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We develop a field theory of quantum magnets and magnetic (semi)metals, which is suitable for the analysis
of their universal and topological properties. The systems of interest include collinear, coplanar, and general
noncoplanar magnets. At the basic level, we describe the dynamics of magnetic moments using smooth vector
fields in the continuum limit. Dzyaloshinskii-Moriya interaction is captured by a non-Abelian vector gauge
field, and chiral spin couplings related to topological defects appear as higher-rank antisymmetric tensor
gauge fields. We distinguish type-I and type-II magnets by their equilibrium response to the non-Abelian
gauge flux, and characterize the resulting lattices of skyrmions and hedgehogs, the spectra of spin waves, and
the chiral response to external perturbations. The general spin-orbit coupling of electrons is similarly described
by non-Abelian gauge fields, including higher-rank tensors related to the electronic Berry flux. Itinerant electrons
and local moments exchange their gauge fluxes through Kondo and Hund interactions. Hence, by utilizing
gauge fields, this theory provides a unifying physical picture of “intrinsic” and “topological” anomalous Hall
effects, spin-Hall effects, and other correlations between the topological properties of electrons and moments.
We predict “topological” magnetoelectric effect in materials prone to hosting hedgehogs. Links to experiments
and model calculations are provided by deriving the couplings and gauge fields from generic microscopic models,
including the Hubbard model with spin-orbit interactions. Much of the formal analysis is generalized to d spatial
dimensions in order to access the 7, ;(S?~!) homotopy classification of the magnetic hedgehog topological
defects, and establish the possibility of novel quantum spin liquids that exhibit a fractional magnetoelectric
effect. However, we emphasize the form of all results in the physically relevant d = 3 dimensions, and discuss a

few applications to topological magnetic conductors like Mn;Sn and Pr,Ir,O7.
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I. INTRODUCTION

Topological defects are crucial protagonists in the uncon-
ventional behaviors of both classical and quantum magnets.
They can be seen as the bedrock of all topological states
of matter [1]. Static topological defects in classical magnets
can produce unusual magnetic orders featuring skyrmions
[2] and hedgehogs [3]. A seemingly distinct arena for topol-
ogy and magnetism are topological semimetals, where mag-
netism is sought to provide time-reversal symmetry breaking
for the emergence of Weyl nodes in the electron spectrum
[4,5]. However, magnetic and electronic topological behaviors
are found to go hand in hand in many materials, such as
MI]3SII, MH3GC, PI’211'207, Nd2M0207, PdCI‘OQ, CONb3S§,
and others [6-22]. The desire to understand all aspects of
the correlated electronic and magnetic topology, and envision
new related phenomena, is the main source of motivation
for this work. Perhaps the most exciting phenomenon, and
the most difficult one to realize, is topological order with
fractionalized excitations featured in quantum spin liquids
[23-29]. It has been argued recently [1] that novel types
of topological order, exhibiting fractional magnetoelectric
effect, could exist in topological magnets with pronounced
quantum fluctuations that spare the spin coherence at cer-
tain short length scales. The resulting states are incompress-
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ible quantum liquids of magnetic monopoles and hedge-
hogs.

Here we derive a unifying quantum field theory of the
mentioned magnetic systems, with intention to analyze their
universal phase diagrams and topological dynamics. The
main agents of unification are static background gauge fields:
their embedded fluxes generate topologically nontrivial states.
When the low-energy fluctuations of lattice electrons and local
magnetic moments are captured by a set of smooth fields,
the resulting charge and spin currents are minimally coupled
to the gauge fields in a manner completely determined by
symmetries and gauge invariance. The complicated micro-
scopic details determine only the set of the low-energy degrees
of freedom, and the values of gauge field components and
coupling constants in the effective theory. We explain how
these parameters can be derived from microscopic models.

Gauge fields related to spin currents have played important
roles in the theory of magnets [30-36] and electronic spin-
orbit systems [37-39], but their full potential is far from
being harnessed in theories of topological states of matter. In
this paper, we specialize to the continuum-limit dynamics of
low-energy electrons and coarse-grained magnetic moments
(ferromagnetic and general antiferromagnetic), described in
real space. The vector gauge fields in magnets take form of
Berry connections. Their temporal components arise from

©2020 American Physical Society


https://orcid.org/0000-0003-0122-5415
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.075131&domain=pdf&date_stamp=2020-08-20
https://doi.org/10.1103/PhysRevB.102.075131

PREDRAG NIKOLIC

PHYSICAL REVIEW B 102, 075131 (2020)

the quantum Berry phase of spins and couple only to the
residual local magnetization of the coarse-grained spins. The
spatial components are tied to incommensurate noncollinear
spin textures, and also obtain as the continuum limit of
the Dzyaloshinskii-Moriya interaction. Similarly, the electron
spin-orbit coupling can be mathematically represented as a
non-Abelian vector gauge field which is minimally coupled
to the electrons’ spinor. The vector gauge fields of local
moments and particles have identical non-Abelian canonical
forms compatible with spin currents. When a Kondo-type
interaction mixes the spin currents of electrons and local mo-
ments, it also necessarily transfers the gauge fluxes between
them, thereby correlating various aspects of their topological
behaviors. We emphasize here the real-space description of
topological dynamics, but the equivalent momentum-space
description in terms of the Berry flux can be constructed
in analogy to the case of quantum Hall states generated by
Abelian U(1) gauge fields [40].

More intricate spin interactions, such as the chiral spin
coupling S;(S; x S3), are found to become antisymmetric
tensor gauge fields in the continuum limit. Similar tensor
gauge fields also occur in the context of topologically non-
trivial electronic bands in three dimensions. While being less
familiar, tensor gauge fields generate nontrivial topology in
higher dimensions the same way vector gauge fields do it
in two dimensions. In that sense, they provide a real-space
description of three-dimensional topological phenomena on
par with the description of the quantum Hall effect using
magnetic fields [1]. Tensor gauge fields are minimally coupled
to the currents of line defects, their flux quanta are monopoles
and hedgehogs, and their uniform “magnetic” flux gives rise
to a magnetoelectric effect [41-44].

The primary goal of this study is to develop a theoretical
tool for assessing the strongly correlated dynamics of topolog-
ically nontrivial magnets despite their enormous microscopic
complexity. At the basic level, the developed theory can be
used to calculate the low-energy quasiparticle and collective
excitation spectra in a broad range of topological magnets,
to be compared with spectroscopy measurements. It can be
also used to calculate the universal phase diagrams and char-
acterize the critical points of interacting electrons and local
moments which experience a spin-orbit coupling. The main
sought application is to analyze magnetic conductors and
correlated insulators where the electron spin-orbit coupling
is entangled with the ordering or dynamics of magnetic mo-
ments. Such materials can exhibit a large “topological” Hall
effect, unconventional magnetic ordering, topological bands,
etc. [6-22,45]. We also anticipate a possible use in the study
of the classical dynamics of topological defects.

Even though most of these interesting applications are left
for future work, we obtain here several immediate results.
First, we derive a detailed connection between the micro-
scopic spin-orbit coupling and the gauge fields presented to
local moments of arbitrary magnets in the continuum limit.
Then, we show exactly how these gauge fields and their
fluxes give rise to lattices of topological defects in equilibrium
spin textures. In this regard, we find that magnets fall into
two groups, type I and type II, analogous to the behavior of
superconductors in magnetic fields. Skyrmions and hedgehogs
are generated by different types of non-Abelian flux, and

hedgehog lattices are predicted to contain additional anti-
hedgehogs due to the non-Abelian character of the gauge
fields. The consequences of defect delocalization by quan-
tum fluctuations are readily understood with the field theory,
leading to the prediction of novel chiral spin liquids with
fractional excitations [1]. Furthermore, we demonstrate that
spin waves exhibit spin-momentum locking and determine
the topological features of their spectra (e.g., Dirac or Weyl
nodes) in relation to the gauge fluxes and chiral spin textures.
We derive the Lorentz-type force exerted on spin currents due
to the non-Abelian gauge flux, with intention to provide an
intuitive and universal insight into chiral responses of magnets
to external perturbations (similar to Hall effect).

The constructed theory explains in a rather simple fashion
how and why various topological phenomena appear to be
correlated: the simultaneous appearance of anomalous Hall
and spin-Hall effects [6,46] in Mn3Sn, the presence of elec-
tronic Weyl nodes in some chiral magnets [14,47,48], etc. It
provides a unifying insight into “intrinsic”” and “topological”
anomalous Hall effects, viewing both from the real-space
perspective and relating them mathematically to either static
or quantum-delocalized magnetic line defects. We predict
the possibility of observing a “topological” magnetoelectric
effect: the analog of the “topological” Hall effect induced by
magnetic textures with hedgehog point defects (the likes of
which have been recently observed [3]). Since the developed
field theory goes beyond the previous static-spin treatments
[49-55], it enables and streamlines (rarely attempted [S6-60])
calculations of fluctuation corrections to all these effects. We
provide a simple explanation for the temperature dependence
of the anomalous Hall effects [61] observed in several experi-
ments [7,8,14,19,21,62].

The effective theory makes it apparent that exotic quantum
liquids of hedgehogs could appear in magnets with strong
spin-orbit coupling and quantum fluctuations. We have not
yet encountered such magnets in nature, instead, we discov-
ered only their “parent” systems where topological defects,
skyrmions, or hedgehogs form a lattice [2,3]. Magnetic orders
with such structures can be studied in a straightforward mean-
field fashion using tensor gauge fields: a hedgehog lattice is
a magnetic d = 3 analog of an Abrikosov lattice in d = 2
superconductors, produced by the flux of a tensor instead of a
vector gauge field. The quantum melting of a skyrmion lattice
can produce either a gapless or gapped chiral spin liquid
depending on whether the delocalized line defects can tear [1];
an exciting material candidate [9—11] is Pr,Ir,O. The quan-
tum melting of a hedgehog lattice is extremely interesting and
expected to yield a new family of d = 3 fractionalized chiral
spin liquids with topological orders [1,63—74] that generalize
fractional quantum Hall states. The theory we develop here
describes these quantum liquids with topological Lagrangian
terms [1].

The formal analysis in this paper is simplified by con-
sidering only magnetic systems whose spin anisotropy, if
any, can be attributed to the effective gauge fields. This
may impose a limitation on the universality classes that one
wishes to address in materials, but allows us to “easily” gain
valuable insights about the topological aspects of dynamics,
which transcend many aspects of symmetries. We also gen-
eralize discussions to an arbitrary number d > 2 of spatial
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dimensions. The price to pay is not high, and the required
mathematical language reveals deeper relationships between
the dynamics and topology, which is especially useful for
predicting and classifying novel fractionalized spin liquids
[1]. The spins in d spatial dimensions are handled with the
Spin(d) group in order to ensure topological protection of
their hedgehog point defects. In specializing to the physical
d = 3 dimensions, we always cover all spin S representations
of the Spin(3)— SU(2) group. We do not emphasize much
the d = 2 case: it is fully included in the general analysis, and
equivalent to the dynamics of U(1) superfluids. The dynamics
of interest retains spin coherence at some short length and
time scales, i.e., the order parameter in the continuum limit is
a set of continuous vector fields. Quantum states with resonant
valence bonds, including Z, spin liquids, are beyond the scope
of this paper.

Paper layout and conventions

The paper is organized in three major parts: Section II
develops a theory of pure magnets without charge fluctuations,
Sec. III extends it to include the coupling of conduction
electrons to local moments, and Sec. IV presents several
applications of the theory to realistic two-dimensional (2D)
and three-dimensional (3D) magnets. Readers who are not
interested in the theory construction can skip to the self-
contained Sec. IV and see how non-Abelian and tensor gauge
fields can be used in real space to study chiral magnets. The
theory development aims to describe all possible magnets that
have a spin “gauge” symmetry. It emphasizes the continuum
limit degrees of freedom in order to address the low-energy
dynamics and reveal the nature of topologically protected
defects [75]. For the sake of being systematic, Sec. II reviews
several topics of the quantum magnetism theory [76] in the
course of introducing gauge fields and generalizing to d
dimensions.

The discussion starts with ferromagnets (Sec. IT A), and
the classification of degrees of freedom in general antiferro-
magnets (Sec. II B). We construct the continuum limit of arbi-
trary spin exchange couplings and Berry phase in Sec. IIC.
Integrating out Gaussian fluctuations in Sec. IID leaves us
with the final minimal effective theory of quantum magnets.
Partial restoration of spin-rotation symmetry by fluctuations
can introduce chiral tensor fields in d dimensions, as dis-
cussed in Sec. IIE. Dzyaloshinskii-Moriya and other chiral
spin interactions are introduced in Sec. IIF and converted
to gauge fields. The analysis of pure magnets concludes in
Sec. II G with the construction of a canonical field theory that
transparently addresses the dynamics of spin currents.

The discussion of magnets coupled to electrons begins in
Sec. III A with the derivation of gradient couplings involv-
ing the gauge fields that represent the spin-orbit interaction.
Section III B discusses the Kondo/Hund interactions between
electrons and local moments. The exchange of gauge fluxes
between the two degrees of freedom is analyzed in Sec. IIIC,
and the induction of anomalous Hall effects is scrutinized in
Sec. III D. We conclude with an outlook toward microscopic
effects that produce Chern-Simons and other topological ac-
tion terms in Sec. III E.

The examples of theory applications start with skyrmion
and hedgehog lattices in Sec. IV A. There we classify chiral
magnets as type I or type II, deduce the qualitative properties
of defect arrays, and explain the path to chiral spin liquids cre-
ated by hedgehog delocalization. Continuing this analysis, we
deduce the qualitative spectrum and spin-momentum locking
of spin waves in Sec. IV B, and develop in Sec. IV C a simple
semiclassical picture of the chiral response to external per-
turbations on par with the classical real-space understanding
of Hall, Nernst, and thermal Hall effects. The last application
is a simple calculation of the temperature dependence of
topological Hall effect in Sec. IV D, elucidating behaviors
both in the adiabatic and nonadiabatic (thermally activated)
regimes.

After summarizing all conclusions and presenting final
thoughts in Sec. V, we provide technical information on the
Spin(d) group, coherent-state path integral, and single-spin
Berry phase in the Appendices. The last Appendix presents
the derivation of the gauged spin Hamiltonian from the
Hubbard model of localized electrons with spin-orbit cou-

pling.

We set i = 1 and use Einstein’s convention for the sum-
mation over repeated indices. Upper indices a, b,c, ... €
{1, ..., d} label spin projections, while lower indices u, v, ...

label space-time directions; u = 0 is time, j € {x,y,2,...}
is spatial. €, €% etc., stand for the Levi-Civita tensor.
Sometimes we use boldface to indicate vectors in “spin”
space, e.g., n = (n*, n¥, n*), and an arrow to indicate vectors
in real space, e.g., k= (ky, ky, k). In lattice contexts, lower
indices i, j indicate lattice sites instead of spatial directions,
but sometimes we use the special index é to denote a lattice
direction from one site to another. The field theory is formu-
lated in imaginary time without making distinction between
upper and lower space-time indices, except when equations of
motion are discussed.

II. EFFECTIVE THEORY OF PURE SPIN SYSTEMS

The coherent-state path integral of a magnet represents
spins on lattice sites i by unit vectors f; and governs their
dynamics with the imaginary-time action

S =fdr[—iz %A(ﬁi) —~ % Z&jﬁiﬁ‘i -~ ZB,-ﬁi]
i ij i

ey
The first term is the Berry phase that reflects the quantum
nature of spins, the second term (K;; = Kj;) is the rotation-
invariant interaction between two spins, and the last term is
the Zeeman coupling to an external magnetic field B. We
will later add more complicated terms such as Dzyaloshinskii-
Moriya interaction. From a classical point of view, this action
has the same form regardless of the number d of spatial
dimensions. Therefore, it will not be difficult to keep the
discussion very general. We will analyze the dynamics in
arbitrary d dimensions in order to relate to possible quantum
liquids of magnetic topological defects, which have been
homotopically classified [1] as a function of d. All important
results will be also summarized and formulated specifically
for the physically accessible d = 3 dimensions.

075131-3



PREDRAG NIKOLIC

PHYSICAL REVIEW B 102, 075131 (2020)

The quantum dynamics of spins in d dimensions is for-
mally based on the Spin(d) group, which is a double covering
of the rotation group SO(d). In d = 3, this is simply the
familiar SU(2) group, and we are free to work with any
representation. Understanding the spin algebra is needed only
for the derivation of the Berry’s phase, i.e., the specific form
of the Berry’s connection gauge field A(fi). Most of our
discussion will not bear this burden, and the formulas for
A(f) are available in all SU(2) representations for d = 3.
The Spin(d) group is reviewed in Appendix A. The above
action appears in the spin coherent-state path integral derived
in Appendix B, and the Berry’s phase of spins in d dimensions
is discussed in Appendix C.

Our goal is to obtain the effective theory of spin dynamics
at low energies in the continuum limit. The effective theory
hides all microscopic complexities of interacting systems, and
enables the calculation of excitation spectra, universal phase
diagrams, and topological properties. Taking the continuum
limit will involve identifying degrees of freedom that vary
smoothly on short length and time scales. This task qualita-
tively depends on the spin correlations at short scales, and we
will analyze multiple cases: ferromagnets, collinear antifer-
romagnets, coplanar antiferromagnets, noncoplanar correla-
tions, and generalizations to higher dimensions. The dynamics
of smooth fields will be deduced by coarse graining the action
(1), and will generally take form of a gauge theory. One of
our objectives is to provide a bridge between the effective and
microscopic descriptions, e.g., by relating the relevant gauge
fields of the effective theory to the microscopic interactions
between the spins.

A. Effective theory of a Spin(d) ferromagnet

As a warmup, we first consider spins with ferromagnetic
correlations on a lattice, i.e., K;; > 0in (1). The Berry’s phase
is well defined because the boundary conditions for imaginary
time are periodic. Infinitesimal variations d8f; change the
lattice action by

on¢
85:/(112 —i%ji“b—ZKijﬁf.—Bf? st (2)

jei

Here, j € i indicates all lattice sites j found in the vicinity of
i, i.e., the nearest neighbors, next-nearest neighbors, etc. The
variation of the Berry phase, derived in Appendix C 1, intro-
duces the expectation value of the spin angular momentum
operator J in the spin coherent state |f):

T = (8,7 h;). 3

Note that in general d dimensions we need two indices
to specify the plane in which J% generates rotations. The
familiar relationship J ab — Se®cpc where €92 is the Levi-
Civita tensor and S is the spin magnitude, holds only ind = 3
dimensions. Classical equations of motion are obtained from
the stationary action condition S = 0 under small variations
of fi by éfi L f. This removes any constraints on the vector
components parallel to fi. The equation of motion in real time

(t = it) reads as

aﬁ? ai ~d a a Ad
Wjil’:— ZKijnj—i—Bi (Sb—ninf’) (O]
J€i

on every lattice site i. In d = 3 dimensions we may use J =
Se®¢ic to simplify the equation of motion:

8A,» d=3 1 N R
E—) n; X ZKijnj+Bi . (5)

jei

Assuming that the ferromagnetic spins fi; vary smoothly on
the lattice, we can readily take the continuum limit by coarse
graining:

N =/dr ddr[—iz—:A(n) + g(ﬁn)z —uBn+ - ] (6)

The local vector n(7) is the instantaneous average of micro-
scopic vectors fi; on N lattice sites in the vicinity of position
7

1 N
n—= — fl,’, 7
N; ©)

so its magnitude is no longer fixed. However, the magnitude
fluctuations cost high energy through the terms —u/n|?> +
v|n|* 4 ... represented by the dots in the above action. As
usual, we neglect the higher powers of derivatives generated
by the coarse graining of Kj; because they do not affect the
universal aspects of dynamics.

The Berry connection A is also coarse grained. The formal
procedure starts by substituting i; = n 4 én; in the micro-
scopic action § = S[n(¥)] + 45, where n given by (7) is
uniform on the coarse-graining length scales, and dn; are
small site-dependent fluctuations. We will integrate out dn;
in Sec. IID and obtain various quadratic corrections to the
action that can be neglected for now because the dynamics
of a ferromagnet is dominated by the linear first-order time
derivative term in S[n]. The coarse-grained part of the action
S[n] is given by (6). Its Berry phase term obtains by analyti-
cally continuing the Berry connection from fi to the softened
n. This leaves invariant the physically relevant nonsingular
part of the Berry connection’s curl at finite |n|. For example,
A(n) given by (C26) in d = 3 dimensions is a gauge field
of a Dirac monopole at the “origin” if we interpret n as a
“position” vector. Its analytic continuation

S Zxn
m21+2zn/|n|’
S (m)@ x )

" In| (2 x n)?

standard gauge ... A=

rotation gauge 3
describes the same monopole with the same flux quantized
by the microscopic spin magnitude S. In conclusion, we are
free to average out small fluctuations i; — n and accordingly
renormalize all couplings for the softened spins in order to
obtain the nominal form of the coarse-grained action written
above.
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The coarse-grained equation of motion for low-energy spin
waves is generally

ont a,b
S g = KV 4+ uB (60 =) ()
dr n|?
and specifically
on g—3 1

— nx (KVn+uB+--- 10
o SinpP X ( " ) (10)
in d =3 dimensions. The classical solution for small-
amplitude (6n < ng) spin waves in d = 3 and magnetic field
B = B2

n(#,t) = noZ + én(X cos6(7,t) + ¥ sin0(¥, t)),

- uB 7o K ,
9(r,t)=90—Tt—|—kr—wt, w=—%k (11)
nOS I’loS
illustrates both the wave motion and Zeeman precession.
These equations show that the dynamics of a ferromagnet
is nonrelativistic. The spin-wave excitations have gapless
spectrum in spontaneously magnetized states (B = 0), with
d — 1 degenerate polarizations. Applying a magnetic field
B # 0 gaps all spin waves due to |n| = |ng + én| — const
through a Zeeman ‘“mass” term % ;LB(Sn)2 for transverse
modes én L ng || B. We generally consider only spin waves
with small amplitudes |én| < ny. Large-amplitude fluctua-
tions are allowed only at large scales in the continuum limit,
so that the coarse-grained field n remains locally meaningful
even if it is disordered at global scales.

B. Low-energy degrees of freedom in Spin(d) antiferromagnets

The microscopic imaginary-time action for antiferromag-
netically (AF) correlated spins on a lattice is given by (1),
but K;; < 0 changes its continuum limit. Characterizing AF
correlations on either short or long length scales requires more
information than a single reference “magnetization” vector n.
This information has to be represented by dynamical fields
in the continuum limit, some of which might be possible to
discard as high-energy degrees of freedom. Here we identify
the relevant degrees of freedom in various cases of interest.

1. Collinear antiferromagnets

A collinear AF can be described by a rectified staggered
magnetization §; = (—1)'fi;, where the sign changes (—1)’
match the staggered orientations of f; on lattice sites i. The
coarse-grained field

1 N
s:NZ@ (12)

is smooth in the continuum limit, and its spin waves have
d — 1 gapless degenerate polarizations in ordered states which
spontaneously break the spin-rotation symmetry. A micro-
scopic translation of the staggered order that is equivalent to
the global spin flip §; — —S§; reduces to the plain spin flip s —
—s in the continuum limit, so translational invariance also
requires the invariance under s — —s in the effective theory.
The small-amplitude long-wavelength spin waves of s can
never produce ferromagnetic magnetization, so the coarse-
grained dynamics admits an additional magnetization field

m. Microscopically, a small magnetization of fixed-magnitude
spins is always perpendicular to the collinear staggered order,
m _L 8. This is easy to see in the Neel state on a d-dimensional
cubic lattice when the spins fi; on one sublattice and the spins
i, on the other sublattice cant in arbitrary different directions:

n; + i n; —f
m= it o M s—0 (3)
2 2
The exchange energy cost of canting in this simple model
with only the nearest-neighbor interaction K;; = —J is always
found to be
8 1t fuhy = 2mp (14)
— = i, =2/m|”,
7d 1

so the magnetization modes are gapped. The orthogonality
m L s can be relaxed only if the magnitude of spins is
not fixed; this becomes possible after coarse graining, but
the magnitude-changing longitudinal modes always cost high
energy. For these reasons, an external magnetic field B that
induces magnetization m || B favors setting the staggered
moments s perpendicular to B.

The AF field s does not directly couple to the external
magnetic field B, so the number of its gapless polarization
modes is naively independent of B. However, rotating s in the
plane spanned by s and m violates either the condition s . m
or m || B. The former costs exchange energy and the latter
Zeeman energy:

MB|m|92 __ B
2 2|m)|

for the spin-wave amplitude |§s| o |dm| ~ |m|tan 6§ ~ |m|6.
Therefore, this spin wave becomes gapped, which leaves
behind d — 2 gapless modes. The precession of s is formally
captured by a Berry connection gauge field A o s x B in the
effective action (which we show in Sec. II D), but this does
not affect the spectrum because an isolated spin does not
have intrinsic kinetic energy. Namely, we can freely boost the
action into the rotating “precession” frame: the action remains
the same by the rotation invariance while the precession gets
removed, so we recover the original spin waves for staggered
spins. By symmetry, we expect this conclusion to hold in any
number of dimensions d.

SE = uBlm|(1 — cosf) ~ Ism|*  (15)

2. Coplanar antiferromagnets

If the “plane” manifold spanned by all staggered spins
in a representative microscopic cluster (e.g., a unit- cell)
is p dimensional, then we can use p mutually orthogonal
smooth vector fields s, (k =1, ..., p) to describe it in the
continuum limit. The staggered spins o; on the sites of the
cluster centered at a continuum position 7 are site-dependent
linear combinations of the smooth fields at 7:

P
oi =Y Crisi. (16)
k=1

A uniform configuration of orthogonal s; reproduces the clas-
sical ground state of a commensurate antiferromagnet. The
exchange interactions between spins define only the micro-
scopic spin texture within the p-dimensional manifold, not the
manifold orientation in the d-dimensional space. Therefore,
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rotational symmetry protects

. _<d> <d—p)_d(d—l)—(d—p)(d—P—l)
d,p — - -

2 2 2
_2d-p—1
o 2

low-energy spin-wave modes, which are gapless in AF-
ordered phases. We counted the number of independent ro-
tations that transform at least one of the s; vectors, knowing
that any such rotation is specified by a 2-plane that has some
overlap with the p-dimensional AF manifold.

Chiral paramagnetic states of matter can arise when the
dynamics partially (or completely) restores the rotational
symmetry. Consider the antisymmetric tensor

L.p 14
st =y (=P [ se™ (18)
P k=1

constructed from the vectors s;. In this notation, we sum over
all permutations P of p elements, and denote the parity of a
permutation by (—1). If the fluctuations destroy the AF cor-
relations even at relatively short coarse-graining length scales,
then the fields s; cease to describe any aspect of low-energy
dynamics. However, the microscopic spins can still main-
tain long-range correlations that are naturally described by
S4-4_The antisymmetric tensor S“'~% itself becomes a low-
energy smooth field in these circumstances. Mathematically,
S§4-4 defines an oriented p-dimensional manifold embedded
in the d-dimensional space. $“% transforms nontrivially
under some rotations, so it carries angular momentum. The
spin-rotation symmetry protects a spin-wave mode for every
2-plane ab that harbors a nontrivial rotation of the order
parameter S

p
(]‘[ Rgfbbf>sb1~~bv £ S, (19)

i=1

7)

If the ab 2-plane has no overlap with the manifold of §%
spanned by its indices, then the rotation does not impact
S4--%_The same is true if the ab 2-plane is completely em-
bedded in the manifold of S “; an antisymmetric tensor is
isotropic within the manifold it defines, so it remains invariant
under such rotations. But, if we fix b = a; then there are d — p
choices for a # {a; ..., ap}, yielding

Ny, =p(d—p) (20)

manifold-tilting spin-wave modes. There are d — 1 modes for
the collinear order p = 1, and 2 modes for the coplanar chiral
order in d = 3 dimensions. Note that the partial restoration of
the rotation symmetry gaps out the spin waves of the vectors
sy (k =1, ..., p) constrained to the p-dimensional manifold,
and their number p(p — 1)/2 is precisely the difference be-
tween (17) and (20).

As before, we can introduce an independent gapped mag-
netization field m in the continuum limit and expect it to be
perpendicular to the AF plane:

Vk) ms{=0, mesh-bobebr =00 (21)

Deviations from this involve costly longitudinal modes when-
ever the effective action for the staggered spins has a non-

magnetized classical ground state, which is the case by defini-
tion in the considered rotation-invariant theories. Namely, the
staggered spins have no reason to make a compromise with an
external magnetic field B regarding their preferred ordering.
Being unmagnetized, they are effectively decoupled from B
and merely give up some of the ordering amplitude to allow
building up a small magnetization m || B. The pinned spin
magnitude then ensures the orthogonality (21). The presence
of B # 0 gaps out p spin-wave modes whose fluctuations
violate this orthogonality. Note that local spin anisotropy can
spoil the condition (21) in the ground state.

3. Further generalizations

A noncoplanar AF can be viewed as a special case of a
“coplanar” AF whose ordered Spin(d) spins in a unit cell span
a (p = d)-dimensional manifold. The corresponding rank-d
antisymmetric tensor S is equivalent to a scalar with-
out low-energy dynamics, but we generally have d degrees
of freedom s; that describe the rigid spin texture. There
are d(d — 1)/2 low-energy spin-wave modes in AF-ordered
states.

Some ordered states of lattice spins may spontaneously
break a discrete symmetry, for example, a point-group sym-
metry of the lattice, beyond what can be represented with a set
of smooth fields s;. If that happens, then we must introduce
one or more discrete variables g, that describe the discrete
symmetry breaking. These variables become fields in the
effective theory, and their fluctuations relate to the dynamics
of domain walls. Ultimately, the discrete nature of g needs to
be softened in order to construct the continuum limit, but this
softening should occur at larger length and time scales than
the coarse graining of the spin variables s; and m. We will not
discuss this further, but keep in mind that the spin fields could
be coupled to additional fields.

Frustrated magnets can produce various low-energy modes
that must be associated with local coarse-grained cells in the
continuum limit, and hence described by separate emergent
fields, which can be even continuous. This also goes beyond
the scope of the present discussion. We will not consider in
this paper any kind of dynamics with large spin fluctuations
at short scales, including resonating-valence-bond and U(1)
spin liquids. Still, the theories we obtain will be able to
describe the spin liquids with large-scale fluctuations, which
can carry unconventional topological orders associated with
the dynamics of monopoles and hedgehogs [1].

C. Spatial and temporal Berry connections

In order to derive the effective continuum limit action Seg,
we first need to separate the smooth s;, m, and microscopic
dn; fluctuations of lattice spins:

P
=m0, =) Cusctm. (22
k=1

The smooth fields are extracted from the microscopic ones
by averaging or coarse graining over the clusters of N sites
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surrounding the continuum position 7:
N
1

N
1 _
m:NE:ni, skzﬁng,i'(ni—m). (23)

i=1

At this stage, s;, m depend both on 7 and the lattice site
within the cluster, but the latter dependence is weak, which
we indicate by suppressing the site index. The smooth fields
Sk, m have non-negligible Fourier transform amplitudes only
at wave vectors |k| < a~!N~!/? defined by the cluster size N
and the lattice constant a. Larger wave vectors are collected
into én; and integrated out in order to obtain the effective
action:

/Dﬁi e—S[ﬁ;] — /D5 n,-DskDm e—S[sk.m]—SS[sk,m,Sn,]

= /DskDme_Se“'[sk’m].

We will postpone this integration to Sec. II D, and derive here
only the “mean-field” part S[n] of the effective action.

In order to obtain a manifestly translation-invariant effec-
tive theory, we must insist that the coefficients Cy ; be periodic
on the lattice, i.e., depend on the lattice site index i only
relative to the local coarse-graining cluster. Ideally, a cluster
should be at least large enough to have zero net magnetization,
and it can be larger than one unit cell of the classical staggered
AF order. However, the cluster size is limited from above by
the energy scale of fluctuations én; that we wish to integrate
out. Hence, zero-cluster magnetization is not an option in
incommensurate antiferromagnets. The coarse-grained fields
still depend on the continuum position 7, but the resolution of
7 is reduced down to the scale of N lattice sites.

The continuum limit of the mean-field spin exchange
Lagrangian “density”

1
Li=—3 ;K,»jninj (24)

generally involves gauge fields coupled to the spin currents.
Let us examine

1 1
DI ST I T
i ij i
1 1
-3 ,ZjK”(“" —n)(m; —m) + 5 ;Kuninf

and define a lattice derivative
Asn; =N 5 — ;. (25)

We labeled by § = j — i the displacements between pairs of
lattice sites, which can have an arbitrary length and direction.
The set of § can depend on the originating site i inside a peri-
odically repeating unit cell. The symmetry under translations
implies K;; = K5, and K_s = K; by definition. We can now
deduce

1
— 124 )2
Li = —tex |y +3 Ea Ks(Asn;)”. (26)

If we substitute (22) here, we get

P »
Asmi =Y (Criys — Cidsk + Y CrirsAssi + Asm
k=1 k=1

and hence

N

1 _

¥ > (A = tilsil* + (Asm)? + Y Ky Assi Agsy
i=1 k kil

+2) A5 Assi + O(A}), 27)
1

with

1 N
Ky == CuiCri
kl N; ki1,
1 L
Arslsed = 3D (Criss = CidCrivs s (28)

i=1 k=1

Coarse graining eliminates all mixing between m and s;
because the staggered spins (the linear powers of Cy ;) average
out to zero.

The quantities A; s[s;] act as spin-dependent “gauge fields”
and generally have both “longitudinal” (parallel to s;) and
“transverse” (perpendicular to s;) parts. It is useful to un-
derstand the physical consequences of the longitudinal parts
before continuing with the continuum limit construction. As a
simple example, consider the collinear Neel order on the cubic
lattice with only the nearest-neighbor exchange coupling and
no net magnetization. The staggered spin manifold is p =
1 dimensional. Substituting C; = Cy; = (—1)"5% in (28),
with (iy, iy, ...) being the integer coordinates of the site i,
quickly reveals K = K; | = 1 and

Asls] = [1 — (=1)>FoF]g 20, o, (29)
neighbor &
The gradient part of the lattice Lagrangian “density” (26) con-
tains only the nearest-neighbor terms (§ € n.n.) and averages
to (27). Dropping the fixed |s|? initially,

K , K -
Li=7 Y (Am) = 2 ) (Ass+Ay)
Sen.n. Sen.n.
K 2 K 2 2
= Zé;mawzs) =23;<4|s| — A58 (30)

(see Fig. 1). The gradient coupling for the smooth spin-wave
field is now positive because the exchange coupling K is neg-
ative in antiferromagnets. Note that the long-wavelength spin
waves with small wave vectors As — ks cost least energy.
However, this is a staggered wave vector; the microscopic
wave vector corresponding to ks — 0 is k — a~'m, so the
spin waves of a Neel antiferromagnet have minimum energy
at the first Brillouin zone boundary. This is the only physical
effect of the purely longitudinal A; || s.

Generally, we can separate the longitudinal A% | s and
transverse Al L s parts of the “gauge field” associated with
any smooth spin field s = s;:

1

A§ = |s?s(sAé), AST = A,S — Afi‘ 31
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FIG. 1. A visualization of Egs. (30), (31), and (32). The two solid
radial lines s = |s| represent the directions of the smooth field s on
neighboring lattice sites in a snapshot of a spin wave.

We temporarily make the analogous decomposition of Ags,
noting that

|Ass| = 2|s| sin @,

L S -
Ass” = ——||A,;s| sin
s

|Ass”| = |Ass]| cos 6 = |Ass| + O(|Ass]))  (32)
(see Fig. 1). Then, writing K5 — —k we have
—k(Ags + Ay)* = —k(Ay)?* — k(Ays)? — 2ccAT AsT

|Ass|?
Is|

K =7\2
=Ky + ;(Aas —nAl)" + O(lAss]),

+x|AL| +O(|Ass)®)

(33)

where

. -1
n = M_l s
Is|

|AS|

112
=R m

AT (34)
We see that n > 0 turns a negative antiferromagnetic ex-
change coupling K5 = —« < 0 into a positive gradient cou-
pling «/n > 0 for the smooth fields. The residual low-energy
dynamics of staggered spins is also shaped by an emergent
transverse gauge field —nAl, which can be now antisym-
metrized to make a spatial vector

AS) = _g(Ag ~ A7) (35)

since As; = —A_; cancels out the symmetric component from
the action.

The last step of taking the continuum limit is the averaging
of (26) over the site displacements §. We replace

A,sS = a8j8js, (36)

where a is the lattice constant, and then sum over 5. Here,
Jj is the spatial index summed over independent directions
X,¥,2, ..., and §; is the signed two-site displacement mea-
sured in lattice constants along the spatial direction j. This
average is weighted by the exchange couplings K;. The ensu-
ing gradient terms in the coarse-grained Lagrangian density of
an isotropic system are

1 p p
L~ 5 D Ky (8,50 (3,57) + DAL 05t + (3;m)’.
k=1 k=1

If not already diagonal, the quadratic part involving the anti-
ferromagnetic fields s; can be diagonalized with an orthogonal
transformation

14
¢ Y Ugst (37)
=1

that preserves the norm and orthogonality of the vectors s;.
The gradient Lagrangian density simplifies into

L, =

N =

14
> Ki(djsi + A j)” + (9;m)? (38)
k=1

with an adapted form of the gauge field in the new basis. The
effective Lagrangian density also needs to control the softened
magnitudes and orthogonality of the smooth fields through the
couplings (¢, u, w > 0)

p
Ling =Y (—tlsel* +ulsil* +-- ) +w Y Isisel”. (39)
k=1 k£k!

After absorbing the longitudinal parts as detailed above,
the quantities Ay ;[s,] are transverse gauge fields both in or-
dinary space and spin space. They add spatial components to
the “temporal” Berry connection A = A featured in (1), and
thus complete the definition of a full gauge field A, coupled to
spins. The presence of A, # 0 generally leads to nonuniform
orders of the smooth fields, so one should obtain A, = 0 in
all commensurate antiferromagnets. This is discussed more
in Sec. IIC2. The condition A, =0 can be even used to
determine the spin configuration that minimizes the classical
ground-state energy in commensurate antiferromagnets, in
other words, to calculate Cy ; in (22).

In summary, the effective theory is constructed from a
microscopic lattice model by first finding the static spin
configuration that minimizes the classical exchange energy on
the lattice. Using this information, one parametrizes the local
staggered spin configuration with a set of smooth vector fields,
calculates (27) and (28), extracts the transverse spatial Berry
connections, and eventually obtains the continuum limit (38)
of the exchange interactions. The procedure may seem com-
plicated, but it is straightforward and universally applicable
to all types of unfrustrated magnets. The main benefits of the
presented general exercise are the qualitative characterization
of the spin-wave dynamics linked to the microscopic model,
and the realization that nontrivial gauge fields dependent on
the smooth fields can shape this dynamics in noncollinear
incommensurate antiferromagnets.
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Now, let us coarse grain the “mean-field” Berry’s phase
action

Sp = fdr |:—iZ %A(ni)] (40)

which obtains from the “temporal” component of the Berry’s
connection

AY(h;) = i(D; | — ’ I
Y
when we analytically continue it to the vector space of soft-
ened lattice spins fi; — n;. If we split the Berry connection
A; = A0 + Ay, into its ferromagnetic A0 and staggered
A ;i parts

fi,) > A%n;) = A? (41)

N

Z Ais Agoi = A = Ay 42)
i=1

1
Am;O = N
then A,,.o is approximately site independent and Ag..,; aver-
ages to zero within a coarse-graining cluster. The continuum
limit of the mean-field Berry’s phase takes the general form

om a0
SB —> fdf dd <—18_Am0 <8(?—[ As;O;i>)v (43)

where 0; = n; — m is the staggered spin component at site i,
and the average is carried out over a coarse-graining cluster.
The magnetization part of the Berry phase has the same form
(6) as in pure ferromagnets, and we only need to further
analyze the staggered part.

In a general d-dimensional antiferromagnet, we need d
parameters o (7), ..., ay(F) to specify a smooth deformation
dn(7) of the classical spin texture: d — 1 parameters determine
a rotation axis, and one parameter specifies the spin-rotation
angle of the local coarse-graining cluster. The coarse-grained
Berry phase Lagrangian density changes by

. N
! n b douk
8Lp = N ; [Ej (mn; )5”1‘] _lklzl Ck,—éa,
(44)
due to a deformation d¢y. of the given lattice spin n; configu-
ration. We will show next that the scalar coefficients

vanish at least in d = 3 dimensions when the coarse-graining
cluster has zero magnetization:

N
> mi=o. (46)
i=1

If §Lp vanishes as a consequence of ad — 0, then Sg has
an unobservable constant value in all smooth deformations of
the classical antiferromagnetic order. The ensuing mean-field
temporal Berry connection for the smooth fields s; is zero.

1. Berry phase of antiferromagnets in d = 3 dimensions

Here, we prove that the coarse-grained Berry phase (43)
vanishes in any commensurate three-dimensional antiferro-
magnet whose classical ground state has zero magnetization.
A nontrivial Berry phase appears only when the system be-
comes magnetized. Conceptually, one can consider a cluster
of N lattice spins

fi; = X sin6; cos ¢; + ¥ sin6; sinp; + Z cos b;, “47)

that satisfy (46), and rotate it rigidly on a closed trajectory
in spin space. Each spin n; of the cluster traces out a loop
on the unit circle which is seen through a solid angle €2;. The
total Berry phase (C23) of all cluster spins accumulated in this
motion is

N N
. [ Ofy; R
5 = —SZQ,- = —Szfdrn,(a—r x 6n,~> — 0 (48)
i=1 i=1

as a result of (46). This is easy to see in collinear antiferro-
magnets by placing only two spins n and —n in a cluster and
rotating them rigidly in a loop.

In general noncollinear cases, we proceed with a formal
calculation. An arbitrary cluster spin rotation in d = 3 dimen-
sions can be specified by a rotation axis unit vector

{=%sinacosB+§¥ sina sinf +2 cosa 49)

and a rotation angle y. The lattice spins n; of a cluster rotate
into R, g, 1; given by
b 2azb
Rgﬂy =¢97 —

ePzcsiny + (8% — 2% )cosy.  (50)

_ 1 one on? The scalars (45) that appear in (44) are specialized to d = 3
Cu= 21: Jmn )ale 5 (45)  with 7%(i) = Se“*a¢ and computed to be
= |
|
Cop.i = N 4 sina sin’ (%)[sina sin 6; cos(¢; — B) + cosa cos 6],
i=1
N

5,3},,,- = 11\7 Z 2 sina sin (%) {cos (%)[COSO( sin ; cos(¢; — B) — sin« cos 6;] — sin (g) sin 0; sin(¢; — /3)},

~ 1 & .2 (Y . . . . .
Croi=— {2 sin (E)[coscx sin 0; cos(¢; — B) — sinw cos 6;] + sin y sin §; sin(¢p; — ,3)}.

Every term in these expressions contains as a linear factor some projection of the lattice spins fi; subjected to a “global” z-axis

rotation by the angle §:

fi, = X sin6; cos(¢; —

B) + § sin6; sin(¢;

— B)+ 17 cosH;.
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The condition (46) implies that each projection of fi; averages
out to zero by coarse graining, so (44) vanishes in generic
antiferromagnets whose classical ground state has no net
magnetization.

2. Incommensurate and other large-scale antiferromagnets

The size N of a coarse-graining spin cluster is limited from
above by the desire to capture the low-energy dynamics using
a small number of smooth fields. If a cluster is too large, then
it could support cheap internal fluctuations which look like
local excitations instead of waves after coarse graining. This
presents a problem when we want to describe an incommen-
surate antiferromagnet without magnetization: it may take a
very large N to reduce the net magnetization of a classically
ordered cluster below a predefined small magnitude. Even
commensurate orders with a very large unit cell may have the
same problem. We must adapt our approach in such cases, and
we already have all the needed ingredients.

We shall keep the benefits of a simple effective theory by
coarse graining on reasonably small clusters. The price to pay
is having nonuniform ordered states of the smooth fields s;
beyond the coarse-graining length scale, and a finite cluster
magnetization m # 0 even in the absence of a magnetic field
B = 0. The magnetization averages to zero on macroscopic
scales if B = 0, so it cannot be uniform. The fixed dimen-
sionality p of the staggered spin manifold requires a rigid
relationship between m and sg, which can be written as a
linear combination

p
m = ZMkSk (51)
k=1

and enforced dynamically in the effective action [the term
Vine in Eq. (65)]. The necessity of nonuniform s;, m ordering
in classical ground states implies that the gradient couplings
for these smooth fields must contain nontrivial transverse
gauge fields A ;, which can be determined using the procedure
derived earlier in this section. A temporal Berry connection
Ay will necessarily affect the magnetization dynamics, and
in that indirect sense influence the fluctuations of staggered
moments. The effective action can be ultimately expressed
either in terms of all s;, or in terms of m and all-but-one sy.

The interesting physical consequence is that antiferromag-
nets with incommensurate classical orders or other large-scale
spatial modulations (such as skyrmions and hedgehogs) have
intricate dynamics that requires gauge fields in the continuum
limit description. The Berry connection gauge field A, has
the same units as momentum, and needs to be much smaller
than the momentum cutoff of the theory (finding a too large
gauge field in the calculations described above indicates an
incorrect assumption about the classical ground-state spin
configuration). We will show in Secs. IIF and IIG that A,
becomes a non-Abelian gauge field coupled to spin currents.
Dzyaloshinskii-Moriya (DM) interaction also generates an
independent vector gauge field A,. It will later become ap-
parent that A, is just the first member of a tensor gauge-
field hierarchy. These additional gauge fields describe chiral
spin interactions and, together with the DM interaction, bear
responsibility for any topologically nontrivial aspects of spin
dynamics.

D. Dynamics of staggered spins

Here we scrutinize small spin fluctuations én; at micro-
scopic length scales beyond the local background order n;
that can be parametrized by smooth vector fields. Writing the
microscopic lattice spins as

p
ﬁi =n; —+ 8n,~, n, = ZCk,iSk + m, (52)
k=1

we will integrate §n; using the Gaussian approximation and
obtain corrections to the effective theory for the smooth fields.

We begin by expressing the action S = Sy 4+ S + Siy as a
sum of the mean-field Sy and fluctuation S’ terms:

So = /dr [—iz %Ao - % ZKijnini - ZBH{|,
i ij i
S = /dr {Z[—i%j“” -y Kb - Bf?]anf?

jei
1 bo b
— EZIszSnicSnj —I—}
ij

The “interaction” part Sj, is responsible for keeping the
softened spin magnitude |n;| pinned at an optimum value: it
gaps out all “longitudinal” spin modes. We used (2) to obtain
the linear correction of the action. The featured 7 and A“
are analytically continued to the vector space of the softened
spins n;, and the dots represent the quadratic terms that
originate from the Berry’s phase and all higher-order terms.
Given the correct parametrization (52), the complete quadratic
couplings for én; are ensured to have positive eigenvalues
which stabilize the fluctuations of én,.
The smooth fields s;, m and their fluctuation corrections

P
Sm; =Y Cpids + om (53)
k=1

in (52) are separated at the level of Fourier transform:
the smooth fields are collected from “small” wave vectors
|k| < £~' while the corrections are comprised of “large”
wave-vector modes with |k| > £!, where £ is the coarse-
graining cell size. The fluctuation corrections live at high
energies by the virtue of having small wavelengths, and there
is hardly any relevant distinction between their longitudinal
and transverse modes. The spatial correlations between én; are
limited to the length scale &, so integrating out én; generates
couplings between the smooth fields which are effectively
local on the length scales &:

S — —D/dTZXﬁXﬁ = fer(,c1 + Lo+ L3+ Ly),
1 1 (54)
where
an? a
X = it "(n;)— Y K;;nb—BY. (55)
jei

We will now calculate the nonconstant coarse-grained contri-
butions to S’ that obtain from squaring X/ (the site index of
smooth fields will not be suppressed).
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The first ingredient we need is

> K nt = Km JFZIQS ZC,”HS,”
jei
+ XS:KS Agmi + 26:1(1S gck’iHAsszJ
= Km{ + ) K, ijckyiﬁs;i
R
+= ZKaAam + = ;KSZCMMA(S_V,{Z

1 i .
3 ;Ks kX_;Ck,,-HA%sk,i, (56)

where K =Y ;K;. In addition to the discrete derivative
Asn; = niys — n;, we introduced the following discrete oper-
ators:

2
Asn; = nigs +nims — 2n;, Ayl = Nis — Nis

that transform into derivatives

Ay =D+ Ay —add7, Ay =A;— Ay — 2a0;

in the continuum limit (a is the lattice constant). Note that
Ays is involved in a construct that turns into a scalar product
8A;0; in the continuum limit. Substituting (56) into XX} and
averaging over spin clusters gives us immediately the first

fluctuation correction

L, = —2DB"| Y Kn'

Jjei

— —§Bm. (57)

— —SuBm + 7332

All terms with an odd number of C ; factors average to zero
under coarse graining. One of the leftover terms couples the
magnetic field B to the magnetization Laplacian, and vanishes
under the assumption that B is uniform (after an integration
by parts). Hence, the coarse graining of £; only renormalizes
the magnetic moment ji.

The term
2 =D Z i Z i1
jei jei
p
SKsk
— =8t lm|* — 8t s — Z —=(0;5,)
k,l=1 k=1
8K u BKv;kl u
" md’m— ) S s 075, — Y 8Ay ;08¢ (58)
k,I=1 k=1

coarse grained in a similar fashion is a renormalization of
the gradient and mass terms for the smooth fields. We can
combine these corrections with the “mean-field” terms (38) in

So and rediagonalize the gradient couplings of the staggered-
spin fields.

Next, we turn to the fluctuation corrections that involve
the Berry phase. We may express the angular momentum
dependence on spin in a generic fashion

j“b(n) — jabcnc (59)
using a constant tensor J abe — _ gbac Thig is validated by
the fundamental invariance under rotations. No vectors other
than n are allowed to appear in this expression, and any
nonlinearity can appear only as a function of |n|, which is

irrelevant because the magnitude of n is dynamically pinned.
Then, we find

ony Bn
ot 81:

)4
— Dj‘”qu"<<mqm’ + Y Ck’iCk,JsZs,Z,)
k,k'=1
Im° dmP
X —
adt 0t

»
+2 Z C.iCpi(misp +m's})
ki=1

=D jac jbc

P a b
ds] asy
Y acgy)

LI=1
om* E)sf’
dt 0t

>. (60)

The averaging covers N sites of a local coarse-graining cluster.
In d = 3 dimensions we have J%¢ = Se®, and J%4 75" =
S2(89bgar — §9r§ba) yields

aZma P
Ly — DS"‘<—4P;” Wm” + <|m|2 + Zc,i,,|sk|2)

k=1
om |2 P as; Isy
— C.C,—— ). 61
X('a +Z l,ll.latar>> ( )
LI'=1
Note that m - (dm/dt) =g, - (d0;/dt) = 0 for transverse
modes. The first term in £3 contains the operator

ab 1 u a, b 1 al -
Pcr :ﬁzo—iai :NZZthCltsklsll
i=1

i=1 k,I=1

that projects onto the spin manifold of staggered spins o; =
n; —m; and introduces a bias within the manifold when
the microscopic staggered spins ¢; do not evenly sample
all spatial directions. The derivation steps leading to this
term

om 80, d(ma;)\’ 3’m

include an integration by parts (arrow), and the observation
that the factors mo; are rigidly fixed at low energies in all
types of antiferromagnets. In collinear and coplanar antifer-
romagnets, mo; — 0 makes the Pg” term vanish, while in
noncoplanar magnets the magnetization likes to point in a
unique optimal direction relative to the local staggered spins
(with all magnetization modes pushed to high energy). Taking
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the continuum limit yields

(SKOm om 2 5K0skl 3Sk 8S1
Ly — -
3 2 (81) +k12=:1 2 9t ot

2
+Z 8K°’”"< a_m> . (62)

The last term comes from P and exists only in noncoplanar
magnets; its possible anisotropy is tied only to the local
ordering of staggered moments. The time derivatives of stag-
gered moments appear mixed, but it is always possible to
diagonalize them. If we first diagonalize the spatial gradient
terms to define the smooth fields s; in (52), as discussed
in Sec. IIC, and further renormalize s; to ensure the same
gradient coupling constant for all £ modes, then we can safely
diagonalize the quadratic time derivatives without spoiling
the spatial gradients. This redefines the smooth fields s; and
accordingly adjusts their quadratic and quartic nongradient
couplings in the action.

The last fluctuation correction affects the Berry connec-
tions of staggered spins and magnetization:

c, = —2ip?" j“”(Bb—i—Z g ]>

Jei

. am* sy
- —2iDJ”bC<<( ‘ 5. 1 ZC/”Cz :Ska >

k=1

14
x(B"+Km’) + Y Ky ¥ Co.Cpips

8 k=1
. 08¢ ,om? 1
x(m Brk + s P )(sf’—i— §A25Sf>>
om LTS A
d _IES m0 — l Z E(S 5:k0 - (63)

k=1
We have neglected the combinations of derivatives beyond
quadratic order. Specifically, in d = 3 dimensions,
8Anm0 = amB x m) + By (08 X S¢),
P
Ao = Z[(as;le + Bym) X 8; + Prg j(9;8; x m)]
I=1
(64)
with coefficients «,,, gkl = Qgiks Bkl = Bk and ﬂkl,j =
—Bix,j obtained through coarse graining. The physical effect
of these Berry connections is the introduction of precession
for staggered spins and a renormalization of the magnetization
precession rate. Both are found to depend on the wave vector
and polarization of spin waves in a manner that reflects the
space-group symmetries of the staggered order.
Collecting all findings so far gives us the following qualita-
tive form of the minimal effective action for antiferromagnets:

d - K 2
Seff = drd®r Z ) m s;kp.)

k=1

P
+ ) (tlsel® Fuglsel* + )+ wy Y Isesel?
k=1 k#k'

Ko
+ 7(8/4111 + Anm)z - MBm + tm|m|2

2
P p
+ Wy, Z(Skm)z + Vine (m — ZMkSk> + .. }
k=1

k=1
(65)

At this point, we are keeping only the essential features
needed for describing the universal properties of antiferro-
magnets, and neglecting many details contained explicitly
or implicitly in the previous derivations from a microscopic
model. If desired, these details can be readily considered to
obtain the accurate coupling constants, spin-wave velocities,
and gauge fields: this is useful for calculating the spin-wave
spectra and comparing to experiments.

Certain detailed conclusions we reached have important
consequences for the universal phase diagram: (1) the number
p of smooth fields s; that describe the dynamics of staggered
spins is equal to the dimension of the staggered spin manifold
(p = 1 for collinear spins, p = 2 for coplanar spins, etc.); the
classical ground-state texture of staggered spins determines
the dispersion and interactions of spin waves; (2) the gapped
magnetization field m is perpendicular to the staggered spin
manifold whenever possible, and can be safely integrated out
unless one wants to study the magnetization of antiferromag-
nets in external magnetic fields; (3) the magnetization Berry
connections are A, #0 and A,;; = 0; (4) the staggered
spin Berry connections are Ao = 0 and Ag;; # 0, although
the former becomes finite for some modes in the presence
of magnetic field or magnetization, and the latter vanishes
in collinear or commensurate antiferromagnets; (5) the Berry
connections generally depend on the smooth spin fields, and
an absence of a temporal Berry connection component renders
the dynamics of the corresponding field relativistic.

E. Chiral fluctuations of the spin manifold

The description of dynamics in the previous sections was
built upon a set of vector fields. Here, we explore gen-
eralizations that involve tensor fields and have the ability
to characterize certain quantum paramagnets. We begin by
introducing an antisymmetric tensor S* % that defines a
p-dimensional spin manifold of staggered lattice moments.
The smooth mutually orthogonal fields s; (k =1, ..., p) that
determine the staggered moments via (16) were free to rigidly
rotate in the earlier setup. Now, we pass that freedom onto
S%--4 constructed as (18), and restrict s; to the manifold of
S§4-4 _The continuum limit Lagrangian density must contain
spin-rotation-invariant terms such as

52[

Isi|* + ulsi] }

2
oY ( o= STl
kK
+ Lpwm,
where y > 0, and the Dzyaloshinskii-Moriya terms Lpy,

which stimulate spin chirality, will be introduced in the next
section. The manifold tilting modes are now governed by
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S%-% and the spin rotations inside the manifold are covered
by s¢. Adding gapped magnetization modes to the effective
theory is straightforward.

The tensor gauge fields A}, are generalized Berry con-
nections. We expect A} a’ =0 in normal circumstances.
However, nontrivial patterns of manifold orientations could be
generated by A, # 0. For example, the coplanar spin plane
in d =3 dimensions handled by S’ may be alternatively
described using a dual pseudovector V¢ = €®¢§% and it is
possible for V¢ to develop a hedgehog configuration in space.

If the fluctuations manage to reduce the spin correlation
length to microscopic scales, the resulting dynamics may still
feature long-wavelength fluctuations of the spin manifold field
S@-4 _The vector fields s; are gapped in such states, and can
be safely integrated out to reveal an effective theory for the
10w-energy tensor modes

L=— (8 Sét--dp +Aa1 ap)(ausal...a,,+A;1Ll...a1,)

_tS(Sa]Ma,,SaI...al,) + us(Sa]...a[,Sal...a,,)2. (66)

This theory can be applied to study the dynamics of spin
chirality in three-dimensional coplanar magnets. If the spin
orientations are restricted to a plane and not invariant under
an in-plane inversion through a line, then it is possible for
fluctuations to restore the continuous rotation symmetry with-
out restoring the discrete inversion symmetry. An example is
a coplanar antiferromagnet with a 120° short-range order on
triangular plaquettes. The inversion symmetry transformation
can be characterized as a change of the plane orientation in the
sense of a cross product: when two vectors s; and s, define a
plane, their cross product s; x s; defines the plane orientation
and changes sign under inversion. The tensor that captures the
plane orientation S® = s{s} — 595 is equivalent to a pseu-
dovector V¢ = e®¢§b o 4%sbsS in d = 3 dimensions. The
above theory describes the ordering-disordering transitions of
the “chirality vector” V¢ in coplanar quantum paramagnets.
Note that the spin-rotation symmetry is still broken in the
paramagnetic ordered phase, but reduced from that of an anti-
ferromagnetic ordered phase (there are two instead of three
gapless modes). Both ordered and disordered paramagnetic
phases can be invariant under spatial translations and in-plane
rotations.

F. Dzyaloshinskii-Moriya and other chiral spin interactions

The Lagrangian density can contain additional terms that
violate some of the space-group and point-group symmetries.
Spin(d) spins in d dimensions can experience a generalization
of the Dzyaloshinskii-Moriya (DM) interaction. If n is a
smooth vector field, its generalized DM interaction has the
following Lagrangian density in the continuum limit:

d—1
— Ai+1---Ad—1 ap...aqg—1 ap ay ay
£DM - ZDM]ka € n (aﬂln ) ce (a,ukn )
k=1
— C1---Cqg—2 abcy...cq—r a b
= Du € n (Bun )+ . 67)

Specifically, the DM interaction in d = 3 dimensions has the
continuum limit

Dij(ni X nj) = Dij[ni X (nj —n;)]

— D, [n x (3,n)] = DS, e*n"(d,n"). (68)

The chiral coupling on a triangular plaquette in d = 3 dimen-
sions has a similar continuum limit:

Dipzni(my x n3) = Dipzng[(my —ny) x (3 —ny)]
= Dipni(Axn; x Azjng)
— Dy, € n(8,n")(8,1). (69)

A chiral coupling of a smooth vector field n on a simplex with
n + 1 vertices in d dimensions coarse grains into

Cnt1---Cd—1 _AQ...ApCpi] ...Cd—1 ,,00 ,,A1 an
Dy, e nony ...n,

(8,,n").  (70)

i=1

C; e Cq— ap...ayC, il — a
N D n+l1 d IE 0 nCn+1 d lnof)

The formal procedure for constructing the continuum limit
is the same as before. We need to represent the microscopic
lattice spins with smooth fields, and replace the discrete
lattice derivatives As = ad;0; with ordinary derivatives 9;
before summing over lattice site pairs 6. The microscopic
lattice Lagrangian of a general translationally invariant DM
interaction can be written as

k

Ake+1---Ad—1 aou.ad 1 Aao Aa,
o= XYY 00 [T(27)- D

i k=1 {6} =1

If we substitute (52) here, we will get a “mean-field” part
whose coarse-grained limit contains (67) for every smooth
field si, m, including mixed combinations of si,...,s,, m
factors denoted by dots:

(8Mi m“i)

— ag...aq—1 Ak41--Ad—1 3,00
Loy = E € |:Dm et m
= i=1

p k
DL ) (R R
=1 i=1

A mixed coupling D{!*"" to n factors of s; has to be

computed by averaging a product of n coefficients Cy ; over
a coarse-graining cluster. The inherent nonlinearity of such
averages may allow finite values for some of these couplings
and introduce significant complexity in the exact continuum
limit when p > 1.

The fluctuation part of (71) will be an expansion in powers
of short-wavelength fluctuations §n;, which we integrate out.
The fluctuation corrections of the DM Lagrangian contain
various chiral powers of derivatives, which can be interpreted
as currents of higher rank coupled to non-Abelian antisym-
metric tensor gauge fields (see Sec. II G). Considering the
coupling of én; to B and other conventional action terms,
the corresponding fields will be dynamically inserted in the
generated terms upon integrating out én;. We will not further
analyze these fluctuation-generated terms.

G. Canonical formulation

We have derived the effective continuum-limit theory of
spins from a microscopic lattice model. This section ex-
presses the obtained effective theory in a canonical form. The
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canonical field theory is universal: it utilizes spin currents and
higher-rank tensor currents within the couplings shaped by
symmetry instead of any microscopic detail. The canonical
formulation of spin dynamics is useful for a unifying descrip-
tion of all chiral phenomena in spin systems. It will also aid
the construction of more complicated theories of electrons
coupled to local moments in Sec. III.

The continuum-limit Lagrangian density of staggered spins
(and equivalently ferromagnetic spins) contains the following
space and time derivatives:

P
Cd*s = Z %(%sz +A?;ku)2‘ (73)
k=1
We expect that the dynamics of staggered spin waves is
relativistic. Let us focus on any particular smooth field flavor
k. The canonical momenta 7r;; corresponding to the canonical
coordinates s¢ are

a 81: a a
= 5 = K (3,5 +A%). (74)

The Lagrangian density is invariant under local spin rotations
s — 57+ 859,

a a a __ abcy..cq—p b Cl...Ca—2
Ay, — A + A7 —€ 579, 6w (75)

which are generated by an infinitesimal antisymmetric tensor
w2 up to the order of Sw? — 0. Here,
554 = 6ahc] ...C,/,zsbawcl...cd,z
a __ gabcy..cqa Ab g c1...c4-2
SA), =€ A dw . (76)
This Spin(d) symmetry implies a conserved current
jl[, x JTZ(SSa — Kc Eabcl...cd,z (8MSH 4 Az)sb(swcl...cd,g .

Given the d(d — 1)/2 degrees of freedom for the choice of the
tensor Sw, we may identify d(d — 1)/2 different conserved
currents (selected by dw that takes a nonzero value only for
one combination of its index values):

jlcl}...cd,z — Eabcl...cd,z sa(aush +Aﬁ) (77)

The tensor fields S““ defined in earlier sections trans-
form nontrivially under spin rotations and hence also carry
conserved spin currents. Their canonical momentum obtained
from (66) is

Hal...a,, — 8£
23 SaMSal...ap

and transformations S$%% — S§%-% 4+ §§4% under spin
rotations are

= Ks (9,5 +4,77)  (78)

P
8Su1 «dp — E ea;b,-c'l wCd—2 S(l] ...(1,‘,117,‘(1,'4,1 ~edp 50)61 wCd—2 X (79)
i=1

Noether’s theorem then identifies the conserved spin current

14
Cl...Cd—2 __ _abcy...cq—p ay...qi-14diy1...ap
IS =€ §

i=1

X(ausal...a[,lhaHlmap+AZ]~~~Ui—]bai+lmap). (80)

Note that the spin current is contributed only by the S tensor
components that have exactly one index different than all

i, ..., Cq—2; only this constitutes a nontrivial rotation of the
spin manifold defined by S% .
Now consider the following consequence of (77):

fC1..Cd—2 3C1..Cd—2

jerca je
= (@ = D! [IsP (8,5 +A%)" — (33, IsP +s"ALT ]
— const x (3,5 +AZ)2 + const. (81)

We assumed that |s| is effectively pinned to a constant and
utilized s“Aj = 0 for “transverse” Berry connections. From
this we find that the continuum-limit Lagrangian density (73)
can be canonically expressed in terms of the spin currents:

4 gs;k .Cl..Ca_2)2
Las=) — () (82)
k=1

Similarly, the square of jg!»“~* currents is equivalent to

the gradient term for S provided that |S|? is fixed. We will
emphasize the gauge structure in subsequent discussions by
defining bare spin currents and spin-current gauge fields for
every smooth field:

jICL]...Cd,z — Eabcl...cd,z sﬂausb’
Cl...Cq—2 __ abL‘l...C(],z asb
AGa2 = ¢ s1Ab. (83)

The canonical Lagrangian density is manifestly a gauge the-
ory in terms of these quantities:

r

KS‘ +C1...Cq— Cl...Cq—
Las =y 5" (o +AG2). (84)
k=1

Note that the spin-current gauge fields are automatically
“transverse” to the spin direction. Couplings between the
spin currents of different fields are allowed, and specifically
there are couplings between the currents of different staggered
moments s, magnetization m, and staggered manifold tensors
Slll...[lp.

The magnetization modes can be treated with the same
formalism as the staggered spins since quantum fluctuations
generate a second-time-derivative coupling in the coarse-
grained Lagrangian density. However, the dynamics of mag-
netization is dominated by the Berry’s phase with the first time
derivative, and one may choose to neglect the higher deriva-
tives. In that case, the magnetization dynamics is manifestly
nonrelativistic and requires an adjustment of the canonical
formulation. The Berry’s phase Lagrangian density can be
written in real time in a gauge-invariant manner

om?

9
Lo = ( 4 +A;’m0)aom”, (85)

where ¢ is a pure-gauge part of the Berry connection. The
modified temporal components of the canonical momentum
and conserved current are

u 5L g Y
7T . = = bl
m0 T sdome — ome 0
e %
Cl...Ca—2 __ _abcy...cq—n a b
Jml;O =2 — abC1---Cd=2 <_8mb +A0>. (86)

The obtained temporal current component j.'=“~ is U(1)
gauge invariant, and not parallel to m?.
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The full action is completely independent of ¢. The formal
presence of the unphysical field ¢ in the gauge-invariant La-
grangian density and measurable currents is unpleasant in the
least. Hence, the coherent-state path integral can be viewed
as not an ideal starting point for dealing with ferromagnets.
Instead, it works better to represent magnetic moments us-
ing spinors of localized fermions, m® = Ty “y, where the
fermion field operator v is treated as a canonical coordinate
in a gauge-invariant Lagrangian density and eventually con-
strained by | "1/| = 1. The temporal spin-current component,
calculated in Sec. III, becomes

],Cn]()Cd 2 Eabcl...cd,zjab(m) (87)

and features the angular momentum expectation value
J®(m) = 7%y that turns into the angular momentum
density in the continuum limit. The analogy to the nonrela-
tivistic charge currents of particles is evident, and the formula
is U(1) gauge invariant without an additional field ¢.

The spin current (83) is at the bottom of a hierarchy of
antisymmetric tensor currents

]“;Hrl Ad—1 —
K- fhn

g0 di=1 g0 ]_[ (3,5 (88)
Together with tensor gauge fields of the same rank, they
describe the flow of topological singular manifolds [1]. In
d = 3 dimensions, for example, the spin currents of particles
Jy, or localized moments can form vortexlike flows around
line singularities. The current density j,, associated with the
motion of such singular strings needs two space-time indices,
and the gauge field A, coupled to j,, has a quantized rank-2
“flux” at the locations of topologically protected hedgehog
defects [1]. We discovered in Sec. IIF that the generalized
Dzyaloshinskii-Moriya (DM) interactions (72) contain pre-
cisely these tensor currents in the continuum limit:

d—1
Loy = ZDam - 1]an+1M:u L (89)

n=1

As argued in Ref. [1], the tensor currents acquire their own
dynamics from the quantum fluctuations of topological singu-
larities, so the DM interactions can be seen as the linear terms
in the gauge-invariant gradient couplings

d—1 K,

Lom = Z 2 S A ')2~ (90)

n=1

Every DM interaction is effectively a background gauge field
A=t oc =Dt applied in the system.

We deduced in previous sections how the continuum-limit
vector and tensor gauge fields arise from incommensurate
orders and chiral spin couplings on a lattice. This entails a cer-
tain connection between the gauge fields and magnetic orders.
Even if such a connection were not initially apparent, one can
make it explicit through a singular gauge transformation: start
from a particular magnetic order with nontrivial equilibrium
currents (83) and (88) having only spatial components, then
separate out their topologically nontrivial parts into the gauge

fields, keeping (84) and (90) invariant. The ensuing gauge
fields will carry flux, and the highest-rank flux is localized
and quantized in any magnetically ordered phase by the
74—1(S4"1) homotopy group. The gauge fields are linked
across ranks by the virtue of being derived from the same
spin field, but acquire independence if fluctuations destroy
the magnetic order. The remaining smooth currents directly
describe spin waves at rank 1, and topological defect currents
at higher ranks. Now, the gauged dynamics can manifestly
exhibit the non-Abelian and higher-rank generalizations of the
phenomena familiar from the motion of electrons in exter-
nal magnetic fields: spin-momentum locking, chiral response
functions, etc. Magnetic orders that emerge from the fluxes
of these gauge fields can in some cases be viewed as arrays
of topological defects [3], in analogy to Abrikosov vortex
lattices in superconductors. But, this theory is not limited to
ordered phases, it also describes chiral spin liquids featuring
Hall effect and generally magnetoelectric effect.

d = 3 dimensions

In d = 3 dimensions, the ordinary DM interaction intro-
duces a non-Abelian gauge field A}, to spin currents, and the
chiral spin coupling n;(n; x n3) introduces a rank-2 gauge
field A,,,. A nontrivial flux of these gauge fields will stim-
ulate a crystallization of topological defects in magnetically
ordered phases. Consider such a chiral ordered phase and
extract the topological spin structure from the currents into
gauge fields via a singular gauge transformation. The flux
of the resulting tensor gauge field through closed (sphere)
manifolds

1
(D(Sz) = E %2 dz)CQjA,'j
N

1 1
e} d’x€;j 5n(ain x d;m) 91)

is topologically quantized and reflects the presence of hedge-
hog point defects. The flux of A,, through an open (plane)
manifold reflects the number of skyrmion lines that cross the
manifold. In any magnetically ordered phase, A, and A, are
derived from the same magnetic order parameter n and hence
related [1]: the Maxwell coupling of A, in the Lagrangian
is linked to the gradient coupling (90) of A,,. Hence, the
presence of skyrmions in the magnetic ground state A, # 0
induces a vector gauge potential A, 7# 0 with a nonzero flux.
The latter is directly coupled to spin currents and induces
spin-momentum locking of spin waves [77-81].

We will find in Sec. III that the rank-1 (spin-current)
gauge field can be imparted on the local moments from the
microscopic spin-orbit interaction of itinerant electrons. This
correlates the topological dynamics of charge and spin cur-
rents when itinerant electrons coexist with local moments. It
also hints at the microscopic spin-orbit origin of non-Abelian
gauge fields intrinsically presented to local moments (derived
in Appendix D). A broad range of related phenomena, here
universally captured with the help of gauge fields, have been
studied in the recent literature: spin-momentum locking of
spin waves [82—85], protected boundary spin-wave modes
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[86—89], magnon Weyl nodes [90,91], and chiral spin-wave
response to external perturbations [92-95].

III. EFFECTIVE THEORY OF COUPLED ELECTRIC
AND MAGNETIC DEGREES OF FREEDOM

Here we consider the topological dynamics of charged
particles coupled to localized magnetic moments (the topo-
logical magnetism of purely itinerant electrons can be studied
using a simple adaptation of the following theory). Both
degrees of freedom experience gauge fields that can produce
topologically nontrivial states. We will first derive the basic
but general continuum-limit formalism for spinor particles,
starting from a lattice model with arbitrary spin-orbit and
multipole-orbit interactions. Since the analogous formalism
for local moments was derived in Sec. II, we will then proceed
with the analysis of the interactions between the two degrees
of freedom, and the interplay between their topological behav-
iors.

A system of mobile charged particles coupled to localized
spins can be described by the following lattice action:

:/dt[—iZ%—?Ao(ﬁi)— ZBn
i ij
+2_ 0 ——Zw* iy,

1],\,\

+ Z(—Molﬁwl‘ +UW ) + - i| +Sk. (92)

The part Sx is a Kondo interaction between particles and
spins, which we will discuss in Sec. III B. The particle field
Y is a Grassmann spinor for fermions or complex spinor
for bosons. The gradient couplings for particles #;; = t;; are
scalars, but the particles are minimally coupled to an external
U(1)xSpin(d) non-Abelian vector gauge field .4 which is
represented by a matrix and defined for every pair of lattice
sites i, j:

d
Aj=—Aj=a;+ ZA?}MG"% Y&y 93)

n=1

All gauge-field components A} are real valued and an-
tisymmetric with respect to their upper indices. A d =2
example can be found in Refs. [96,97]. The factors

én — l-n(n—l)/Z (94)

keep the matrix .A;; Hermitian despite the anticommutation of
Spin(d) generators y¢. The U(1) gauge field g;; is dynamical
and reproduces the ordinary electromagnetism of particles.
The non-Abelian gauge fields A" have no dynamics and
generalize the spin-orbit coupling. We will be particularly
interested in the n = 2 flavor and show that it couples to the
currents of angular momentum in general d dimensions. Not
all flavors 1 < n < d are necessarily independent due to the
“duality” relation

b, by, d+1 __ Sd Apt1

(d —n)! €by..byayy...agY . )/ad (95)

derived in Appendix A. Specifically in d = 3 dimensions,
y* = 1 implies that Af; ~ e“bCAf’f are equivalent. Analogous
construction in higher representations of the SU(2) group in
d = 3 dimensions comes with a modified relationship (95),
due to {y?, ¥} # 8%, and allows us to describe general spin-
multipole-orbit coupling with gauge fields.

A combined topological charge and spin dynamics can
also arise from a single itinerant electron field. The following
discussion can be adapted to this case merely by removing all
intrinsic local-moment terms from (92) that have fi displayed.
The field fi is to be kept only as an artificial degree of freedom
that derives all of its dynamics from electrons via the retained
Kondo coupling Sk. Then, integrating out the particle fields
yields an effective action for the spin dynamics. The generated
spin-action terms can be calculated perturbatively, and some
nonlocal and dissipative couplings will generally emerge in
conducting systems.

A. Gradient coupling

In simplest cases, the gradient term for particles has the
following continuum limit:

- Ztijlﬂ,-TeiA”Wj = - Ztiﬂﬂ;(l +iA+ )Y
ij ij

N /ddr[§|(a,+iA,>¢|2+6r|w|2].

(96)
In the second line, the summed index j € {x,y, z, ...} labels
independent spatial directions. The spatial vector
a
AJ=E;t5A55j+~-- (97)

is derived from the microscopic lattice gauge field A;;
by coarse graining: first express the lattice quantities as
i =ts, Ay = As, i = a’*¥, Yips = a??(1 +ad;0)y,
where a is the lattice constant and & is the lattice site
displacement with projections §; € Z measured in unit
cells, then sum over §. The dots in (96) and (97) represent
the contributions of higher orders from the expansion of
exp(iA;;); larger products of y“ can be reduced to smaller
ones by {y?, y?} = 26 and (95). We will later carry out the
exact calculation in d = 3 dimensions.

A uniform non-Abelian gauge field A; = y/ produces a
chiral Weyl spectrum. An example of the gauge field for the
spin-Hall effect in d = 2 dimensions is the Rashba spin-orbit
coupling .A = A%y“ = q€,;,7“, which carries a “magnetic”
Yang-Mills ﬂux [39] given by the matrix

Dy = Dy = €y;;(0; A9 + €™ ATAY) " =247y, (98)

This example falls slightly outside of the cases discussed in
this paper because it involves Spin(/N) spins in d dimensions
where N =3 is not equal to d =2. Switching to d =3
dimensions brings us back on track with N = d at the expense
of adding a spatial index to form @, and a three-dimensional
(3D) curl on the right-hand side: this describes a spin-Hall
effect in the plane perpendicular to a special axis & (e.g., due
to symmetry breaking).
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If the low-energy quasiparticles live in multiple regions
of the microscopic first Brillouin zone, which are centered
at wave vectors Ql, el QN, then one needs to express the
microscopic spinor

N
V() =Y 0Ty (F) (99)
n=1

in terms of smooth spinor fields ,(7) and derive the
continuum-limit theory that contains a gradient coupling (96)
for every quasiparticle flavor v,,(7). The procedure is straight-
forward and analogous to the rectification of staggered mag-
netic moments that introduced smooth fields s; in Sec. IID.
Weyl fermions always live on multiple nodes, so they must
be rectified into one flavor per node for the continuum-limit
representation.

The effect of the gauge fields on particles is further re-
vealed by expanding the gradient Lagrangian density in (96):

K .
Ly = 10, + 1AV
_ 5(3 T)(a Y+ Ka,j K A1 n a1
= 5 @;¥)0;¥) + Ka;j; + D AT

K .
vl Ay, (100)

The Hermitian and gauge-covariant particle currents

j,-=—%[w<D,-w)—(Djw)*w1,

Jjn= —%Wy“' D) =Dy y Y]
(101)
are defined using the covariant derivative
D;=9;+iA;. (102)

It is clear from (100) that the physical current aims to screen
the corresponding gauge flux. The screening is global when-
ever the dynamics is shaped by the Anderson-Higgs mech-
anism, i.e., in ordered phases (superconducting, magnetic,
etc.). Otherwise, the screening is limited in space and time
by the correlation length and time scales.

Charge and spin currents are conserved in the presence of
U(1) and Spin(d) symmetries, respectively. Spin(d) rotations
in the ab plane are generated by the angular momentum
operator

a#b iab

i
J = — 4l e s —5v"y (103)

The particle spinor changes under infinitesimal rotations as

,lp — e*i‘/ah(sﬂ,(p — w + (Swab, 8,(pab — _i.]ab69 ,lp

Since the canonical momentum corresponding to the canoni-
cal coordinate v in the effective theory is
8L

_ T
Ty = 50,0 o (Dur)',

(104)

the conserved Noether current is

I ocm, 59—~ (TID, ) ~ (D)),

(105)
It is now evident from (94) and (103) that the original n = 2
current J¢* = —2[¢” in (101) is the physical spin current (up

to a constant factor). We will also use the canonical form of
the particle spin current in d dimensions:

7;]...6472 +X;1...Cd,2 — EabC]...Cd,Z‘]Zb (106)
with
7;‘1...6‘(172 — ieahC|...Q1,2[w'lLJab(8j ,(//) _ (aj w)f]dbw],
X;l'“sz — _Eabcl...ct/,z wT{Aj , ]ah}w (107)

in order to establish the relationship between the spin currents
of particles and local moments.

For nonrelativistic particles, we must modify the temporal
component of the spin current:

e
R

o =iyt = =y (108)

Its canonical form becomes the angular momentum (spin)
density

TCy..Ca—2 T yab
J() - eabcl...cdfzw J 1/f,

which in d = 3 dimensions is

A-;c) — Gabcw]“]abw — wTycw. (109)

Electrons in d = 3 dimensions

The Clifford algebra anticommutator {y¢, y*} = 26 en-
ables a simple exact calculation of the continuum-limit gauge
fields in d = 3 dimensions. The generators y“ = o are just
Pauli matrices. Only the linear powers of y“ are independent
in

a

Ay =a; + Ay  =a; + |Aij|ﬁya’ (110)
ij
with |A;;| = | /ATAT,, and
A A sin(|A;;])
l.A,'j i ij 7 2
i = ¢l |:cos(|Al-j|) + l—|Aij| A?,-y“] (111)
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Substituting in (96) yields

A W b

sm(|Al sD
|Ai sl

+ cos(|A, 5 |)[COS(|ai,5|)ki,s -

where § = j — i, X;5 = Xjj,

ki = 505 + v ),

L

1
K = =S Wy + v v) (112)
are bond scalars k; 5 = k;,
charge and spin currents

_s, Kis =K _s, and the lattice

iy = =5, = v,

a i T.a t.a

Jij _E(in v, =¥ (113)
have continuum limits given by (101) without the gauge
fields. The gradient coupling has the same form (96) in the
continuum limit as before, but now we can compute the exact

coarse-grained gauge fields

a sin(|as|)
= X EB tacos(|A,g|)Wa55j,
in(|As])
=—E ts cos(la 5|) A ASj (114)

from their lattice versions. We are assuming that the system is

isotropic, and then
K=d") 1,8 (115)
s

B. Kondo/Hund coupling

The interaction between the spin currents of local moments
Ju " and particles j,,'““~* is given by the Kondo coupling
action Sk. In d = 3 dimensions, we can write the familiar

“double-exchange” form
Sk = JK/dr o atylyy, > Jder > s e

which couples the spin densities of the local moments j§
and particles %l in a nonrelativistic spinor representation
(109). The microscopic Zeeman interaction between mag-
netic moments and particles’ spins couples only the temporal
components of the spin currents. When the short-length-scale
magnetic fluctuations are integrated out by coarse graining, a
part of this interaction re-emerges as a spin current drag, i.e.,
a coupling between the spatial current components at larger
length scales. For simplicity, and without loss of generality,
we will describe the spin-current drag relativistically:

Sk =JK/dr d?r jorea jacin, (117)

sin(lai‘5|)

|ai s
ai,aji,81| }v
[

This continuum-limit Lagrangian density naturally applies to
the Spin(d) group in an arbitrary number of dimensions d,
but it couples the spin angular momenta of particles and
local moments rather than their spins directly. An interaction
of this kind ought to be included between the spin currents
of particles and all modes (staggered s and magnetization m)
of the local moments:

EK - I:ZJKsk

Note that the currents are stripped of their background gauge
fields here, e.g., j is given by (107). Any shifts of the currents
in this formula would arise from the microscopic details of the
Kondo coupling instead of the particle’s spin-orbit coupling,
Dzyaloshinskii-Moriya interaction, etc., which produced the
gauge fields in the gradient terms. In other words, some gauge
fields could in principle obtain in the above formula (and
formally make it gauge invariant), but there is no reason
for them to be the same as the earlier gauge fields, and
we will ignore them for simplicity. Ultimately, the Kondo
Lagrangian density Lk describes the low-energy processes
in which the spin angular momentum is transferred between
mobile particles and local moments.

|:— cos(la; s DAY sJi's + a; ;AY K i|

sin(|a; s|)
|ai s

+C1...Cd—2
skp.

+JKmJL1 «Cd— 2i|j;1m€dz. (1]8)

C. Gauge flux transfer between electrons and moments

All manifestations of nontrivial topology in physics are
a consequence of suppressing some high-energy degrees of
freedom in systems with gauge fluxes. For example, lat-
tice electrons in a magnetic field can form a quantum Hall
state only when some high-energy bands in their Hofstadter
spectrum are unoccupied. We can generally expect similar
emergence of topology-related phenomena in the systems of
coupled electrons and magnetic moments. The symmetric
form of the Kondo interaction (118) indicates that the spin-
current gauge fields will be dynamically shared between the
two kinds of spins.

If the particles ¢ become localized and all of their ex-
citations are pushed to high energies, then we can integrate
them out to obtain an effective theory for the original local
moments fi; alone. The classical gradient energy of localized
particles is minimized when their gauge-covariant spin current
given by (106) vanishes. Therefore, the intrinsic spin-current
fluctuations tend to spread symmetrically around the gauge-
field background j = —A. Integrating out ¥ with (118) in the
Lagrangian density will induce a coupling

o=

( Z JKs k-];]k/:d ’
(119)

Cl1...Cq—-2

+ JKm]m N7
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between the spin currents of local moments j;'“* and the
gauge fields A,/ that incorporate the spin-orbit coupling
of particles. Some gauge-field averaging takes place because
A}l " depends on the field v that we are integrating out.

The immediate physical consequence is a tendency to repli-
cate the electrons’ spin-momentum correlations in the dynam-
ics of spin waves. If the mobile electrons exhibit a spin-Hall
effect, e.g., captured by (98), so will the local moments too.
Interesting possibilities include a spin-momentum locking of
spin waves [82-85], protected boundary spin-wave modes
[86-89], magnon Weyl nodes [90,91], and chiral spin-wave
response to external perturbations [92-95].

Spin dynamics can further scramble the relationship be-
tween fluxes and microscopic fields. For example, consider
hedgehogs, the stable topological point defects of collinear
spins in d = 3 dimensions. Their density and currents can
be naturally described [1] by the fluxes of an antisymmetric
rank-2 tensor gauge field A,,. The ordinary gauge field Aj
of rank 1 describes line defects with its fluxes, but they are
not topologically protected in d = 3 dimensions. An isolated
static defect carries a flux quantum of the appropriate gauge
field. If the defects proliferate and become mobile due to
quantum or thermal fluctuations, their flux diffuses and can be
conveniently described by a smoothly distributed gauge field.

The connection of these gauge fields to the spin order
parameter fi is easily extracted in ordered phases where the
gauge fields carry localized flux quanta (attached to defects),
and currents screen those fluxes via an Anderson-Higgs mech-
anism:

AZ ~ —¢€

1
bepb(d,n), Ay ~ —Ee“b”ﬁ“(aﬂﬁb)(iivﬁc).

(120)

This reveals intricate correlations between the gauge fields
of different ranks, which can influence the dynamics even
when the order parameter fi becomes disordered and the
gauge fluxes diffuse. Specifically, the flux €p;jxd;Ajx ind =3
dimensions is the density of hedgehogs that enjoys topological
protection against any smooth fluctuations of fi, even as they
restore the spin-rotation symmetry of the ground state. It has
been shown [1] that fluctuations dynamically generate the
couplings

d—1 2
Z ’%‘( €90+-d—1 ;0 l_[ +A;i;ll+1“afi 1) (121)
n=1

between the tensor currents (88) and gauge fields at all ranks
in d dimensions through the links such as (120). The fluxes
at higher ranks arise from the nontrivial gauge fields at lower
ranks, tracing back to the rank 1 where the gauge field has
a microscopic origin. In the present situation of interest, the
particles ¢ transfer their spin-orbit gauge fields by (119) to
the local moments f, and then the higher-rank couplings (121)
emerge due to fluctuations. Even if there are no independent
local moments fi;, the particles v can retain their spin degrees
of freedom at low energies as they localize; the residual spin
currents of particles are governed by the effective spin-only
theory constructed in Sec. II, and affected by the emergent
Berry connection gauge fields together with the interactions
(121) at higher ranks. Inducing a gauge field on the spin

degrees of freedom is not sufficient for generating a topo-
logically nontrivial dynamics, but it is a necessary ingredient.
The hedgehog flux of the highest-rank gauge field A,,, ., ,
is always related to the topological Berry flux in momentum
space [1].

Using these theoretical tools, one finds additional implica-
tions of the electrons’ spin-orbit coupling to the dynamics of
local moments, ranging from unconventional magnetic orders
to exotic fractionalized states of matter. In the language of
(d = 3)-dimensional spins, the rank-1 gauge field is equiv-
alent to the Dzyaloshinskii-Moriya coupling, and the rank-2
gauge field amounts to a “chiral” spin interaction. Both go
against simple zero-gradient magnetic orders and stimulate
the formation of skyrmion and hedgehog lattices [2,3] in
classical magnets, in analogy to the way magnetic fields
stimulate Abrikosov vortex lattices in superconductors. The
gauge fields that maintain a constant density of topological
defects have an even more profound effect when fluctuations
restore the spin-rotation symmetry. A remarkable possibility
are topologically ordered states in which a fractional amount
of electron’s charge or spin binds with a hedgehog topological
defect to form a fractionalized quasiparticle. A liquid of
such objects has many qualitative similarities with fractional
quantum Hall states, and can be viewed as a novel kind of a
spin liquid [1].

In the opposite direction, the intrinsic gauge fluxes of local
moments can influence the topological properties of particle
bands. We have identified the Dzyaloshinskii-Moriya and
chiral spin interactions as the gauge fields coupled to local
moments in Sec. ITF. If we integrate out the local moments
in a theory with the Kondo coupling (118), the particles will
acquire a correction

= < ZJKJ A7)+ JKm<Afri;ﬁCd2>>

X e 4. (122)

to their intrinsic spin-orbit coupling. This aims to transfer
any spin-momentum locking of spin waves to the conduction
electrons. A more dramatic possibility is the introduction or
removal of Berry flux singularities in the bands of mobile
electrons, whose physical manifestations are the Weyl nodes
in topological semimetals and topologically protected surface
states.

All these considerations indicate that it is quite natural to
expect topologically nontrivial electronic bands in materials
that exhibit topologically nontrivial magnetic textures, and
vice versa. The actual expressions of topological dynamics
depend on additional factors such as symmetries and interac-
tions that can protect or spoil energy gaps and degeneracies.
However, the gauge fields are an essential ingredient for
topological dynamics, and they are shared between interacting
degrees of freedom.

D. U(1) flux induction and the topological
Hall/magnetoelectric effect

Beyond spin currents, the transfer of gauge flux also af-
fects the charge currents of particles. This is the origin of
the topological Hall effect in magnetic topological materials
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[6,7,14,49-56]. In the simplest scenario, often considered in
the literature, one neglects the fluctuations of local moments
n; and assumes that their frozen spin configuration presents
a strong Zeeman field to conduction electrons via the Kondo
coupling. If the electron spins end up rigidly aligned with the
nearest local moments, one obtains the “adiabatic” regime:
electron spin fluctuations cost high energy and may be in-
tegrated out. The particle spinor v keeps track of both spin
and charge fluctuations, so we first extract all charge currents
ju = |¥|?3,0 into the U(1) gauge field a, with a gauge
transformation

Y — e,

After this, ¥ = ¥ + §¥ contains only spin fluctuations and
can be integrated out. There are two characteristic conse-
quences even at the mean-field level, which neglects the
deviations §¢ from a static background 9. Unpacking the
gradient coupling (100) and substituting (93)

a, — a, +0,0.

K
‘Cpg = EK—:E)” ~|— aﬂ + BMQ

Sy

2

=K(a, +9,0) ZAZ""“"(wTEny”'

n=1

Yo 4

(123)

shows that the charge current j, = (|I[/|2)3M9 is evidently

coupled as j ,45;; to a vector quantity
ey

‘Z s

This is an effective U(1) gauge field induced via the spin-
orbit coupling. In d = 3 dimensions, this gauge field carries
a magnetic flux which could be nonzero in the presence of
magnetic order:

~ Ty,a
b, = €,,,0,d, =¢€,,,9,(A5s"), = %

w

Another similar effect obtains from the Kondo coupling
(118). Integrating out the spin fluctuations i generates an
effective interaction (119) as before, even at the mean-field
level. However, the outcome now has a different interpreta-
tion. We are interested in the charge dynamics buried inside
the U(1) gauge field part of 4, in (107) and (93):

gf‘j.“(,‘d_z — _GabC]...L‘d_z w"'{au + aMQ , Jab}w + -
— _26£lbcl,..c'd,2(au + 8M9)<wT‘labw) + e,

(124)

(125)

The charge current j, = (|1p|2)aﬂ9 is evidently coupled as
jMZiZ in (119) to a vector quantity

~I abcy...cq— (V/T‘Iabw>
G 2

<Z‘IKskstlkﬂCd 2 +JKm]“ Cd— 2) + - (126)

that can be interpreted as an emergent background U(1) gauge
field. This gauge field can carry an effective magnetic field of
large magnitude, given that the background spin angular mo-
mentum (Y7 J%)) can vary rapidly even on the microscopic
lattice length scales. The observable physical consequences in
d = 3 dimensions (focusing on one local moment mode)

we WYY )
€ = =39S
W) W)

are associated with the emergent magnetic field:

abc (wTJahIp)jc
(wiy) 7

= 2 €€ [s*(9,n")(9,n°) — n(8,5”)(0:n)]. (127)

J; — Eabcna(aunb)7

T ~1
bﬂ = ewﬂva)\ = 2JK6MM3‘}6

In the “adiabatic limit,” the electron spin s oc n precisely
follows the local moment spin and b;i vanishes: the two
terms in the last line cancel out even though each could
individually produce a topological Hall effect, a conversion
of the skyrmion density €, 5€¢n?(3,n")(3,n°) into magnetic
flux. A nonzero flux here requires some coherent mismatch
between the electron and local moment spins, perhaps caused
by an independent spin-density-wave instability.

Fluctuation corrections to the effects (125) and (127)
can be readily computed, but will not be pursued here. We
will, instead, scrutinize very important properties of the
particle spinor representations that lead to the “intrinsic” and
“topological” anomalous Hall effects [49,52]. In a nutshell,
charge and spin currents (101) extracted from the same spinor
field are correlated, so that topological defects of the charge
currents become bound to the topological defects of the spin
currents.

Consider a fixed-amplitude S =
sions

% spinor in d = 3 dimen-

. cos (%) iy
= i 12
V() (Sm( ) 1¢)e (128)

which represents smoothly a spin oriented in the direc-
tion § =X sinf cos¢ + ¥ sinf sin¢ + Z cos§. Computing
the charge current is straightforward:

1 —cosf
= ——[lﬂ @¥) — @YYl =8y + —— — e
The charge current can have a nontrivial curl
. 1 —cos®
D =¢€,,0,j, = D + 2 €,00,0,0 + 26,“,A v

(129)
in a plane (indices suppressed, ® = ®g). Py = €,,,0,0,Y
obtains from the externally applied magnetic field, formally
via a U(1) gauge transformation, and

1
Ay = 56“}’63”(8“3}’)(81,&6)

sin 6
= 5 [(0.0)(3¢) — (3,6)(3, )] (130)
is the rank-2 gauge field associated with topologically non-
trivial real-space configurations of the particle’s spin texture
[1]. In any skyrmion or hedgehog configuration, the total 47 n
flux of A,, is converted to the 2zn flux ®. The singular
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part &, = %(1 — cos 0)e€,,,,0,,0,¢ comes from the “south” pole
6 = m only, where ¢ has a quantized nonzero curl. Hence,
®, is 2w quantized and regularized away on the lattice. The
“south” pole is at the infinite distance from the center of an
idealized skyrmion, and contains a Dirac string in the case of a
hedgehog. At the end, the curl of charge currents is determined
both by the external magnetic field @ and the density of
magnetic topological defects €,,,A,,, in the spin texture. If the
electron’s spin aligns perfectly with a topologically nontrivial
texture of local moments s || n, then the presence of defects in
the local moment configuration €**°4%(9,A%)(3,A°) # 0 will
induce an effective magnetic field for charged particles, thus
leading to the “topological” Hall effect. One can readily repeat
this analysis in the S = 1 representation

cos? (%)e”"”

V(@) = %z sin (131)
sin” (§)e®
to find
D =Py —cosbe€,,0,0,0 + €,0A,. (132)

Ignoring the singular part, this is the same as (129) except for
the coefficient to A,,, generally equal to the spin magnitude S.

The topological correlation between charge and spin cur-
rents is quite general. A coherent-state spinor in d spatial
dimensions can be constructed as

AOES (133)

in terms of the spherical coordinate system angles
01,...,6040€[0,m], ;-1 €[0,27) which specify the
spin orientation

e_i-ld—l,dod—l L e—ist@ze—iJqu@l eiV Yo

0

§° = cos b,

3! = sin 6, cos 6,,

3972 = sin6; ...sinf;_5cos Oy,
347! = sin6; ...sin6,_p sin6y_;. (134)

The angular momentum operators J% are given by (103) in
any particular representation, and v is an arbitrary fixed
spinor in that representation. It has been shown in Ref. [1]
that any spinor field theory admits a topological Lagrangian
density term

Sa—
. h d—1 m
L, =iK,J, (‘7“ B 2d*1nSj” >’ 5
where
j;ltl = €Lk BVAI;"“)‘"*' ’
j/in = 6;/.1))»14..&1—1auAf\nl-“Mfl (136)

are the currents of hedgehogs (h) and monopoles (m), respec-
tively (expressed using gauge fields), S is the eigenvalue of
the J% spin angular momentum accessed in the given repre-
sentation, and S, is the “volume” of a unit-radius n sphere.
The topological term is active only when the particles and
their topological defects simultaneously occupy the same lo-
cations in space; this takes extraordinary quantum fluctuations

with frustrated dynamics, and leads to topologically protected
insulators which can even be fractionalized. Conversely, the
topological term £, vanishes in all conventional states of
matter, and yields the relationship

24-1x8
m __ h
T =50,

L,=0 = (137)

that reveals a representation-dependent topological correla-
tion between the charge and spin currents of spinor fields:
Jli‘ carries the topological defects of spins, and J," carries
the topological defects of charge degrees of freedom. Note
that this equation is consistent with (129) and (132) ind = 3
dimensions.

This generality goes beyond the topological Hall effect.
The general physical effect described by (137) may be called
“topological magnetoelectric effect.” Magnetic topological
defects of particle spins will bind the equivalent charge-
current topological defects, at least in conventional states of
matter. The binding is precisely quantized by the spinor repre-
sentation, i.e., the spin magnitude S and spatial dimensionality
(the latter does not matter in d = 2 and d = 3 dimensions
where 297! /S;_; = 1). The binding of line defects in d =
3 dimensions attaches vortices to skyrmions and produces
topological Hall effect (note that a nonzero chirality (S; (S, x
S3)) # 0 essentially indicates the presence of skyrmions).
The binding of point defects attaches Dirac monopoles to
hedgehogs, leading to an induced magnetoelectric effect. The
monopoles are expressed in a complicated three-dimensional
pattern of charge currents which is made possible only by a
crystal lattice: the unavoidable quantized Dirac string attached
to the monopole singularity is to be threaded through a single
column of lattice plaquettes, so that its flux quantization
would make it physically unobservable.

The electric-magnetic defect binding is a phenomenon dual
to the binding between charge and spin currents. Conventional
states of spinor fields exhibit the electric-magnetic binding
of either their particle currents or defect currents, whichever
is conserved. An example of the former is a Mott insulator
where the same excitation carries both charge and spin, while
the latter conditions occur in states with broken spin-rotation
symmetry, etc. A complete spin-charge separation is possible
in topologically ordered states, and indeed the ensuing £, # 0
enables a detachment of charge and spin topological defects,
without making it necessary. Any residual defect binding will
produce a topological magnetoelectric effect in a completely
quantum-disordered state. Quantum Hall liquids in d =2
dimensions are examples of such states, while the d =3
realizations are currently rare [9—11,98].

The binding of electric and magnetic defects is quantized
and rigid only within a single coherent spinor field. Quantum
and thermal fluctuations will generally spoil this rigidity.
Also, one is typically interested in the topological Hall effect
due to the nontrivial spin textures of local moments, induced
on the conduction electrons through a Kondo or Hund’s
coupling Jx. A quantized binding of electron charge currents
to the topological defects of local moments also requires the
“adiabatic” regime, a perfect alignment between the electron
and local spins facilitated by a large Jx.
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E. Microscopic effects and Berry flux

Finally, we should address the continuum-limit description
of the topological effects shaped at microscopic lattice scales.
Let us gain insight by considering the integer quantum Hall ef-
fect in the familiar Hofstadter problem on a two-dimensional
lattice. If the magnetic field is commensurate with the lattice,
having p flux quanta per ¢ plaquettes (p, g € Z), then the
spectrum has well-defined topological band gaps and the
bands carry quantized Berry fluxes. However, the microscopi-
cally commensurate magnetic field leaves no residual smooth
gauge field coupled to particles in the continuum limit; we
have encountered this phenomenon in magnetic systems as
well in Sec. IIC. So, how can the continuum-limit theory
capture the Hall effect without an external gauge field in the
Lagrangian? The only option left is to capture the Hall effect
with a topological Chern-Simons (CS) coupling:

K .
Lone = 5|aﬂw|2 — 1Y+ uly|* + iKcs€unn ¥ '9,8,0, 0

Ky
2

- 2
+iKcs|v| €pvaly 0vay,.

—

(3.0 + a,)* — tly > +ulyl*
(138)

The arrow applies to incompressible states with a fixed uni-
form density |1/|?, where the phase fluctuations 6 and their
singular part a,, = (9,0)sing. carry the low-energy dynamics.
The topological term alone produces a nonzero Hall conduc-
tivity [26], which in turn corresponds to a nonzero Berry
flux [40]. The Chern-Simons coupling constant Kcg has to be
quantized only in insulating phases.

We can construct similar topological terms to describe
topologically induced Hall and spin-Hall effects in higher
dimensions, provided that we introduce a “chiral order param-
eter” By, . .-

K
Lrpe = 3|a,4w|2 —tly* +ulyl*

+ inBMluJ‘vd—ZeMl---/’vd720‘ﬁ]/wfaaaﬁaynl/f +--. (139)

The coupling K, is restricted by symmetries [99], but oth-
erwise has to be calculated microscopically. Suppose the
particles move in a staggered magnetic background of lo-
cal moments. The staggered spins are locally represented
by a set of smooth fields sy, m. Solve microscopically the
problem of particles interacting with the staggered spins of
the uniform s;, m configuration, and find the band structure
and Berry fluxes of the particle bands. Determine Kj;(s;, m)
and By, .. ., ,(sx, m) by reproducing the calculated Berry flux
of the populated bands from the above topological term as
discussed in Ref. [1]. In d = 3 dimensions, the chiral order
parameter is a vector B, which reflects the spatial direction of
skyrmions in the magnetic texture, and defines the direction
of the effective magnetic field that provides the Hall effect.
The microscopic spin-Hall effect can be captured in a similar
fashion with a modified topological term that involves spin
currents. The topological terms for magnetoelectric effects
that have been constructed in Ref. [1] can be put to the same
use.

The “intrinsic” anomalous Hall effect is not fundamentally
different from the “topological” Hall effect in the point of

view pursued here. Consider, for example, frozen local mo-
ment spins which are Kondo coupled to conduction electrons
in a double-exchange model. If the only dynamic degrees of
freedom are the conduction electrons, then we can regard the
Kondo coupling as a spatially nonuniform Zeeman field with
possibly nontrivial texture. Diagonalizing the Hamiltonian of
these noninteracting electrons is now the only task to perform.
Regardless of whether the magnetic texture is commensurate
with the lattice or not, its outcome is some band structure in
which one may find band gaps and topologically nontrivial
bands characterized by certain topological invariants (e.g.,
quantized Chern numbers in d = 2 dimensions). We can view
the ensuing Hall effect as “intrinsic” since it is associated
with a nonzero Berry flux. At the same time, the Hall effect
arises by the alignment of electron spins with local moments,
which makes it “topological.” One could by convention decide
to associate the “intrinsic” Hall effect with Berry fluxes im-
parted microscopically by large commensurate gauge fluxes,
and the “topological” Hall effect only with residual in-
commensurate fluxes (skyrmion textures) at larger length
scales.

More generally, a Berry flux can be partially imparted on
the electron bands by the spin-orbit coupling, and partially
by a magnetic order (even ferromagnetism, or an external
magnetic field). Additional internal degrees of freedom can
also be involved in producing topologically nontrivial band
structures. Ultimately, one can always derive effective gauge
fields coupled to particles both at microscopic and larger
length scales. Skyrmions and hedgehogs in magnetic textures
will produce spatially dependent gauge fields with localized
fluxes in real space. Spatially uniform gauge fields arising
from the spin-orbit coupling are mathematically equivalent to
a quantum liquid state of skyrmions that lacks positional order
but maintains a nonzero spin chirality reflected in the residual
magnetization. One can describe all topological phenomena
either in real space, using the spin-orbit and higher-rank
gauge fields capable of capturing the diffusion of defects
[1], or equivalently in momentum space using Berry fluxes.
Analogous conclusions apply to all intrinsic and topological
magnetoelectric effects.

IV. APPLICATIONS

The following discussion provides a unified physical pic-
ture of several phenomena in chiral magnets, many of which
have been experimentally observed [82,100-102] or theo-
retically anticipated [77-81,83—-86,88-95,103]. We apply the
methods and insights from Secs. II and III in d = 3 dimen-
sions to analyze (1) equilibrium spin textures with skyrmion
and hedgehog lattices, (2) the spin-momentum locking of
spin waves, (3) chiral response to external perturbations,
and (4) the temperature dependence of the topological Hall
effect. This analysis builds in part upon the spin Hamiltonian
that we derive in Appendix D from the Hubbard model of
localized electrons, taking into account the spin-orbit coupling
through an SU(2) gauge field, thus going beyond earlier
similar derivations [104—108]. Having this link to the micro-
scopic properties of materials, we reveal the conditions for
the appearance of skyrmions and hedgehogs in magnetically
ordered and disordered phases. We identify type-I and type-II
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behaviors of magnets based on their equilibrium response to
the spin-orbit SU(2) flux. We qualitatively deduce the nature
of topological defect arrays in relation to the type of flux, and
discover that novel lattices of hedgehogs and antihedgehogs
are possible in natural circumstances. The topological features
of spin-wave spectra and chiral responses are similarly related
to the character of the SU(2) flux. The analysis is ultimately
universal: we use field-theory methods and Landau-Ginzburg
type of arguments to provide the physical understanding of a
broad range of materials.

A. Skyrmion and hedgehog lattices

Spin currents jj; are generally coupled to a non-Abelian
gauge field Af. The currents of line defects j,, are cou-
pled to a rank-2 tensor gauge field A . These gauge fields
can have several origins: (1) the microscopic spin-orbit
coupling of localized electrons that form local moments
(i.e., Dzyaloshinskii-Moriya interaction, see Appendix D),
(2) the spin-orbit coupling of itinerant electrons (Sec. 111 C),
(3) incommensurate frustration of spins (Sec. IIC), and (4)
quantum fluctuations [1]. Even a uniform static non-Abelian
gauge field A{ can have a nonzero Yang-Mills flux

@ = € (9,A7 — €"CATAT). (140)
If we regard the spatial flux components as matrices ®; =
@y, where y“ are the spin group generators (e.g., Pauli ma-
trices), then every gauge transformation ®; — =7 @,;e/"7"
parametrized by 09(7, t) preserves the flux matrix eigenvalues.
Therefore, the eigenvalues are gauge invariant, while the
flux components are gauge covariant, i.e., rotate locally in
the spin space under gauge transformations. Here we show
that the non-Abelian flux arising from the spin-orbit inter-
action stimulates the emergence of static topological defects
(skyrmions or hedgehogs) in the magnetic order parameter.
This phenomenon [2,3] is analogous to the emergence of
vortices in type-II superconductors subjected to an external
magnetic field. We will link the types of defects to the nature
of gauge flux, and identify both type-I and type-II behaviors
of magnets.

The essential theory describing the relevant physics is
given by the Lagrangian density

K, ., o2 Koo
EZ_(JM-’_AM) +7(‘]’“}+Aﬂu)2 (141)

2

of a vector field s* with fixed magnitude |s|? = s%* = 1.
We choose to emphasize the relativistic dynamics of anti-
ferromagnets: generalizing to a nonrelativistic dynamics is
straightforward. This theory obtains after the rectification of
microscopic spins discussed in Secs. [IC and IIF. We will
consider a single vector field in order to ensure a topological
protection of skyrmions and hedgehogs in two and three di-
mensions, respectively (keeping in mind that microscopically
noncollinear magnets may require description in terms of
multiple vector fields with similar Lagrangian terms). The
spin and chiral currents

jz — eabcsb(ausc‘)’

= €™59(3,,5")(0,5) (142)

J”,v

are assumed for simplicity to carry unit “‘charges” with respect
to their gauge fields; the actual “charges” depend on the spin
representation, lattice geometry, the spatial range of micro-
scopic spin interactions, and rectification. The spin dynamics
derived from the Hubbard model in Appendix D features the
Dzyaloshinskii-Moriya interaction through the same SU(2)
gauge field A¢ that gauges the electron hopping on the lattice.
Likewise, the tensor gauge field

Ay = 6ijk(¢k + saqu)’

emerging from the Hubbard model at the third order of pertur-
bation theory, captures the chiral interaction, the tendency of
the spin chirality

X = €€ s (3;5”)(95)

(143)

(144)

to align with the external magnetic field ¢, or the spin-orbit
flux ®¢ given by (140).

What is the classical static spin configuration s* — §¢ that
minimizes the total energy of the theory (141)? Let us first
scrutinize the rank-1 term (K;). In certain special cases, the
external gauge field AY can be completely screened via

€?csby. 8¢ = —AY, L =0. (145)

Then, the gauge flux (140) is rigidly related to the spin
configuration

DY = —e;;,€(9;5)(9,5) — 5°x; . (146)

where y; is the equilibrium spin chirality (144). It follows that
S9P¢ = 2y, €S5S¢ =0, (147)

so perfect screening would require us to keep S parallel
to ®¢ in the spin space for all spatial directions i, while
maintaining ®¢ = —2yx; S at all points in space. In other
words, a necessary condition for perfect screening is that the
flux have the form ®{ = ¢, 1 without entanglement between
the spin and spatial vector spaces, where the function ¢, is
completely determined by the chirality of the vector field i¢.
This is also, naively, a sufficient condition since gauge trans-
formations keep the Lagrangian density £ invariant and can-
not introduce entanglement into ®¢. However, non-Abelian
gauge fields admit configurations which cannot be connected
by smooth gauge transformations despite producing the same
flux [39]: this could introduce additional requirements for
perfect screening.

A special case of a screenable gauge field is the uniform
non-entangled configuration AY = «;4“. This gauge field car-
ries zero flux. The spin configuration that screens it is a “flat”
spiral

SU(F) = €] cos(; x;) — €3 sin(e; x; ), (148)

where €fn? = e5n" = e€{ef = 0. Smooth gauge transforma-
tions of this configuration generate other zero-flux screenable
configurations.

Normally, the most optimal spin configuration S¢ can
screen the external gauge field only partially. Denoting the
screening residue with f, we have

K
sy, 8 = —A+ ff, S= 5/d3rﬁ“ﬁ“ — min.
(149)
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By definition, the flux of the shifted gauge field AY — f7 is
screenable:

8P] = € [9; (AL = fi') — (AT = £7) (AL = f7)]
= O — F + 2¢,, €™ f2(AS — £7)

2y, 8, (150)

where

Fr = (0,8 = A1) (1s1)

is the flux of the screening residue. Consider a finite volume of

space V with a closed boundary B, and the following integral
of (150):

1 i
——‘¢\ dzxﬁiS“MD? = % dzxﬁl. Xi =4 N
4 Js B 2

1
= idzx 7 [59(@ — F7) — 26, f2(3,5Y)].  (152)

where #); is the unit vector locally perpendicular to B. The
resulting integration of the spin chirality (144) on the closed
boundary B is a topological invariant of the spin configuration
S N is quantized as an integer and represents the total
topological charge or number of hedgehog point defects inside
the volume V. Denoting by ¢ a tight upper bound on the
contributions of f; to (152), we observe the tendency
‘—1/ d*x i), $°®¢ —4nN| < ¢ (153)
4 /s
of the dynamics (149) to pin the number of hedgehogs N to the
integrated flux ®¢ of the gauge field. We will try to estimate
¢ and determine if it must be finite, e.g., of the order of 2.
The analogous argument could relate the number of skyrmions
to the gauge flux: the volume V should be a cylinder aligned
with the spatial direction of the flux, while the surface B
should be a cylinder’s cross section; N would be the number
of skyrmion lines crossing B, quantized only in the limit of
a large cylinder radius (provided that the spin configuration
becomes ferromagnetic in the far-away regions).

Estimating ¢ accurately is made difficult by the nonlinear-
ity of the non-Abelian gauge flux (140). In the worst case,
¢ could scale as the area of B, for example, if the residue
flux (151) maintained a finite spatial average (Ff) # 0. A
nonzero curl of ff could build (F{) # 0, but this would
require unbounded growth of |f{| as a function of position
(on an open surface B), with a high action cost. Supercon-
ductors with Abelian U(1) gauge fields have no other option
for building (FY), so keeping the action cost finite requires
zero (F) and achieves the precise matching (¢ ~ 1) of the
vortex concentration to the gauge flux. Magnets have another
option: (F{) # 0 can arise from the quadratic non-Abelian
part of (151) even with uniform ff. This costs only a finite
Lagrangian density, so ¢ is allowed to scale as the area of 5.

In summary, the rank-1 term of the Lagrangian density
(141) is not ensured to generate the topological defects that
screen the gauge flux ®¢. However, the rank-2 term is much
more effective. Its expansion yields the interaction j;; j;; that
captures the energy cost of defect cores, as well as the cou-

pling

JijAij = (¢i + S“CD?)Xi (154)

that tries to align the chirality yx; with gauge fluxes. The
latter produces an energy gain for every aligned topological
defect. Pristine examples of a skyrmion line defect (S) and a
hedgehog point defect (H) are given by the spin configurations
and their chiralities:

2 d
S: S(F) =12 cosa(p) + p sina(p), 7(F) = 25d—“ sina,
pdp

H: S# =% x(7) = ol

where the skyrmion line stretches along the Z direction, p
and r are the radii in cylindrical and spherical coordinates,
respectively, and «(p) changes smoothly from 0 to 7 on the
interval p € (0, oo). Skyrmions are attracted and aligned by
the external magnetic field ¢;, but the equivalent electro-
magnetic effect on hedgehogs would require the presence of
magnetic monopoles. More importantly, the non-Abelian flux
®{ associated with a homogeneous spin-orbit coupling can
attract both types of defects without a magnetic field:

S Al=e,bs, @ =-2bb,

H: A% =B85, &% =—28%" (155)

The Rashba-type spin-orbit coupling parametrized by the vec-
tor b; produces a nonentangled flux that stimulates skyrmions
(S) by aligning both the average magnetization and chiral-
ity with b; near the skyrmion centers. Hedgehogs (H) are
drawn to the gauge field whose entangled flux correlates
the spin and chirality in any direction, s*®%y, oc s'y; . Note
that skyrmions can also benefit from such a flux, but not as
much because they cannot keep their local spin parallel to
chirality everywhere in space. Also, note that the gauge field
(H) imparts Weyl nodes on itinerant electrons.

The actual realization of topological defects in the equilib-
rium spin configuration depends on the competition between
different energy scales. The energy gain AE_ per defect from
(154) is determined by the integral of chirality over all space.
A skyrmion gains finite AE_ per unit length. Its “core” and
spin currents also cost finite energy AE, per unit length.
We could classify the “chiral” magnets with AE, > AE_ as
type-I in analogy to the type-I superconductors: the gauge flux
is present, but the equilibrium state has no topological defects
(the mechanism in superconductors is based on the expulsion
of the flux from the system, so it is fundamentally different
than in magnets). Likewise, the magnets with AE; < AE_
are type II: their ground state hosts a skyrmion lattice in
response to the gauge flux. The concentration of skyrmion
lines is not determined only by the amount of flux as in
superconductors; it depends on the competition between the
AE, energy scales.

In the case of a hedgehog, the energy gain from (154)
is infrared divergent as AE_ fOR d’r S'x; ~ R. The energy
cost of its spin currents |j¢| ~ r~! from the K| term in the
Lagrangian density (141) also diverges in the infrared limit
as AE, ~ R. The resulting energy competition enables both
type-I and type-1I behaviors. Hedgehogs proliferate in type-II
helical magnets until the energy gain AE_ — AE; ~ R is
cut off by the finite separation R ~ & between the defects.
However, generating a lattice of hedgehogs that have only
the topological charge N = 1 is not a good solution for the
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(H) flux in (155) because the spin and chirality would not be
able to keep alignment with each other throughout the system.
Only the N = 1 unit hedgehog achieves the right alignment,
while any region containing M > 1 unit hedgehogs looks like
a total charge M hedgehog from the outside (a charge-M
hedgehog has a radial chirality configuration like an electric
field of a charge-M particle, but the spin supporting it must
wind M times on equal-latitude circles, making it impossible
to align spin with chirality unless M = 1). Therefore, the
lattice of topological defects will have small antihedgehogs
inserted between the hedgehogs, small in order not to waste
much space on the misaligned spin and chirality. Analogous
arrays of defects and antidefects are also expected in two-
dimensional triplet superconductors shaped by the Rashba
spin-orbit coupling [96,109].

Topological defects in chiral magnets can obtain additional
advantage from fluctuations. The defect currents j;; and spin
chirality x; can be nonzero even in the absence of magnetic
long-range order because they are scalars with respect to
spin rotations. If fluctuations destroy magnetic order, then the
energy cost AE, of any surplus spin current becomes washed
out in the noise of current fluctuations; the chiral coupling
(154) survives in its entirety and reigns, as a scalar under
spin rotations. Quantum paramagnets with gapless photon-
like excitations have delocalized line defects, but retain the
localization and energy gap for hedgehog point defects [1].
Gapped quantum paramagnets cannot keep any topological
defects localized. A special class of paramagnets obtains from
the quantum melting of a hedgehog array, provided that the
microscopic crystal lattice can neutralize some fraction of the
small antihedgehogs inserted in the parent ordered state, in a
manner analogous to how fitting a U(1) flux quantum through
a single lattice plaquette makes that flux physically unob-
servable. The remaining larger but delocalized hedgehogs can
enjoy a topological protection of their net topological charge,
giving rise to topological order. The resulting chiral spin
liquids have fractional quasiparticles and form a hierarchy
of three-dimensional phases analogous to fractional quantum
Hall states in two-dimensional electron systems [1].

The above insight into the energy-scale competition allows
us to also explain why skyrmion states and the related topo-
logical Hall effect are seen in various materials only at finite
temperatures [2]. These materials exhibit type-I behavior at
lowest temperatures and develop some competing magnetic
order without flux compensation (e.g., favored by the rank-
1 Lagrangian density). Raising the temperature introduces
fluctuations that eventually destabilize the original magnetic
state and reduce the energy cost AE, of spin currents. Being
resilient to fluctuations, skyrmions can take advantage of this
if they are stimulated through the chiral interaction (154)
either by the external magnetic field or by the spin-orbit
coupling in a reconstructed magnetic order.

B. Spin waves with spin-momentum locking

Here we characterize the spin-momentum locking of spin-
current excitations in type-II chiral magnets, governed by
the Lagrangian density (141). A spin-wave excitation is a
small (|8s| < 1) time-dependent distortion s* = §¢ + §s¢ of
the equilibrium ordered state S* which satisfies the stationary-
action field equation and $*8s* = 0 due to the fixed magnitude

of spins. The complexity of a chiral order S¢ precludes a direct
solution of the field equation. Instead, we will qualitatively
deduce the spectrum of spin waves by applying gauge trans-
formations.

Let us refer to the equilibrium chiral spin configuration $¢
with spin currents J; = €1¢5%(9,,S%) as the “original gauge”
O. Carry out a singular gauge transformation to transfer all
topological defects from the spin currents onto the gauge
field. This is just a position-dependent rotation of spins that
modifies the current, followed by the adjustment of the gauge
field which keeps J; + A}, covariant (just locally rotated). The
rotation field cannot be analytic if it removes defects. Then,
proceed with another smooth gauge transformation which
aligns the spin configuration into a “ferromagnetic” state. The
final rectified gauge will be denoted by R.

Every space-time configuration of spins in O has a cor-
responding configuration in R that costs the same gauge-
invariant Lagrangian density L. Therefore, we can use R
to calculate the dynamics of real spin waves from the com-
plicated gauge O. The equilibrium spin current €“¢S?3, S¢
vanishes in R. Such a trivial state can minimize the action
of a type-II magnet only if the gauge flux ®¢ that drives it
vanishes on average at sufficiently short length scales. In the
worst case, A{ can present an inhomogeneous perturbation
to the spin currents in the gauge R, perhaps a periodic one,
but certainly without a significant flux and even without a
finite spatial average (A¢) (which would create a spin spiral
instead of the ferromagnetic equilibrium state). Consequently,
the dynamics of spin waves with long wavelengths is governed
by the very simple effective Lagrangian density in R:

L— %(e“”“s”ausf)2 = %(ausa)z. (156)
The chiral coupling K; is irrelevant for spin waves since the
rank-2 current j,, remains strictly zero. Parametrizing the
equilibrium ferromagnetic state as S¢ = §* yields the familiar
solution of the field equation with two degenerate polarization
modes (4) carrying momentum k;:

8s§ = 188|[6“' cos(kix; — wt) + 8 sin(kix; — wt)].  (157)
The energy dispersion w(k) is given by

? = k> (158)
The spin current of a mode (157)
j= gabe sbai e
= £|8s|%k; S* — |8s| k; [8°% sin(kix; — wt)
+8 cos(kix; — wt)] (159)

has a “large” transverse part that averages out to zero (a clas-
sical testimony of the Heisenberg uncertainty: the spin pro-
jections perpendicular to the symmetry-breaking spin back-
ground cannot be good quantum numbers). The residual aver-
age current

(160)

transparently transports the “longitudinal” spin projection S¢
in the spatial direction k;, with a small amplitude |8s|>. The
spin-wave energy (158) can become a more complicated
function of momentum k; at shorter wavelengths, and even

8j¢ = (ji) = +18s|*k; 5
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develop a band structure, but the spectrum is ensured to
remain topologically trivial in the gauge R.

Now we can switch back to the original gauge O. The
spin waves (157) are very distorted in O but still have the
gauge-invariant dispersion (158) in terms of the wave vector
k; from the rectified gauge. Our goal is to express the energy
dispersion using only quantities which are defined in the
original gauge.

The total steady current ji = J7 + 4 of a spin wave is
inhomogeneous in O. Neither spin nor momentum are good
quantum numbers. Nevertheless, there is a sense in which
a low-energy spin wave can be characterized in O by an
effective momentum k; and spin 85¢:

Ji=k; 88 (161)
Let (A¢) be the average of the gauge field A? on the length
scale £ given by the distance between equilibrium topological
defects. We shall assume that (A{) is spatially uniform on
length scales larger than &. As the equilibrium spin current J{
tries to screen the gauge flux in type-II magnets, its average
on the length scale £ will mimic that of the gauge field,
(Ji') o< (A?), and hence be globally uniform. The effective
momentum k; is the rectified momentum k; appropriately
shifted due to the average background (J{), as we will explic-
itly demonstrate. This holds for low-energy modes w? < &2
in a straightforward fashion. For higher-energy modes in a
periodic array of defects, we promote k; to a “crystal wave
vector” and replace (J{) with a wave-modulated average of
the spin current appropriate for the given spin-wave band.

Following the outlined principles, we simplify the notation
in (160) with 85S¢ = 4|8s|>S* and write the total steady spin
current ji' = (J/) + 8 of a mode as

k; 88 = k; 85 + (Jf). (162)

The energy (158) of the spin wave can be extracted in the
following fashion:

1881 w? = 188" k K, = (K 85 — (/7)) (k; 85 — (/7))

= |68 (I(k, — of'y“)’|f), (163)
where of = (J;‘)/|8S|, y“ are Pauli matrices, and |Q) is the
S = % spin coherent state corresponding to the spin direction
fi = 6S//6S|. The last equality holds when |f) is an eigenstate
of afy“, and hence of the entire operator in the matrix
element. Therefore, if we normalize the spin magnitude units
to the same value, e.g., |8S| = |8S| = A, the spectrum of low-
energy spin-wave modes obtains from the operator

w? = eigenvalues {(k; — oz?y“)z}

(164)
inthe § = % representation of SU(2).

The operator of the last formula appears in the Hamil-
tonian of electrons that experience the spin-orbit coupling,
albeit with a renormalized SU(2) gauge field o o< (AY). In
fact, A¢ imparted on spins derives directly from the Hubbard
model followed by spin rectification and coarse graining
(see Appendix D). Consequently, the spin waves of localized
electrons will tend to have the same type of spin-momentum
locking that the microscopic electrons would have if they were
not localized. Note that the assumed relativistic dispersion

only rearranges the density of states relative to the nonrela-
tivistic case, without affecting the topological properties of
bands. Features such as Dirac or Weyl points appear at finite
energies where we can linearize the spectrum. In relation
to the chiral spin textures discussed in Sec. IV A, the spin
waves of hedgehog lattices (or liquids) will feature Weyl
nodes in their spectrum. The spin waves of skyrmion lattices
(or liquids) will have Dirac line nodes that extend through
momentum space in the same direction as skyrmions do in
real space.

This argument only serves to prove the principle and
provide a unified picture of spin-wave spectra. Detailed and
typically numerical calculations [79,81,83,85,88,90,91] are
necessary to obtain the correct spin-wave spectrum in a broad
range of energies.

C. Chiral nonequilibrium response

When external perturbations drive a magnet out of equi-
librium, the induced currents can exhibit various forms of
“chiral” behavior similar to Hall effect. In a spin-Hall effect,
for example, a steady flow of spin current comes with a spin
order-parameter gradient in the direction perpendicular to the
flow. If the induced currents carry excess heat, the chiral
response exhibits thermal Hall effect which may be easier to
observe than the actual currents and order parameters. Here
we derive a universal description of these phenomena in the
language of classical field equations.

We begin by analyzing the non-Abelian Lorentz force
from the spin-orbit gauge fields, which produces the spin-Hall
effect. The essential Lagrangian density for the dynamics of
spin currents is the rank-1 part of (141):

K;

L= (e 5,5 + A2).

> (165)

Treating s* as canonical coordinates, we obtain the naive field
equation

5L 5L
=0 = Jmi+7@0,")=0 (166)

55t 180,59 o
from the stationary action condition, with

a §L ab b
T, = 5,57 =m,’s (167)

and

ml = —K, (s0,s" — s"9,5" + €"°A"). (168)
The field equation (166) is naive by the virtue of not restrict-
ing the spin variations to |s| = 1, but it is simpler than the
“transverse” one. The accurate field equation is simply the
projection of (166) onto “transverse” spin modes. We will use
|s| = 1 in various derivation steps and accordingly project out
the “longitudinal” parts of the final formula for the Lorentz
force.
Noting that the Lagrangian density can be written as

1
L=—n"z, (169)

4K, *
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its space-time gradient for the fields that satisfy the field
equation is
9,L=19,5

_ a a 1 __ab _abc c
8, L =10, (m70,s") — 37 €8, AS,.

2%

(170)

In the absence of gauge fields, we would define the energy-
momentum tensor as 7, = 70,5 —§,,L and prove from
(170) that it is conserved, 8# T, = 0, by Noether’s theorem.
In the presence of gauge fields, we should define a gauge-

invariant energy-momentum tensor:

1 b__ab
Tp_u = ﬁﬂ'ﬁ 7T:}l — 5/”/;

1
= —Engheabc(ecl’qspausq +AS) —6,,L. (171)
The generalized Noether’s theorem for this tensor, with field
equations satisfied, reads as

a,T,, =J,F;, +R,, (172)
where
Jo ==t nt = K, (e59,s" + A) (173)
is the physical (gauged) spin current, and
Fl, =0,A% —0,A% — 2" AV AS (174)

is the field tensor of the spin-orbit gauge field. Apart from the
residue

Ry = ~2mPALAL — L (1, xS

(175)

the formula (172) captures the Lorentz force. The residue is an
artifact of the naive treatment of field variations without fully
restricting to |s| = 1. If we separate the “transverse” A9 and
“longitudinal” Af parts of the gauge field
bab
A“lu = s“(s Au)’

AL, =AY —AY

I (176)

it is immediately clear that only the transverse component
couples to the spin currents in (165). The longitudinal com-
ponent cannot produce any force on the excitations that carry
spin currents. It can be shown that projecting out the longi-
tudinal gauge field makes the residue vanish and reduces the
energy/momentum conservation law to the pure Lorentz form

a,T,, =J'F! (77)

wt v u
The Lorentz force is revealed by integrating this equation for
the density of physical momentum 7j,;. The force exerted on
all excitations in the fields is

dP, ara
- = /d3x30T0,- = —/d3x8jTﬁ+/d3xJuFm

R
= fd xJF

We assumed that the energy-momentum tensor vanishes on
the space boundary. In analogy to U(1) electrodynamics, we
can identify “electric” E{" and “magnetic B{ fields within the
field tensor:

(178)

Ft = 9yA? — 8; A — 26 AJAS = EY

i

be 4b
Ff = e,.jk(ek,,qa,,A; — €1pg€” CA,,A;) =—¢Bl. (179)

Then,

P,

o (180)

= f dx (JGE! + €., J7BY).

The obtained non-Abelian Lorentz force gives rise to a
spin-Hall effect when the spin-orbit gauge field has a uniaxial
“magnetic” Yang-Mills flux B} oc b, b" # 0 (recall that this
flux stimulates skyrmions and aligns them with the axis b;).
A flow of spin current generates an “electromotive” force in
the spatial direction perpendicular both to the current flow and
gauge flux. This force acts on the spin-carrying excitations
and must be balanced in a steady state by some means that
generate an ‘“electric” field Ef, for example, a gradient of
the spin order parameter. A hedgehoglike flux B} o< 6; builds
an “electromotive” force ¢; ijJ’? from the helical transport Jj’?
of a spin projection k perpendicular to the flow direction ;.
This will produce a steady-state spin density gradient and
spin accumulation near system boundaries regardless of the
current direction and transported (helical) spin projection: the
spin-Hall effect will be isotropic. Nernst and thermal Hall
effect can serve as an indirect evidence for spin-Hall effect
[77,82,84,88,89,92-95,103].

A similar transverse “electromotive” force on spin currents
obtains from the flow of topological defects, due to a non-
Abelian Faraday law. We will reveal it by neglecting the
intrinsic gauge fields and treating instead the spin current
J& = €sP9,s¢ = —A% as an effective gauge field. Then, the
equations of non-Abelian “electrodynamics” that we construct
will actually describe the sought kinematics and dynamics
of spins. We previously derived the flux (140) carried by
topological defects using this approach. Now we generalize
the gauge flux (140) to include the time degree of freedom:

Dl = €,,05(0,A% — €CALAY),  ®f = df.  (181)
In regard to this notation, we will relate the spatial €;j;
and space-time €,,,p Levi-Civita tensors by €;;; = €g;jx. The

Faraday law is a statement on the conservation of flux:

0, D%, = €556 ALF 1y (182)

Abelian gauge fields have strictly conserved flux (9, P, =
0), but non-Abelian ones admit flux sources governed by the
field tensor (174). The flux and field tensors are generally
related as

1 1
CDZV = EeuvaﬂFJJﬁ’ Flf‘} = ieuvaﬁq)gﬁ‘ (183)

So, the Faraday law (182) implies
3, D%, = 5€inapd, Fug = €ijud; E{ + 9B}

= 26" (AGB; + €, ATE). (184)
We used (179) to emphasize the “electric” Ef and “mag-
netic” B¢ fields. Recalling jﬁ = —AZ, we can deduce that
the final right-hand side is not important in a steady state.
The spatial average of spin currents vanishes in equilibrium,
and the steady currents out of equilibrium will be induced
only by the non-Abelian “electromagnetic” field. The induced
spin current always has the same spin orientation as the
“electromagnetic” field according to (180). Such currents will

annihilate the flux nonconservation residue in the last equation

075131-27



PREDRAG NIKOLIC

PHYSICAL REVIEW B 102, 075131 (2020)

and lead to the plain Faraday law for the steady state:

9B = —€;,0,Ef. (185)
The flux of skyrmions aligned with direction i is directly
represented by the “magnetic” field B¢. Their stream generates
a perpendicular “electromotive” force E{* on spin currents, in
the manner equivalent to charge-current “phase slips” caused
by passing vortices in superconductors.

The Faraday “electromotive” force can produce several
manifestations of thermal Hall effect. A temperature gradient
in the system generally yields a heat current, which is dom-
inated by the lowest-energy excitations at low temperatures.
Such excitations are spin currents in magnetically ordered
phases, and possibly topological defect currents in disordered
phases. The Faraday law implies that spin acceleration and
defect currents shall be orthogonal to each other. Furthermore,
spin acceleration can translate into a steady spin flow due
to dissipation, or a spin accumulation that neutralizes the
“electromotive” force. The spin projection bias for thermal
transport is introduced by spin-momentum locking, Zeeman
coupling to external magnetic field, or a ferromagnetic com-
ponent of the order parameter. The analogous bias for defects
is provided by the gauge fluxes, assuming that the chiral
coupling (154) survives in the continuum limit. In the end,
a thermally driven flow of one current type will induce a
Hall-type response of the other one.

One such physical effect is a spin-Nernst effect [78].
Applying a thermal gradient in the system sets skyrmions in
directed motion, and the ensuing drift pushes a spin current
in the direction k perpendicular both to their drift direction j
and the skyrmion-line direction i; the spin projection carried
by the induced current is a || i. The effect is proportional to
the equilibrium concentration of skyrmions, which in turn is
controlled either by the external magnetic field ¢; or spin-
orbit flux ®¢. Analogous but isotropic effect will be generated
by the motion of hedgehogs across a temperature gradient.
Note that these effects do not require a long-range magnetic
order: skyrmions and hedgehogs should be in a quantum or
thermal fluid state in order to drift in response to external
perturbations. Hence, this effect can be used as a diagnostic
tool for chiral spin liquids [103,107].

We can also apply the field-theory approach to study the
dynamics of line defects in response to external perturbations.
Chiral currents j,, = €%°5%(9,5”)(9,s°) are governed by the
rank-2 part of the Lagrangian density (141):

2

K
L= 7(6"b‘s"(ausb)(8vs") + A% (186)

Substituting the chiral interaction for the rank-2 gauge field
(143)

Ay = €00 (5 + 57 PF). (187)
we obtain the field equation
T (€7(0,57)(3,5) + €0,y @5) — 9,75 =0 (188)
from the stationary action condition, with
~a 8L abc b c
T, = 53,5 = —2J,,€757(9,5°) (189)

and

T =Ky (65%(3,5°)(9,5) + A,,,)-

(190)

The space-time gradient of the Lagrangian density

gL = 0,8,,5L = 8, (T1055") + T, €01 (3505 + 50, DS)
(191)

suggests the following definition of the gauge-invariant
energy-momentum tensor

2 >~a a
T, = _EJMJM —8,,L=m,0,s"—2J,A,, —3,,L,
(192)
which is conserved by Noether’s theorem 9, 7, = 0 when the

gauge field is zero and translation symmetry is intact. In the
presence of gauge fields, we find

0,1, = —JosFapy — 28,0 A,

J7aanvaY
—Jup€oapy (0,9, + 570,95, (193)

where

Fy = 0,A0 — 0,A (194)

is the field tensor of the rank-2 gauge fields. Since Tp; is mo-
mentum density, integrating out (193) over all space reveals
the total force dP;/dt exerted on all excitations that carry
chiral currents. The part of this force arising from J 4F,,
is the generalization of the Lorentz force to rank 2. We are
particularly interested in the case of uniform and static fluxes
of the external magnetic field and spin-orbit coupling:

dP, d

d—[’ = / dx 26,0y (b + 57 D).
Here we used the antisymmetric properties of J,, and Gauss’
theorem. The result is made more transparent (and somewhat
trivial) by identifying the correct density pp; of skyrmions
aligned with the direction i, and the corresponding skyrmion
current p;;:

(195)

Pap = %eaﬂuv-]uvv J,u,v = %euvaﬁpaﬂ- (196)
The formula (195) integrated over time reads as
P = /d3x2(¢j + 5°®9) pji (197)

and implies that the j-aligned skyrmions moving in the direc-
tion i carry the total amount of momentum P; proportional to
the underlying flux. This is formally analogous to the current
and momentum shift caused by a constant gauge field in
a rank-1 theory £ ~ (j, + aﬂ)z. Since Ty = Tp; is also the
energy current density (when the proper relativistic velocity
scale is inserted to convert the units from momentum density),
the last equation also describes the heat flow carried by defects
in an external thermal gradient. Combining (197) with the
formulas for Faraday and Lorentz force can be used to calcu-
late various thermodynamic responses shaped by the external
magnetic field and spin-orbit flux. It should be possible to
observe additional interesting transport effects in experiments
using inhomogeneous magnetic fields, and perhaps even using
mechanical strain to introduce inhomogeneity in the spin-orbit
flux.
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D. Topological Hall effect

Building on the insights from Sec. III D, we can construct
a rather simple d = 3 model that qualitatively explains the
temperature dependence of the topological Hall effect mea-
sured in most experiments. Consider an arbitrary spatial ar-
rangement of local moments’ topological defects (skyrmions
or hedgehogs) and associate the “sites” of the model with
locations of these defects. If we neglect interactions between
defects, then an electronic spin-defect with winding number
N € Z on a given “site” costs energy

Ey = N?A,, — JxM8y, x + JkM8_y, n- (198)

Ny — 1 is the winding number of local moments on the “site,”
M = |(n)| is the local average magnetization of local mo-
ments at temperature T (averaged over time, not position), Jx
calculated from (116) captures the energy gain of aligning the
electron and local moment spin textures, and A,, calculated
from (96) is the energy cost of a unit electronic defect. The
thermal average of the electronic defect density is

Z?VO:—OO Ne En/T
Z/Ci/o=foo e~ En/T
No=1 Snp(T) x 2e=2/T sinh(JxM/T)
03(0, e=An/T) 4 2e=2n/T [cosh(JxM/T) — 11’
(199)

n(T) = Sny(T)

where ny, is the density of local moment defects and 05 (u, q)
is an elliptic theta function. The local moment magnetization
M is also temperature dependent below the Curie temper-
ature 7 < T¢, and we expect M o (1 — T/T¢)? near the
second-order magnetic phase transition. If Jx > A,,, then
the resulting n,(T) saturates at lowest temperatures T < Jg
in the adiabatic regime, and decreases monotonically above
T > Jg toward zero at T = T¢. Otherwise, Jx < A,, yields a
reentrant nonadiabatic regime, i.e., anomalous Hall response
showing up only in a finite range of intermediate temperatures
Ay —Jx ST < Tc. Depending on the critical exponent 8,
there is either a small steep fall from a finite value n.(7T)
down to n.(T¢) =0 (B < 1), or a gradual decrease with a
small finite slope (8 > 1). Note that 8 = % in the mean-field
approximation, and 8 & 0.36 + O(€?) in the € = 4 — d ex-
pansion of the classical O(3) ferromagnetic model. Behaviors
of this kind, plotted in Fig. 2, are seen in most measurements
[7,14,19,21] of the Hall resistivity py = E,/j. = RuB, « n,,
where Ry is the Hall coefficient. In some cases, however, it
appears that the onset of the topological Hall effect might be at
a lower temperature [7,8,62] T = T, < Tr than the magnetic
transition 7 = T¢. This could indicate a separate topological
phase transition instead of a plain thermal crossover modeled
above.

The field-theory formulation enables the calculation of
fluctuation corrections to the anomalous Hall effect beyond
earlier mean-field approaches [49-55], as well as the study
of the topological Hall effect without magnetic order. The
formulas such as (129) and (130) are sensitive to the pres-
ence of topological defects, not long-range order. Hall effect
without an external magnetic field and magnetic ordering has
been experimentally observed [9] in the spin-liquid candidate
material PryIr,O7.

PH'" e x=100 B=036
"2, = x=100 £=150

"\, o x=090 B=0.36

"o, o x=090 B=150

0 . T

FIG. 2. The temperature dependence of the topological
Hall/magnetoelectric effect (Hall resistivity) obtained from (199)
for a few characteristic values of x = Jx/A,, and the magnetization
critical exponent 8. The low-temperature regime is either adiabatic
x > 1 orreentrant x < 1.

V. CONCLUSIONS AND DISCUSSION

We derived in Sec. II an effective continuum-limit theory
of general quantum magnets, starting from a lattice model
with spin-exchange, Zeeman, Dzyaloshinskii-Moriya (DM),
and other spin interactions. This effective theory describes
dynamics with spin coherence at short length scales: the order
parameter is a set of smooth vector fields that represent ferro-
magnetic spins, or staggered spins with generally noncollinear
correlations. The quantum spin Berry’s phase introduces the
temporal component of a vector gauge field coupled to the
coarse-grained magnetization. Incommensurate correlations
and the DM interaction translate into spatial components of
this gauge field. Chiral spin interactions that exist due to the
spin-orbit coupling become tensor gauge fields in the contin-
uum limit, which is capable of producing higher-dimensional
nontrivial Berry fluxes and topological magnetic states.

We also constructed a theory of local magnetic moments
coupled to mobile electrons in Sec. III, and showed that
Kondo-type interactions exchange the fluxes of electronic and
magnetic spin-current gauge fields. This tends to correlate the
topological properties of electrons and local moments because
their gauge fields control the spin-momentum locking of exci-
tations, boundary modes, and other spectral features related
to the momentum-space Berry flux. We elucidated generic
mechanisms that bind the topological defects of charge cur-
rents to the equivalent magnetic topological defects in any
spinor field. This is not only the origin of the “topological”
Hall effect, but also the driving force behind the “topological”
magnetoelectric effect that we predict in 3D materials prone
to the formation of magnetic “hedgehog” point defects. We
explained how microscopic sources of the Berry flux are to
be captured by topological terms in the effective continuum-
limit theory. The same topological terms are also used to de-
scribe topologically ordered quantum liquids with fractional
excitations. The theory we developed anticipates the possible
existence of novel chiral spin liquids in certain quantum para-
magnets, which exhibit a fractional magnetoelectric effect [1].

Lastly, we presented several applications of the field theory
in Sec. IV, pointing toward the universal understanding of
chiral magnets. Some of these applications are predictions of
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new phenomena, while others are a physical unification of
the previously anticipated effects. We showed that the gauge
fields coupled to spins stimulate lattices of topological defects
in equilibrium spin textures. The nature of the defect lattice
is determined by the flux of the gauge fields. In addition to
observing the conditions for skyrmion lattices, we discovered
that hedgehog lattices can arise from the same type of the mi-
croscopic spin-orbit interaction that gives rise to Weyl nodes
in the spectra of itinerant particles. However, the hedgehog
lattice is unusual as it must combine both hedgehogs and
antihedgehogs. The lattices of topological defects are found
to be the parent states of chiral spin liquids. We furthermore
characterized the spectra of spin-wave excitations shaped by
the spin-orbit gauge fields and chiral spin textures, showing
that they exhibit topological bands of the same kind as elec-
trons. Using the classical field equation approach, with non-
Abelian and tensor “electromagnetism,” we revealed a variety
transport phenomena shaped by magnetic fields and spin-orbit
interaction: spin-Hall, spin-Nernst, and thermal Hall effects
involving spin currents, skyrmions, and hedgehogs. In the
context of itinerant electrons coupled to local moments, we
presented a simple physical picture of the adiabatic and nona-
diabatic topological Hall and magnetoelectric effects, with a
calculation of their temperature dependence.

At this point, there are still many directions for further
research, especially when it comes to explaining the observ-
able properties of materials. Most materials will not have the
idealized symmetries of the theory presented here, and will
need to be studied by other methods in detail. In those con-
texts, the developed theory provides valuable physical insight,
particularly through its universal real-space representation of
the spin-orbit coupling based on non-Abelian gauge fields. We
show in Appendix D how such gauge fields appear in lattice
models and find their way from the microscopic Hamiltonian
of electrons to the effective field theory of spins.

One of the materials that motivated this work is Mn3;Sn.
The anomalous Hall effect measured in the manganese
kagome planes of Mn3Sn at 7 < 50 K stems from the copla-
nar magnetic order and the manner in which it breaks the
lattice symmetry [6]. One can interpret it as either “intrinsic”
or “topological” depending on the point of view. In either
case, the observed Hall effect at T < 50 K (the magnetic
transition is at 7¢ ~ 420 K) seems to be related to the canting
of the coplanar spin order. The canted order carries spin
chirality, and hence may be seen as an array of skyrmions.
The density of these skyrmions is microscopically large,
so that the corresponding gauge field is in the Hofstadter
limit with a large flux per lattice plaquette. This flux gets
transferred to electrons via a Kondo-type coupling. Electrons
then exhibit a large charge-Hall effect due to the nature of
their spinor representation, and the model (199) qualitatively
captures its measured temperature dependence. The effect of
flux transfer on electronic spin currents was also (indirectly)
detected [46] in Mn3Sn. The simplest explanation of the
experiment is that the magnetic background of Mn atoms
polarizes the spins of electrons that carry the charge cur-
rent through the sample, by the mechanism described with
Egs. (120) and (122). It was observed that reorienting the
moments of Mn atoms changes the sense of this polarization
when the charge current direction is kept the same. This

was described as “anomalous sign change of the spin-Hall
effect.” However, the spin-Hall conductivity, i.e., the ratio
of the spin-current density and the transverse electric field,
is fundamentally invariant under time reversal. The exper-
iment is consistent with this expectation. The spin current
of polarized moving electrons j{¢ = S$¢j; is simply the spin
polarization S“ times the charge current j;. The full time
reversal that retains the same spin current must include the
reversal of charge current flow with the reorientation of the
Mn moments.

An important future application of the theory developed
here is the study of correlation physics in magnetic Weyl
semimetals. Interactions between Weyl electrons induced by
local moment fluctuations, together with Coulomb forces,
may lead to spin or charge density wave instabilities on the
Weyl Fermi pockets. In practice, a pocket nesting or flatness
of the bands may be needed to support these instabilities when
the interactions are not competitively strong. Nevertheless,
the anticipated ordered states arising from these instabilities
have many special properties. Should the Weyl spectrum
become completely gapped, the outcome would be a strongly
correlated topological insulator because the Weyl bands are
equipped with a nonzero Berry flux defined with respect to
the chiral current J,, = Y, ¢y jin;,. (n labels the Weyl nodes, g,
is the chirality of the node n, and j,;, is an appropriate charge
or spin current of electrons on the node n). If this insulator
grows out of a Fermi-liquid state with a finite density of
electrons on each Weyl node, then it might end up having a ra-
tionally quantized number of electrons per Berry flux quanta,
and become a candidate for an incompressible quantum lig-
uid with topological order and fractional quasiparticles [1].
Of course, such an exotic state has many conventional com-
petitors and may be very hard to find in nature, but its genuine
possibility and potential utility for quantum computing should
be noted. More conventional instabilities include exciton and
Cooper pair condensates with a monopole-harmonic pairing
symmetry, anticipated when the pairing occurs between the
Weyl nodes of opposite chirality [110]. The quasiparticle
spectrum remains nodal in these states (the nodes are found
in the relative-motion wave function of the pair). Probably the
most stable and least exotic instabilities involve pairing on
the nodes of the same chirality, including intranode pairing,
which leave behind fully gapped quasiparticles and a density
wave (the nodes are found in real space, in the center-of-mass
wave function of the pair). Depending on the nature of nesting
conditions, the Weyl Fermi surfaces may end up being only
partially gapped.

Weyl electrons should similarly affect the excitation spec-
trum of local moments. One may expect induced spin-
momentum locking in the dispersion and damping of the spin
waves coupled to Weyl nodes. Spin-wave damping is a par-
ticularly interesting feature that could be probed by inelastic
neutron scattering and used to characterize the underlying
Weyl spectrum. Should the Fermi energy sit exactly at the
nodes, one might anticipate some nonlocal effective RKKY-
type interactions between the local moments. More intricate
correlation phenomena could include unconventional phase
transitions. These interesting possibilities will be analyzed in
the forthcoming studies.
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Note added in proof. Recently, I became aware of addi-
tional recent works related to the discussions in this paper:
(a) Zhang et al. [111] take a similar perspective on the “intrin-
sic” and “topological” anomalous Hall effects as Sec. IIIE;
(b) Zhu, Li, and. Batista [112] derive the Dzyaloshinskii-
Moriya interaction from the Hubbard model with spin-orbit
coupling in a manner analogous to Appendix D.
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APPENDIX A: SPIN GROUP

Here, we review the generalization of spin to higher dimen-
sions and derive a few basic formulas used in the main text.

A spinor ¢ in our formalism needs to represent the unit
vector i = (A',...7%) ind spatial dimensions, whose physi-
cal meaning is tied to its transformations under rotations. The
group of rotations SO(d) is generated by matrices M,,;,, where
two indices 1 < a, b < d are needed to identify the oriented
plane of rotation. The matrix elements of these generators are

(Map)ij = —i(84iSpj — 84;0pi) (A1)

in the minimal representation 1 < i, j < d. Itis readily shown
that My, = —M_,;, and

Maup, Mcy] = i(aachd + deMac - aadec - (SbcMud)' (AZ)

The eigenvalues of M, are +1, —1 and a (d — 2)-fold de-
generate 0. The unit vector fi represented with spherical
coordinates 6, ...,60;_, € [0, 7] and 6;_; € [0, 27r) can be
obtained as

cos 6,
sin 0; cos 6

sin 0; sin 6, cos 6

n,...,0 1) =

sind; ...sin6;_,cosb,_;

sin®; ...sin6,;_,sin6,;_;

=Ra-1404-1) ... Ro3(02) R12000) | . |
0
0
(A3)

where R ,(0) = e~ Ma?

The Spin(d) group is a double covering (and universal
covering for d > 2) of SO(d), whose generators satisfy the
same algebra as those of SO(d). The group elements of

Spin(d) are
g =exp (—i > J“"@,,,,), (A4)
ab
where the generators can be written as
= =2yl (AS)
in terms of the operators y; that obey Clifford algebra:
ey’ =267 (A6)

Note that (y*)" =y and (J*)" = J*_ It can be shown that
the Spin(d) generators satisfy the same commutation algebra
as the SO(d) generators:

[Jab» ch] = i(SHL‘Jhd + dejac - 8adjhc - (Sbc-]ad)~ (A7)

The relationship
I,y = iGacy” — 8y

implies tr(y“) = 0 and establishes J* as rotation generators:

(A8)

e 08" — 14050 + 1P sin 6. (A9)

Consequently,

n oy Ty y
transform as components of a d-dimensional vector i under
rotations. Note that a 27 rotation exp(—27miJ’) applied on
¥ can change neither || nor n, so that exp(—2miJ%)y =
e~y is equal to ¥ up to a U(1) phase, regardless of the
choice of V. If the eigenvalue spectrum of J’ is given by
the set of real numbers {j}, then we may expand ¥ as a super-
position of J% eigenstates | j) and require exp(—2mwiJ*)|j) =
exp(—2mij)|j) = e~|j) for every j. This condition can be
satisfied only if the values of j differ by integers. Furthermore,
the operator Jj, = —J% must have the same spectrum as J*
because the above requirements are in no way biased toward
the ordering of a, b. Therefore, the spectrum {;} is identical to
{—Jj}. There are only two possible eigenvalue sequences j €
{0,£1,4+2,...}and j € {i%, :I:%, ... }. Note that all Clifford
algebra generators y“ have the same spectrum of eigenvalues

because they are mixed and converted into one another by
—iJ*g

(A10)

unitary operators e
It is also useful to define the Hermitian operator

v =gyt oy, (Al1)

where

Ed — id(d—l)/z (A12)
is imaginary only when the y product is anti-Hermitian. One
finds 91yt = 1. If d is even, then y?*! anticommutes
with all ¢ (1 < a < d) and hence cannot be identity. We can
use these y!, ..., y? and £2?*! as generators of the Clifford
algebra in any odd number d’ = d + 1 of dimensions, and get

y@+!1 = 1. For all-different by, . .., b,,

by, d+1 __ %-d Ant1

b” = —-——
vy d—n)!

aqd
ehl...b,,a,l+1...ad)/ Y y b 3

(A13)

vy

where €4, 4, is the Levi-Civita antisymmetric tensor.
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APPENDIX B: SPIN-COHERENT STATES

A spin-coherent state |fi) in d dimensions is a normalized
eigenstate of

ZA“ a (B1)

that represents a unit vector fi. The expectation value

(Bly ()|A) = Z

is a fixed scalar, so that m“(h) = (fi|y“|fi) must transform as
components of a vector m under rotations of fi. No infor-
n is available for constructing m,

y(@) =

(hly“|h) =y (B2)

mation (bias) other than i
so we must conclude m® o n“. Matching to y, together with
normalization, then implies

(B]y“|h) = ya“. (B3)

Coherent states are overcomplete. Let us represent fi using
spherical coordinates (A3), and consider the integral

I =¢ dS2 |f) (fi| (B4)
gd-1
over ad — 1 sphere. The integral measure is
d-1
dQ = [ ] [(sin 60" 7d,]. (BS)
k=1
with
2 d/2
f dQ =5, =—>— (B6)
541 r(s)

being the “area” of a unit-radius d — 1 sphere. The integral
I is completely isotropic, no rotation can change its value
because all directions fi are equally sampled. Hence, I cannot
be a linear combination of ¢ or their products that transform
nontrivially under rotations. / could be a linear combination
of the identity 1 and any nontrivial operators O; that commute
with all y¢. We can rule out the presence of the operators O;
in the makeup of 1 by the following argument. The projection
P(fi) = |A)(fi| can be transformed into any other P(i’) =
[ (ft'| by some rotation, so all projections P(fi) must contain
the same linear combination of the operators O;:

P(R) =Py + Y _ cO;. (B7)
l
Here, P, transforms under rotations and )_ ¢;O0; does not.
As a consequence, P, and Y ¢;O; operate on nonoverlapping
subspaces of the Hilbert space. Being a projection, P(i) has
only one nonzero eigenvalue, and its corresponding eigenvec-
tor |f) transforms under rotations. That eigenvector cannot
originate from the Hilbert subspace that ) ¢;O; operates on
because then it would not transform under rotations. We
conclude that all eigenvalues of ) ¢;0; must be zero, and this
is possible only for the null operator. Consequently, / must
be proportional to the identity operator 1 through an ordinary
number. From the trace of / = x - 1,

tr(/) = xtr(1) =f dQ tr(|n) (fi]) =y§

gd—1 gd—1

dQ =S,

we find
Sa-1

Coherent states are overcomplete, but still can be used to
resolve identity

)

dQ|n) (| = 1. (B9)
Sa—1 Jsi-1

Note that tr(1) depends on the representation. In the minimal
representation of Spin(3)=SU(2), tr(1) = 2, and S, = 4.

APPENDIX C: BERRY’S PHASE OF A SINGLE SPIN

In setting up a real-time path integral, the action acquires a
Berry’s phase

d
o= [ driao)l 1) 1
for each localized spin:

¢ = [ [the + d)la))

t

d
I1 [(ﬁ(rn - dr(gm(m)m(r»}

t

d
= exp [i/dti(ﬁ(mam(t»]. (C2)

We applied the periodic boundary condition in time for the
integration by parts. Note that S}, = Sg. Since one may carry
out an arbitrary gauge transformation [f(z)) — e?©[fi(r)),
the Berry’s phase is gauge invariant only on closed paths fi(z).
We can define a Berry connection

d
= i(f(t)|—[A@)), C3
i(f( )|dt|n( ) (C3)

which transforms as a gauge field
A©) — V@) = A > A -8 (CH

and then
Sp = y{dt A; (C5)

is invariant under gauge transformations. It is useful to expose
[a@)) = |a'@), ..., A% @)) as a function of the unit-vector
components 71%:

Sa

o L a@),  AYGR) = (] ). (CO)
Since we maintain || = 1, only d — 1 components 71 of the
d-dimensional vector fi are independent variables, but the
component that cannot vary (the projection of fi onto itself) is
always excluded from the Berry’s phase due to its vanishing
time derivative. Therefore, we can safely exploit rotational
symmetry and use any d-dimensional coordinate system in the
above decomposition of 9;[f). The Berry’s phase for a closed
trajectory C of fi(#) on the unit sphere can be expressed as a

d n(¢
Eln( )) =
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contour integral of the Berry connection A(fi):

a
Sy = i dri(a0)] 1)

dt on4

This shows that Sy is the flux of A(f) through the loop C,
which is a simple sum of fluxes dSp through infinitesimal
loops that add up to C. Note that a global (uniform) rotation of
1 does not affect Sg on any loop. It is also important to appre-
ciate that any part of the Berry’s phase quantized as ASp =
2nk, k € Z, has no physical effect because exp(iASg) = 1.
We will also use

= ?gdtdﬁaim(m 9 IA(t)) = 7{ di“A“(n). (CT)
C C

3 C R+ R9dB) — [R) + O(d6?)
—|fi) = lim
and d6—0 de
) efmb.l;deefl)Lunby”dG|ﬁ> _ |ﬁ) + O(d@z)
= lim
do—0 do

= iA"(J? — ry")IR). (C8)

This is derived from the fact that [fi(r + dt)) in any par-
ticular representation can be obtained from |fi(¢)) by com-
bining a Spin(d) rotation ¢~#"/u4? with a U(1) transforma-
tion e~™'7'd% The rotation A — h + %%d6, involving the
infinitesimal vector dii = X“d6 orthogonal to A, is carried out
in the plane spanned by fi and dh and accordingly generated
by the projection 7#”J,, of the angular momentum operator.
The U(1) transformation must be generated by y (i) = i’y?
because |0) is its eigenstate and will transform trivially by
acquiring just a phase. The representation-dependent scalar
function A,(fi) cannot vanish, but is necessarily real because
the Berry’s connection is real. Note also that the restriction to
[fi] = 1 allows us to discard the gradient projections

e = A’ (J = ray”) > 0,
and obtain
A% =0 (€9
from J% = —Jj,. In principle, if d > 3 then we can supple-

ment the U(1) transformation with transformations generated
by other operators K;(fi) that commute with y (i) = 7’y? and
have |fi) as an eigenstate. However, this is not necessary. We
will set to zero all transformation-specifying functions associ-
ated with K; and keep only A, # 0 as required. In other words,
we generate the coherent states in a minimalistic way, by
starting from some reference state |Z) and rotating it into any
desired |fi), with an additional U(1) transformation to preserve
the predefined form of the coherent-state representation.

We proceed by applying Stokes-Cartan theorem on a two-
dimensional manifold S(C) embedded in S¢~' whose bound-
ary is C. There are two possible choices for S(C) in d =
3, and infinitely many in d > 3 dimensions. Since S(C) is
two dimensional and lives on the unit d — 1 sphere, it is
locally perpendicular to i and additional d — 3 unit vectors
§; that define the shape of S(C). The vectors §; are mutually
orthogonal and orthogonal to fi, but generally vary by rotation
from a point to point on S(C). The Berry’s phase (C7) treated

by Stokes-Cartan theorem becomes

d—3
: 0
) 1+w-ig—3ab ]!:[1 k anb
d—3 A~ A
~ . 9(f| 9[n)
= d*Se, . .. SE AT —
/S(C) 1[...11/3ahc(nsk>n l aﬁb one

k=1

d-3 9 9
d*Se; o wel 1155 )a% (8] — —|n).
+ /S(C) iy...1g—3abc (l_[ Sk)n l< Ia,’,\lb aﬁc' )

k=1
(C10)

The second term in the final expression involves an antisym-
metric combination of derivatives and hence vanishes except
at positions of singularities in |fi). The surviving singularities
can only be quantized flux tubes of A(fi), which contribute
2nk, k € Z,to the Berry’s phase and have no physical conse-
quence. The remaining first term can be evaluated locally on
S(C), starting with (C8):
e aa d(f| 9lh)
...abcT a7k 9nc
Aani

= i€ apeh AR (B Ty — Apy) (i

=X +X; +X;.

— Acyi)|h)
(C11)

We can use the Levi-Civita tensor to antisymmetrize terms
with respect to indices b, ¢, and we may also exchange i, j at
will. Expanding the brackets yields

i i N N
X, = Eéii.ahcn“n’n’kh)»c(n|[)’j’ yilla) =0,
and also

~anin

Xy = —ie_apeH“A'R (hp(R]y;Jei1R) + Ae(RlTp;y:[R))
= —ie_apeh“ A (hp(R]y;JeiR) — Ap(B|Jv;|R))
= —€_ape" AR My (] (Sejyi — 8ijy©)IR)
=0
due to (A8), (B3), and antisymmetrization with respect to b, c.
Lastly, we find

i o R
X3 = 56...abcn“n’n’<n|[lbj, Jei]In)

1
== acAaﬁjcﬁ
26...bn( e [12)

with the help of (A7). It will be convenient to define

T () = (BlJ”[h). (C12)
and write the final conclusion as
. .q0(0] O[f) 1 nd
L€ abc a7k 9nc = _EEAA.ahcn Tpe (). (C13)
Then,
1 a3
Sg = __/ da’s €iy...ig_sabc (1_[ §;<k)ﬁujbc
2 S(©) 1---ld—3 i
1
= _5/ di® A dib TP, (C14)
S(C)
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The last two-form notation has the conventional integral in-
terpretation dn® A di? = e, didi?, where di® and di’ are
orthogonal vectors on the unit sphere locally tangential on
S(C). This is the simplest and most general expression we can
construct. The Berry’s phase on the loop C is the total spin
angular momentum of all coherent states on an arbitrary two-
dimensional surface bounded by C. The total spin depends
only on the boundary C and not on the shape of the surface.
Formally, the Berry’s phase on the loop C equals the Berry’s
flux (integrated curl of the Berry’s connection) through C.

1. Action variations

Classical equations of motion obtain from the stationary
action condition 4S5 = 0. Infinitesimal variations én change
the Berry phase action (C7) by

an (9AY QAP ant
8Sg =pdt — [ — — — dt — T sn’.
B ?{ 8t<8nb ana>_)y€ o on

(C15)
We expanded the Berry phase term using
an? on? on?
8 A%) = (4 A% 4+ —8A°
ot ot ot
0A*  On‘
_8 a_~ "~ _8 a
~ ar o
an® 9A®  9nv dA°
= —dn"— — dn
ot onb 9t onb
on _ e b
= —J%n’, Cl6
Y Jn (Cl6)

where the arrow stands for integration by parts. In the final
step, the directions a, b are both orthogonal to fi (due to [f| =
1), so that J% emerges from (C10) and (C13), i.e.,

.

6...abcﬁa — A = __E...abcﬁajbc(ﬁ) + (SingU1af>-

o7 5 (C17)

Note that the singular part does not change in smooth varia-
tions of 5.

2. Imaginary time

The imaginary-time path integral obtains from (Cl1)
through the replacements it — 7 and iSg — —Sg:

d
e =exp [—/dr (ﬁ(r)|d—|ﬁ(r))]. (C18)
T
The imaginary-time Berry phase can be written as
S = —i?gthr = —i%dﬁ"A“, (C19)

in terms of the real-valued Berry connections that have the
same form as in real time:

0

ane

d
Ac(B) = i(h|——|h), AY(h) = (] —|h). (C20)

This allows us to use the same formulas for Berry connections
as in real time.

3. d = 3 dimensions

In d = 3 dimensions, we can make further simplifications by
defining the usual pseudovector spin angular momentum

Jo=1e™yt =5yt & JP =€y (C21)
The formula (C8) can be written as
[f) = ieAbIcR) — 2int () AT |h). (C22)

an“
The first term is a rotation of the vector i, and the second (un-
avoidable) term is a pure U(1) transformation of the coherent-
state spinor involving a representation-dependent function
A“(fi) € R. The Stokes’ theorem takes a simpler familiar form

Sp = 7{ divA(h) = / d’Sh[Vi x A(h)]
C S(C)

—/ d’S (a|A'Jin) = —S/ d’s = —S Qc,
S(C) S(C)

(C23)

where S is the spin operator eigenvalue (in the given rep-
resentation) and Q¢ is the solid angle spanned by C. The
Berry connection that produces this action is a gauge field
of a monopole. Different representations of coherent states
produce different gauges for the Berry connection
AY(R) = —e P (aJC|R) — AAP(R|JPh) = —SAY(h).

In the minimal S = % representation and rotationally gener-
ated gauge, we find directly from (C3) and (C6)

. e 18 cos (§)e /2
) = e Ve 0y = (20
sin (E)ew’/
1 (zih)(Z x h)
T2 (Zxn)?
while in the “standard” gauge which keeps the coherent-state
spinor continuous as a function of 6, ¢:

() - A

2

A (C24)

=

Zx
+2

(C25)

N =
—_
=

This readily generalizes to an arbitrary spin S representation
of SU(2):

(20)(Z x 1)

A\ —iTFG —id05 _
= = A=S——7—5---7,
) = e /e z) G iy
) Zxn
) =e*h) = A=-S——(0.  (C26)
14+ zn

APPENDIX D: HUBBARD MODEL AT HALF-FILLING
WITH SPIN-ORBIT COUPLING

Here we derive a Heisenberg spin model that describes
the low-energy dynamics of electrons localized on a two-
dimensional or three-dimensional lattice. We will review
known results [104-108] and extend the previous studies by
including an arbitrary spin-orbit coupling. The starting point
is the Hubbard model

.U
H:—th;e’A”cj—i-EZni(ni—1) (D1)
ij i
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at half-filling in the U > ¢ limit, modified by the presence of
a U(1)xSU(2) gauge field matrix

A:—A =a; +Aay —a +A

Ly Ji

(D2)

that lives on the lattice links. The Abelian component g, ; cap-
tures the usual electromagnetism, while the static non-Abelian
components A, , combined with Spin(3) generators (Pauli
matrices) y¢, describe a microscopic spin-orbit coupling. The
Hamiltonian (D1) is constructed from the fermionic spinor
creation and annihilation operators cjf, c; respectively, and
n, = clec, is the number of electrons on the lattice site i. We
will find that the effective spin dynamics of localized electrons
is captured by a Heisenberg model in which the spin currents
are coupled to the spin-orbit gauge field via Dzyaloshinskii-
Moriya interaction, and the spin chirality is coupled to both
U(1) and SU(2) gauge fluxes.

At half-filling, n; = 1 on every lattice site and electrons
cannot move without paying the large energy cost U of
double-occupied sites. The residual low-energy spin dynamics
can be deduced using a degenerate perturbation theory. The
“unperturbed” part Hy of the Hamiltonian is just the interac-
tion U term, while the hopping term ¢ is a small perturbation
H’'. All massively degenerate eigenstates |83,) of Hp, with

> 0 double-occupied sites, are simultaneous eigenstates of
all site-occupation number operators #; that satisfy Hy|8,) =
nU|B,). Writing H = Hy + H' and

HWy)=ElY) = W =g

HOH V), (D3)

for the exact Hamiltonian eigenstates |y) and their energy

eigenvalues E, we find
= 2 2 s BulH1B,)

= (Bnl¥) = (D4)
nop

(an operator in the denominator indicates the inverse opera-

tor). Let
Pu=_1Bu)Bul
B

be the projection operator to the Hilbert subspace with n
double-occupied sites. We wish to construct the effective
Hamiltonian H.g that operates only within the low-energy
Hilbert subspace with no double-occupied sites, but repro-
duces the exact low-energy spectrum HeiPo|yr) = EPo|vr).
Noting that Py|v/) keeps only the amplitudes ag, from the
full eigenstate expansion of |i{), we recursively use (D4) to
separate the processes in the low-energy subspace from those
involving high-energy final states:

Eag, =YY ag (BolH'|B:) = Y ag, (BolH'IB1)
no By B

—i U ZZZ% (BolH'|B1) (1 1H'| By

Z% (BolH'P1H' | o)

(D5)

“E-U

1
+E —-U Zzaﬂm<ﬁ0|H/'P1H/|ﬂm) =.... (D6)

m=1 By

Ultimately, we find that

Pﬂ k

___* H’
E—mU lvo)

Eap, =Y ay, (BolH'—"—H'...H'
70. P

D7)

is the sum over all possible hopping paths P, from the initial

[vo) to the final |By) low-energy state through k interme-

diate high-energy states with n; >0, i =1, ...k, double-

occupied sites. Each path consists of one or more loops on

the lattice on which an electron hops, and only connected

loops eventually survive. Using (D7) recursively to eliminate

E from the expansion of the right-hand side in powers of
E/U <« 1 gives us

] !
Eag, = Zam{—a Z<ﬁ0|H’7>1H 7o)
Yo P,

(BolH'P\H'PH'|y0) +
P,

1
+ = . } (D8)
up to the third order of perturbation theory.

Now we can focus on the calculation of the matrix element

(BolM (Pr)|yo)

on a single connected loop IP;. The operator M (P;) ~ t**! can
affect only the spins S; on the loop sites 1,2, ...,k + 1. The
number of double-occupied sites in all intermediate states is
n=---=n=1.Let

(BolH' Py H' ... H' Py H'|y0) |, = (D9)

BN (PR TAE

R (D10)

be direct products of spin-coherent states [f;); at loop sites j,
and let us represent a coherent state |fi) by the two-component
spinor ¥ () written in (C24). We will use a basis of spin states
)i = [0;);, )i = | —fy); for each site, i.e.,

AF A
n; = o, fi,,

o, = £, (D11)

and choose the directions n; that conveniently play along with
the effects of spin-orbit coupling. Since the electron creation
and annihilation operators are spinors, we find that ¢/ (f)
creates an electron of spin S = %ﬁ at the given lattice site. We
also find

Y (@)[0), ¥ (h)c2) = |—n),
Fy @)Y =2y 412), ¢12) =0,
(D12)

cl0) =0, cJn)=
¢y ()|0) = [h),

where |0) and |2) are the states of an unoccupied and double-
occupied site, respectively, and

. o =LA
A a =¥ (—D)Y @) =8 Savao

with 8x ¢ being nonzero and equal to 1 only when x = 0.

(D13)

1. Second-order perturbation theory

The lowest order of perturbation theory that contributes
to the effective spin Hamiltonian is second because a single
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hopping event cannot transform one state without double-
occupied sites to another. At the second order,

1
HY = -5 > o M®)), (D14)

with M (IP}) defined via (DY), an electron hops from a site i
to a site j and then back to i on single-bond loops P;. Using
(D12), we find the following effect of the initial hopping in
(D9):

c}e—l.Aijci i), |ﬁj>j — e_laijA'RzA”-ﬁi.ﬁj |0}, |2)j. (D15)
The notation Ryn indicates the vector that obtains when i
rotates about the axis 6 by the angle |f|. Such rotations
are generated due to the spin-orbit gauge field A7, bundled
with rotation generators S = y“/2 in (D2). The effect of the
second hopping is

—iAj; _ —iay o o
cje” e, 0),12); = e bR, w a0l [A));.

;. (D16)

Within the spin basis (D11), the obtained relationship
R, A_,-,-ﬁ;‘ | fi; also implies the inverse relationship RzA,fﬁi I
n; in (D15), ie., A — 8R2Aijﬁi+ﬁj,0 according to (D13). The
ensuing constraints on the spins are summarized by
Ul'O'j = 1, ﬁ] = _RZA,’jﬁi' (D17)
In the absence of spin-orbit coupling Aj; =0, (D17) re-
quires that the two spins on sites i, j point in the opposite
directions, and either flip together or stay unchanged during
the second-order process. The spin operator that projects onto
the space of antiparallel spins is % - 2SizS; in the usual basis
0;, h; || Z, and the combined spin flipping is accomplished
with S;°S7 4 S7S7. A careful analysis of the perturbative
process reveals that the fermionic statistics of electrons gives
opposite signs to the flip and nonflip events. The effective
Hamiltonian in terms of the spin operators S = (5%, $”, §%) is,
hence,

2
(1) t 1 _ _
Hy = =22 :<§ - 25;5;)(1 — SFS7 = S7S7)
(ij)

l2
= EZ(ALSl.Sj -1 (D18)

(i)

in the absence of spin-orbit coupling. We have included the
amplitude —(—¢)?>/U from (D14) and a factor of 2 corre-
sponding to the reordering of the sites i, j; (i, j) in the sum
indicates site pairs without specifying order. The constant
term will be dropped from now on. In order to include the
spin-orbit coupling, we must carry out the same spin-flipping
combinations with the spin on one site rotated relative to the
spin on the other site as required by (D17):

4¢? , ,
(U i *IZAI"S,‘ le,'S,‘
Heff = 7 E e 7 Sie 7 Sj
(i))

(D19)

We can symmetrize the H,, =U;H, j>Ul.; Hamiltonian part
on each link by exploiting its commutation with U;; =

expliA;;(S; + S;)]:
(D20)

where

Aipy = Agjiy = Aij(Si = S)). (D21)

An important physical picture is obtained by linearizing
(D20) with respect to the spin-orbit gauge field:

442

HY = o [S¢8% — 2 AL SPSS + O@AD)].  (D22)

ijoiv]
(i)

The term involving the gauge field is a Dzyaloshinskii-Moriya
coupling —2A;;(S; x S;), here clearly linked to the micro-
scopic spin-orbit coupling of localized electrons. However,
we cannot properly take the continuum limit without first
rectifying the antiferromagnetic spins of this model. Let us
assume for simplicity that our lattice is bipartite (e.g., cubic)
and couples the spins only on its nearest-neighbor links. The
rectification (in the limit of weak gauge fields) is carried
out by the transformation S; = 3(—1)'s;, where (—1)' takes
opposite signs on the two sublattices of the bipartite lattice.
The field s; is smooth and becomes normalized as a unit vector
|s|?> = 1 upon the construction of a coherent-state path integral
from (D22). The Lagrangian density of that path integral is

Kl abc C Ad 2
L= 7(e Peshd, s — 249 ) 4 - (D23)

with A_‘j_u being the local “transverse” component of the

linearized gauge field Ai“j (Afj = A;{iﬁ, A_;? = A?.i+y’ etc.):

o bTh 0§ _
Aﬁu - sa(s AHM)’ Aj-/t _AZ —Aj

‘L (D24)

Note that the “longitudinal” component of the gauge field does
not couple to spins in (D22).

2. Third-order perturbation theory

Here we calculate

HY = — Z M(PPy) (D25)

on triangle loops P. There are two types of processes involv-
ing three lattice sites i, j, k:

(1) one electron hops: i N j N k N i,

(2) two electrons (1 and 2) hop: j 4 k, i> j, k L

Both prototype processes end with the same hopping event
and come in six varieties that correspond to the permutations
of i, j, k. The last hopping occurs under the same conditions as
(D16) and thus generates the constraint i; = —R,, 1, for the
final spin states. The middle hopping event of the process No.
2 moves an electron at i in the original state fi; to the empty site
J» where its final state obtains by the rotation #; = +R,, f
In the process No. 1, we are free to choose the bases of spin
states at sites i, j and make them related by the same rotation,
ie,n; ==xR, A,,ﬁi ; then, the effect of the entire loop hopping

in the process No. 1 is

i

/ ’ 7 T —iAy T —iA; T —iA
(], (] (| c; e e cpe™ e e

UC,' |ﬁi >i |ﬁj)j|ﬁk>k
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= ¢ ik SRon, i +0;,0 ARy i SR,y 1 4+07,0- (D26)
The process No. 2 has exactly the same amplitude if we
change variables i, — —ﬁ}. This amplitude picks the U(1)
flux

Gijk = aij +aji + ai (D27)
through the lattice plaquette formed by the sites i, j, k, as
noted in Refs. [106-108]. We will now show that the SU(2)
gauge field contributes its flux as well, through the remaining
factor A in (D26):

)‘*RzAjkﬁ},n )‘—GxﬂjﬁkﬂzA it Roa;; Raay,; Si.Sk

= T (—iy) e IARY gAY gAY V(—0;0,0; n).

(D28)

We applied all of the constraints on spins in (D26) and
specialized to the spin basis (D11) for the initial and final
states. If we define

|A U|<<

Cij = cos(|A;j]) —— 1+ O(IA;1%),
(D29)
. sin(|A;;|) \Al,|<<1

i = —— 1+ O0(A;).
T 1Ayl !

and use the identities y9y? = 8% + ie®y¢ and e i7" =

G, —iAj;vS;;, we find

oA TNy T IANY = G — iy DY, (D30)
with
Bijk = Ci;CiCri + S;;S 4 Spie ™ ALAL AL,
- (Ci 1S iSkA A cychc)
= %(Aij +A,+ Aki)2 +0@A%)  (D31)
and

CD,“Jk = (C;;C ;. SpAx; + cyclic)
=878 1Sk (ajkAziAijA‘}k + cyclic)

—‘,-Gab‘(
= Af; + A% + A}

(CieSuSi A AL, + cyclic)

[0.05in]

€ (AVAS, — ABAL + ALAS)) + O(A%)(D32)

ki‘tij
|

The symbol “cyclic” indicates the addition of two more terms
obtained from the first one by cyclic permutations i — j —
k — i. Note that the three sides of the triangle are not equiv-
alent (0;; = —1, ojx =1, oy = 1) due to the noncommuta-
tion of the spin generators y“ in (D30). The sides become
equivalent only after the symmetrization in the sum over all
triangle paths P, in (D25). We complete the calculation of
(D28) by choosing the spin basis on the remaining site k
according to i, || ®;j:

= ¥ (1) (@ —

(azﬂc + iﬁzcbiljk)aa,o,ok 1° (D33)

This immediately generahzes to any basis, and A presents

itself as an operator A = @, T 2iS¢ CI>“ within the constraint
oiojor = 1.

In the absence of all gauge fields, the operators that carry

all spin transformations allowed by o,0j0; =1 and enter

(D25) are found to be
1
—28;S; >( —2S;S; )

/1
Hi i = —72\2
1 1
—28:S; >< —2S;S; )( —2S; Sk>

B /1
U? 2
(D34)

for the processes No. 1 and No. 2, respectively. Their sum

iy <I>l]k)1ﬁ(—ai o; 0} n,)

Hyijp =

3
Hyjji + Hyiji = %(_Sjsk + SiSi + 2iS;(S; x Sk))
(D35)

gets symmetrized in (D25) first by cyclic permutations of
i, j, k, then by the reversal of site ordering. Performing ex-
plicitly the cyclic permutation yields

HY = 121U—ZS(S x S¢) 4+ H.c. — 0, (D36)
(ijk)

but the order reversal (i.e., the Hermitian conjugate) cancels
all terms at this order of perturbation theory. The above
chiral spin coupling, however, can survive if the external
gauge fields have flux that breaks the time-reversal symme-
try. Re-introducing the U(1) and SU(2) gauge fields affects
the chiral coupling and its symmetrization with respect to
triangle paths. Given the constraints fi; = —Ro4, fi; and fi; =
0 Roa,; Raa, By with which we calculated (D28) the written
(unsymmctrlzed) chiral coupling for the processes ending at
the site k becomes

EubcslaS‘?SIcc N e—i¢ijk eabc (e_iZAijSiS;leiZAljSi)Sl?( lZA,jSke—lek,Sk 1 {Sk, cD(k)T}eiZAk,Sk eiZAijSk)

— 1 —idijk
26

In addition to (D27), we defined the operator

q)fflz = ¢ PSP IS = Pije — 2i Ski’ijk (D38)
and noted that A = def,zT from the process amplitude (D26)

needs to be inserted as an operator next to the S; operator (it

e i2(AySi—A S sz(‘f){ achaSbSk ’ P } D FIT Hi2(A;Si—AjSk)

ijk

(D37)

ijk ijk

(

can be verified that only this placement yields the proper non-
Abelian gauge invariance). Also, both A and S} in the chirality
operator need to read out the same spin n; from the initial
spin-coherent state without modifying it: for that purpose, we
antisymmetrize A and S; with the anticommutator, and hence
avoid any undesirable effects of their noncommutation. In
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order to gain more insight, let us expand the gauged chiral
coupling in powers of the gauge field and keep only the anti-
Hermitian terms which survive in the effective Hamiltonian
(after the multiplication by 12it3/U?):

e sustse — —%{e“bcsglsj?s;, Bi — 2(5,8,,0)

+ O(A?) + (Hermitian). (D39)

Substituting this and the expansion of EDf‘jk from (D32) yields
the effective Hamiltonian (D25):

1263 1, N
H? = 3 Do {eesistsg, @, ) + He.,  (D40)

— 2
(ijk)

6ijk = @i — 208D Pl + 8P + O(A%)
combines the U(1) flux ¢;x given by (D27) and the SU(2) flux
given by

Pl = Ajj +Afy + Ay — %Eabo (A?j G +A?k b A fj)
(D41)
The SU(2) flux is bundled with the average spin on the loop

Si+ 85+ 58

(SYijk = 3 (D42)
The residue
8D = _%‘eabc[(sltcZ - <Sa>ijk)Al;kAii
+ (S = (8Mije) ARAT; + (8] — (8M)ije)ATA]
(D43)

would approximately vanish if the spins varied smoothly on
the lattice. Of course, the Hubbard model produces antiferro-
magnetic spin correlations, which together with lattice frustra-
tion and the spin-orbit coupling can generate various kinds of
spin modulations on short length scales. Generally, the above
residue and other microscopic details will renormalize the
SU(2) charge of spin excitations in the continuum limit, and
they can even make it vanish in the case of certain symmetries.

The chiral interaction (D40) has a positive coupling and
hence tends to antialign the spin chirality e**S¢S%S; to the

external magnetic field ¢;;,. However, the electron current
Jij = —i(cich - c;ci )/2 always tries to run in the direction
opposite to the U(1) gauge field a;; given the Peierls factors
exp(+ia;;) in the electron Hamiltonian (D1). The net effect is
that the spin chirality wants to be aligned with the curl of the
electron current, which goes opposite to the U(1) gauge flux.
This behavior is consistent with the topological Hall effect
discussed in Sec. III D, in which a Kondo coupling binds the
flux of charge currents to the spin chirality of local moments.
Reversing the sign in the Peierls factors does not affect the
relationship between the electron charge current and chirality;
it only alters the sign of the external magnetic field relative to
the chirality.

Neglecting the need for spin rectification due to antiferro-
magnetic correlations, the naive continuum limit of the chiral
spin interaction (D40) is given by the Lagrangian density in
the path integral

L= %[e“bcsa(aus”)(avsf) + 46 (B — D]+

(D44)
The continuum limit and rectification of the lattice chiral
interaction are discussed in Sec. IIF, and ¢,, ®¢ are the
appropriate spatial averages of the U(1) and SU(2) fluxes,
respectively (with vanishing temporal A = 0 components).
This Lagrangian density obtains transparently from (D40) in
high-spin representations when the spin operators S¢ translate
directly into the classical path integral variables s%, |s| = 1.
In the spin S = % representation of the Hubbard model, the
restrictions in the spin operator algebra first yield the naive
continuum limit

HY — Ky [¢; x; + Ple;je™(S7, S}, 87)(9, 5]
= K, [; x; + €€ D7(9;5")(9,5]. (D45)

where x; = €;jx€%°S%(3;S?)(9:S). The conversion to the
coherent-state path integral is now transparent since the power
of the spin operators on each lattice site is at most 1. Once in
the path integral, the integration variables s* obtained from S¢
have fixed magnitude |s| = 1 and then (D45) reduces to (D44).
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