' Adx’, (B4)

where we used the definition of w from Eq. (Bl). As in
Eq. (B3), & is expressed in canonical coordinates, the phase-
space volume is directly obtained from the d-fold wedge
product ' = d A ... A &:

T dIQ2n)

While Eqgs. (B2) and (BS) are equivalent, Eq. (B5) is much
easier to handle due to the missing square root.

A remarkable aspect is the close relation of Poisson
brackets, phase-space volume, Berry connections, and Chern
classes. The semiclassical equations of motion for an electron
in band n in the presence of phase-space Berry phases are
given in the main text as

av (B5)

%= — D'

de,
= el (B6)
Xj

0

where the Poisson brackets are defined by Eq. (B1) with w =
2, — J. From Eq. (B4) follows

&= +Qldx Adxl =a0+Q,  (BT)

where & = %(J’l)ij dx' Adx/ is the “canonical” 2-form
which obtains a correction from the Abelian Berry curvature

Q=dA = 1Q;dx" ndx/, (B8)

where A = A; dx; and we have omitted all band indices. From
Egs. (BS) and (B7), one obtains Eq. (4) of the main text.
The Berry curvature directly gives the first Chern form

PN

¢ = o (B9)

cl = —.

' on
Integrals of the wedge product of m such Chern forms,
fér = [é A...A&., over compact 2m-dimensional man-
ifolds without boundary define Chern numbers which are
quantized to integers.*® Such wedge products directly show
up when expanding dV in powers of €2 using Egs. (BS)
and (B7):

~Ad—m

0
Qr )d—m '

d
1 Am
dV:X(:)m!(d—m)!Cl A (B10)

APPENDIX C: CHARGE DENSITY FROM A GRADIENT
EXPANSION IN THE QUANTUM MECHANICAL SYSTEM

In this Appendix, we demonstrate that the results for the
charge density obtained from the semiclassical arguments in
the main text can be confirmed by using a gradient expansion
in the quantum mechanical system. We show that in metals the
semiclassical formulas (3) and (4) are correct to first order in
the spatial gradients. In insulators, the charge density vanishes
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to first order in the spatial gradients, but the second-order term
of Eq. (4) leads to the correct (quantized) total charge per
skyrmion.

1. Gradient expansion of the Green’s function

We follow the notation used in Ref. 47. For a spatially
inhomogeneous system with Green’s function G(w; ry,r,), we
introduce the Wigner transform of the Green’s function

G(w;x) = G(w;RK)

—fd3re—ik'fG(w-R+5 R—5> (1)
- b 27 2 b

where R = %(rl +1r,) and r = r; — r; are the center-of-mass
and relative coordinates, respectively. The inverse K of the
Green'’s function is defined by f d&*r'G(w;r;, XK (0,1 1) =
3(ry —rp). In the Wigner representation, this relation
becomes*’

270 R (w3 %)G(w: x) = 1, (C2)

where J = (2]1 g), the derivative BiK (8;7) actson K (G) only,
and the symbol 1 on the right-hand side of Eq. (C2) is the
unit matrix in band space. For a smooth spatial variation, one
can expand the exponential in Eq. (C2) in powers of spatial
derivatives and solve order by order for G. We write

G%Go-l-é] +Gz+0(3133/_), (C3)

where the subscript indicates the order of spatial derivatives.
Here, we truncate the gradient expansion after the second order
to capture only the leading-order contribution to the charge
density, which turns out to be linear in spatial gradients for
metals and quadratic for insulators (see following).

The zero-order contribution Gy is given by the pointwise
inverse of K, ie., Go(w,x) = [K(w,x)]". In the limit of
a homogeneous system, spatial gradients vanish and G =
Gy. For a noninteracting homogeneous system K (w,x) =
K (w,k) = how — H(K) where H(K) is the band Hamiltonian.

If the system varies smoothly in space gradient corrections
to the Green’s function arise. The part of Eq. (C2) linear in
spatial gradients reads as

RG, + %J,-,(aik)(a,»éo) =0, (C4)

where we omitted the dependency on  and x to improve
readability. With K = G, follows

. i e a s
G = EJUGO( —8;Gy")Go(—9;G,")Go

e

———eo— (C5)
? J

The last equality of Eq. (C5) introduces a graphical
shorthand notation where a solid line represents G, a vertex
labeled with i represents (—o; Ga l) (where a minus sign is
included in anticipation of the structure of higher-order terms)
and a dashed arrow from a vertex i to a vertex j represents a
factor of £J;;.
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The second-order part of Eq. (C2) reads as
-~ i - ~
KG,+ EJU(B,»K)(ale)
1/i\? _ -
t5(3 Jij Ju(8;0cK)(9;8,Go) = 0. (Co)

Solving Eq. (C6) for G, we arrive at [using the graphical
notation introduced in Eq. (C5)]

A -~ <
Gr = 60 +—0’—0\—;’—0—+ S

+ f!/>\ + , />!\ 4 ‘A ‘A

Ny~ )
2 _H
where, e.g., the fourth diagram represents the term
(5277 Go(—=0;0cG 5 HGo(—0;G 5 NG o(—3,Gy HGo.
2. Charge density in metals
The charge density is obtained from
®=er ) f T GUw R ()
=e— r[G (iwn; RK)],
g p <] @ny

where G is the Green’s function in Wigner representation as
defined in Eq. (Cl1), e is the electron charge, § = 1/(kgT)

the inverse temperature, and hw, = 2F”(n + %). We use the

gradient expansion Eq. (C3) for G. As Go(iw,;R k) =
1/[ihw, — H(R,K)], the zero-order charge density pOR)
depends only on the local properties of the system at the point
R and it is the same as the charge density of a homogeneous
system described by the band Hamiltonian H(R,K) at fixed R.

In metals, the leading-order correction 8pV(R) to the
charge density is obtained by inserting G| from Eq. (C5) for
G into Eq. (C8). Standard techniques for the evaluation of
Matsubara summations lead to

DR — —ob g d_sl‘/ood_e

0 R) = —es i | Gy |2 T @
xTr[GF(—8:,Gy')Go (—9;G5) G
—Gy(-86;')Gg (- 9;G65')Ggl. (€9

where f(¢) is the Fermi function and G®/4 is the retarded
(advanced) Green’s function, i.e., evaluated at frequencies
€/l £i0" just above (below) the real axis. We use the
cyclicity of the trace and the relations 2i InG = G® — G4
and dGR/4/9e = —(GR/*)? to rewrite Eq. (C9):

Pk [*®de

anp [wg S

X Te [(GAP(— 9:Gy")ImG( — 9;G;)
dImG

9

spV(R) = —iel;

(-0G;)GH(-0,G;)). (€10

214409-7



FREIMUTH, BAMLER, MOKROUSOV, AND ROSCH

Integrating by parts over € in the second term in the trace and
using the antisymmetry of J;; leads to

spV(R)
, k[ de ~ .
= —iel; / —(—f(e)Tr[ImG (—=9;Gy")

Y ey | 2n
= = ~_ af (e)
< (G + (63 (~,G, )] + L

x Tr[ImG (—aiégl)é(?(—ajégl)]). (C11)
In a noninteracting system G(I; / A(a); x) = [hw — H(x)
i07]7" and ImG(w; X) = —m8[hw — H(x)]. Direct evaluation
of the two traces in Eq. (C11) in the local eigenbasis of H(x)
confirms the semiclassical result (12) where €2, ;; and de, are
given in Egs. (7) and (8).

For the noninteracting system, the semiclassical approach
is therefore exact to leading order in the spatial gradients. This
is not the case when higher orders are considered. Already,
the next higher-order contribution to the semiclassical charge
density [coming from terms of order O(2?) in Eq. (4)] does not
coincide with the higher-order terms of the gradient expansion
[obtained by inserting G, into Eq. (C8)]. This is obvious from
the appearance of second-order derivatives (i.e., vertices with
two attached dashed arrows) on the right-hand side of Eq. (C7),
which have no semiclassical counterpart.

The free energy can be calculated in a similar
way by inserting the gradient expansion (C3) into F =
-T Zw Tr In[—7 G]. The result confirms Eq. (6) to first order.

3. Quantized skyrmion charge in insulators

In insulators, as argued in the main text, the first-order
correction to the charge density 80"’ (R) does not contribute to
the total charge of a skyrmion. The leading-order contribution
to the skyrmion charge in insulators is second order in spatial
derivatives. In this section, we present the derivation of Eq. (14)
using the gradient expansion method and give an explicit
definition of the non-Abelian Berry curvature tensor. The
derivation is similar to the calculation in Ref. 32, Appendix 2.

In a metal, G(w) is analytical at @ =0 and therefore
Eq. (C8) simplifies (at T = 0) to

&Sk ([Cdo .
o 5, TG R K.

p(R) = ch (C12)

The second-order correction to the charge density is given
by inserting G, from Eq. (C7) into (C8). The contribution from
the last term in Eq. (C7) is proportional to

d B 5 . - ~
hL-;J;J/% Tr[Go(—3iGy ') Go(=0;81Gy ") Go
dw =1\ A -1\ 0G
= —JijJu /E Tr[(_aiakGoI)GO(_a-faZGOI)B_wO}

d - 1, 0G 21 X
= JijJu /% Tr[(_aiakGal)a_af(_afalGEI)Go]

d . ~_ 1\ 0G
= Ju‘hz/% Tr[(—afalG(?l)GO(—aia"Gal)8_a)o]’

(C13)
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where all Green’s functions are evaluated at frequency iw
and we used cyclicity of the trace in the first and the last
equality, the relation dGo/dw = —7(G)? for a noninteracting
system in the first equality, and integration by parts and the
fact that (9; Ga 1) is independent of w in the second equality. By
relabeling indices and using J;; = —J;; one sees that the last
line of Eq. (C13) is the negative of the second line and hence
vanishes. Thus, the last term in Eq. (C7) does not contribute
to the charge density in insulators,

/g—: Tr[ ‘:/‘:\ ] =0.

In a similar way, one can show the relations

[ P L. ULV,

T

(C14)

(C15)
and
d
fﬁﬁ[ oMo — LN ]:0. (C16)

Combining Eqgs. (C12), (C7), and (C14)—(C16) leads to a
simplified expression for the second-order correction to the
charge density in insulators,

3
50@(R) = eh/ d’k /d—“’ Tr[—”—O\—H—A

@ny ) 2 »
12 (LB + B )] €17

To make further progress, we now focus on the contribution
of 80 to the total charge of a skyrmion, given by § 0® =
[d*R 8p®(R). The expression for §Q® can be simplified
by means of integration by parts in phase space. The last
diagram on the right-hand side of Eq. (C17) represents the term
(§Jij I Go(—=8i G5 NG (=3 Gy NGo(—=aiGy HGo. Tt is
structurally different from the other two diagrams in that it
contains a second-order derivative in phase space. Integration
by parts over the phase-space direction x; or xi, respectively,
leads to the relations

d’x o~
(2)?

. dbx . <
= — WI:“F.—F“’\..

+—”—t—;;°—]

. dbx e <N
- (271)3[ e e R s

-
4 —0’—0\—:;0— ]
Combining Egs. (C15)—(C18) leads to

2 eh d®x dw
0% = — — Tr
3) @np) 2n

< -~
+ I~y _—0’—0\—;’—0—]

eh (i\* [ d°x dow .
=3 (5) Y /_271 Aijir Biju(iw,X)
(C19)

(C18)

I:‘P\ P

214409-8



PHASE-SPACE BERRY PHASES IN CHIRAL MAGNETS: ...
with

Aijit = JijJa + Jidjx — Jiedji = —€iju,
= Tr[éo(—aiégl)éo( - 31'651)60
x (=0:Gy ") Go(~0Gy ") Go.

Bijiu(iw,x)

(C20)

The right-hand side of Eq. (C19) is the second Chern
number, which is a topological invariant [cf., e.g., Eq. (53)
in Ref. 33]. A similar calculation as in Appendix C of Ref. 33
leads to Eq. (14) where the (in general) non-Abelian Berry
curvature 2 is now a matrix in the space of occupied bands
with elements given by

(x,n |2 |x,m)

:iz

— [ (x) —

(x,n| 52 1x,n’) (x| IX m) — (i < j)
e;(,))(x)] [ef,? )(x) — es/))(x)],

where (i <> j) denotes the term with i and j exchanged.

(C21)

4. Factorization of the skyrmion charge in insulators with
Abelian Berry curvature

In this section, we show that the Berry curvature contribu-
tion to the charge in a two-dimensional insulator with Abelian
Berry curvature is given by the product of the quantized Hall
conductivity oy, and the skyrmion number ®,. An Abelian
Berry curvature arises, e.g., if only a single band is occupied.
We then derive an expression for the charge per length of a
skyrmion line in a three-dimensional insulator.

For a two-dimensional system with only one occupied band,
Eq. (14) reduces to

€iikl d4x
5@ = L5 [ £ o
Q 8 ) @up it

_€Eiju / dx;dxidx A
4 (2m)?

where the symbols oo denote either positions far away from
the skyrmion or the boundaries of the Brillouin zone for a
space or momentum direction x;, respectively. In the second
equality of Eq. (C22), we used the relation

(C22)

Xj=-+00
jQu) ,
X =—00

i

ikl o o _ Cn 945041 €ju 0 A'%
g M 2 Ax; Oxx 2 0x 7 ox

i 0
= S % (A, Qu).

yare (C23)

In Eq. (C22), Q4 only enters at the boundary of the
x; coordinate. At the boundary in spatial direction (i.e., far
away from the skyrmion), the magnetization is collinear and
therefore QRR = 0 = QRK. Thus, if x; is a spatial coordinate,
only terms of the form AT} contribute to the integral kernel
in Eq. (C22). If x; isa momentum coordinate, €2y, is evaluated
at the boundary of the Brillouin zone. In an insulator, the
charge must be quantized and we can adiabatically deform the
Bloch functions such that they are independent of momentum
in a narrow stripe around the Brillouin zone boundary. This is
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always possible since, in the absence of further symmetries, all
noninteracting Hamiltonians of one-dimensional insulators are
adiabatically connected.*® Therefore, only terms of the form
A‘; QRR contribute if x; is a momentum coordinate. In total,

Eq. (C22) can be written as § Q@ = § Q@R 4 § Q@X where

_eE,'j
2

and § Q" is defined by formally exchanging all R and k. As
the Berry curvature QE]; in Eq. (C24) is gauge independent, it
can not depend on R; for a collinear magnetization at R; =
Fo00. This implies

2
@R _ 6‘6,‘]‘ d<k i =00
SQ - _T/(ZJT)Z dR; ( )R,-:—oo
R
—E d2k Q];k /dzR eij%
2] @2n)? 7 OR;
__° d’k ok [ 22R QRR
2) @r)r\\ ¥

1
= +§6xy®0a

dR; dzkARQkk>Ri:+oo
Qmye )

i=—00

5Q(2)’R —

(C24)

(C25)

where o0, (Po) is the quantized integral over & Qkk (‘e‘ O]
as defined in the main text (recall that, in our conventlon,
e < 0 is the electron charge). An analogous calculation leads
to the same value for §Q®*. Thus, we conclude that the
Berry curvature contribution to the skyrmion charge in a
two-dimensional insulator with Abelian Berry curvature is
given by
§0% = 0,,®. (C26)
In three-dimensional systems, skyrmions form line defects.
From Egs. (BS) and (B7), the Berry curvature contribution to
the charge in a three-dimensional insulator is given by

3e

2) _
007 = 312n)3

/@0 AQA Q. (C27)

We introduce dimensionless coordinates X = (R,R) such
that R = R,a, and k = k,g,/(27). Here, the vectors a,
are lattice vectors of the atomic lattice and g, are the
corresponding reciprocal lattice vectors. The coordinates X
are chosen such that momentum space is periodic in the three
coordinate directions k, and the Jacobian of the transformation
is one. In the dimensionless coordinates, Eq. (C27) reads as

dsx - =
8 2) — _eeaﬁ;/a;w / Ja (9 e) ;
Q 16 ()3 POk
3 ~
- [dky €q@irysn [ AT L 4
=_ 2 R, | =%
e_/d “/2n 8 Qmy e
dy
_ —eZ/dR / nRnk (C28)

214409-9



FREIMUTH, BAMLER, MOKROUSOV, AND ROSCH

with
€Exys ~ ~ ~
nR = 2V /dRydRa Q5%
U (C29)
gk Cany dk,dk, ~.
o 2 (27_[)2 J7A%N

In the first line of Eq. (C28), ng denotes the elements of the
Berry-curvature tensor in coordinates X. The components of the
symplectic tensor Jyg are invariant under the transformation
from coordinates x to X due to the relation a, - gg = 27 84p.
This allowed us to set B =« + 3 in the second line of
Eq. (C28). The last integral in the second line of Eq. (C28)
runs over the four-dimensional subspace of phase space
perpendicular to (0,a,) and (g,,0). Its value is given by the
product of the real-space and the momentum-space winding
numbers z#R and n‘; by the same arguments that lead from

a

Eq. (C22) to (C26).
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The remaining integral over ]Eo( in Eq. (C28) equates to a
factor of 1 and the integral over R,, gives

~ 8Ra o )i S- o
/dRo,z /dRiz(g)L,-=SgL,
OR; 2 2w

where the unit vector § points along along the skyrmion line
and L; = LS; is the projection of the length L of the skyrmion
line onto the coordinate direction R;. For a generic skyrmion
line that pierces all three position-space coordinate planes, the
skyrmion number is n® = 1 for all «. Combining Egs. (C28)
and (C30), we thus arrive at an expression for the charge per
length of a skyrmion line in a three-dimensional insulator with
Abelian Berry curvature

(C30)

50 ’ §-g,
CARNE S e (C31)
=1

L 2

where § is the direction of the skyrmion line, g, are reciprocal
lattice vectors, and nl; € Z is defined in Eq. (C29).
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