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Nonrelativistic anisotropic magnetoresistance with collinear and noncollinear magnetic order
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Anisotropic magnetoresistance (AMR) arises from symmetry lowering of the conductivity tensor induced by
magnetic order. In simple ferromagnets, AMR is a relativistic effect, relying on spin-orbit interaction (SOC).
Here, we demonstrate that a comparable symmetry lowering can also occur in a nonrelativistic limit. Using
tight-binding models, density functional theory calculations, and Boltzmann transport theory, we investigate
systems with multiple magnetic sublattices, including both collinear and noncollinear antiferromagnets, as well
as ferrimagnetic configurations. We show that AMR and related anisotropies can emerge purely from magnetic
order, without the need for SOC, and may reach significant magnitudes. The findings are supported by case
studies on toy-model lattices and real materials such as MnN and Mn3Sn and are further interpreted using a
symmetry analysis based on Neumann’s principle. Material candidates that exhibit nonrelativistic anisotropic
magnetoresistance are identified by symmetry analysis applied to entries in the MAGNDATA database.

DOI: 10.1103/yrmp-j9h2

I. INTRODUCTION

Anisotropic magnetoresistance (AMR), first observed by
William Thomson in 1857 [1], describes the dependence of
resistivity in ferromagnetic materials such as cobalt and nickel
on the direction of magnetization. Since its discovery, AMR
has remained an active subject of research [2]. In its prototypi-
cal form, AMR appears in polycrystalline ferromagnets (FMs)
as a twofold (that is, 180°-periodic) angular dependence of
resistivity p on the angle ¢ between the current and the mag-
netization direction [3]:
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This relation implies that, for example, if the magnetization
in an otherwise isotropic medium (o, = o,, above the mag-
netic ordering temperature) is oriented along the x direction,
the conductivity tensor o = p~! becomes anisotropic with
Oxx F Oyy.

The conventional understanding of AMR [4], in line with
Eq. (1), attributes the effect to spin-orbit coupling (SOC),
which couples the spin of electrons to the crystal lattice.
However, this description is not exhaustive. In this work,
we discuss similar symmetry-lowering effects in the con-
ductivity tensor that can also arise in the absence of SOC,
provided the magnetic order involves multiple magnetic sub-
lattices (MSLs), including both collinear and noncollinear
magnetically ordered systems.
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A. Definition of AMR

More generally, AMR can be defined as the change in
symmetry of the conductivity tensor o;; due to magnetic or-
dering. This definition includes the standard expression in
Eq. (1), but excludes conductivity anisotropies due to the
direct action of the magnetic field, such as orbital effects
in nonmagnetic systems (e.g., positive magnetoresistance in
metals which may be anisotropic [5,6]), or surface states
in topological insulators [2]. Historically, AMR has also
been referred to by various terms—such as spontaneous
magnetoresistance anisotropy (SMA)—though these are not
always consistently defined throughout the literature [2]. The
above definition thus provides a unifying framework for these
differing terminologies.

The conventional understanding of AMR encompasses two
distinct phenomena: (1) the anisotropy of the conductivity
induced by magnetic order and (2) the variation of the conduc-
tivity when the magnetic order is rotated. In many commonly
studied cases, these two manifestations are effectively equiv-
alent, and the distinction between them is often overlooked.
This equivalence can be illustrated using a simple example:
an FM on a square lattice. In the absence of magnetic order,
the conductivity is isotropic. Once ferromagnetism is present,
the conductivity becomes anisotropic:
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The AMR is then defined as “;”’ , which can be determined
both by measuring the conductivity along different directions
for fixed magnetization:
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as well as by rotating the magnetization and measuring con-

ductivity along a fixed direction:

O (M || X) — 0, (M || y) 0 — o’
O~)cx(l\/[ ” .X) o

AMR = , @)
where the second approach is typically used in experiments,
as it is easier to measure accurately in practice.

Although the two approaches are equivalent in simple
cases, they differ in general. Without SOC, the spin and or-
bital degrees of freedom are decoupled. As a consequence,
the nonmagnetic lattice is symmetric under any pure spin
rotation. In magnetic systems, a rigid rotation of all mag-
netic moments corresponds to such a pure spin rotation, and
since conductivity is invariant under spin rotations, rotating
the magnetic order (as a whole) cannot modify the conduc-
tivity in the absence of SOC. Therefore the second form of
AMR, involving rotation of magnetic order, does not exist
without SOC. However, we demonstrate in this work that the
first form—anisotropy induced by magnetic order itself—can
persist without SOC in systems featuring multiple magnetic
sublattices. Moreover, we consider additional cases involving
more complex manipulations of magnetic order (e.g., nonrigid
tilting) and scattering from ferromagnetically aligned impuri-
ties in noncollinear systems, which can also lead to AMR in
the nonrelativistic limit.

Throughout this study, we focus exclusively on longitudi-
nal AMR, i.e., anisotropy in the diagonal components of the
conductivity tensor. We note that AMR can also appear in
off-diagonal components [7], often referred to as the planar
Hall effect [2]. Furthermore, we restrict our analysis to the
T-even component of the conductivity, which corresponds
to the symmetric part of the conductivity tensor. The 7 -odd
part, associated with the anomalous Hall effect (AHE), is not
studied here. While AHE can also occur without SOC, it re-
quires noncoplanar magnetic systems [8], a scenario typically
described as the topological Hall effect.

B. Categories of AMR

Beyond its mode of realization, AMR can be categorized
based on its microscopic origin:

a. Intrinsic versus extrinsic. Intrinsic AMR originates from
symmetry-breaking effects that are scattering-independent,
whereas extrinsic AMR arises from spin-dependent scatter-
ing. Historically, the extrinsic mechanism has received more
attention, and only a few works have recognized scattering-
independent contributions to AMR [9-14] so far. These
two contributions can be experimentally distinguished using
frequency-dependent measurements [9,10]: the extrinsic con-
tribution typically scales with 1/w, while the intrinsic one
is frequency-independent. In the context of other transport
phenomena such as the AHE or spin Hall effect (SHE), in-
trinsic mechanisms are well-established and linked to the
Berry curvature [15,16]. In contrast, the origin of intrinsic
AMR is usually attributed to Fermi surface anisotropy, which
we address in Sec. IIl. However, a recent study [17] sug-
gests that Berry curvature may also play a role in intrinsic
AMR. An extreme form of intrinsic AMR can be caused by
a metal-insulator transition (MIT) in EuTe,, which exhibits
large AMR values (up to 40 000%) [18] when measured

along different crystallographic directions under applied mag-
netic fields. Here, the Fermi surface (FS) does not become
anisotropic, but rather vanishes entirely in the insulating
phase, leading to a dramatic conductivity anisotropy.

b. Nonrystalline versus crystalline. The AMR signal in
polycrystalline samples follows the cos2¢ dependence of
Eq. (1) and is called noncrystalline AMR. In contrast, high-
quality single crystals can exhibit more complex angular
dependencies. For example, fourfold symmetry has been
reported in Ni [19], CooMnGa [20,21], and (Ga,Mn)As
[22]; sixfold symmetries in hexagonal MnTe [23,24]; and
sometimes even higher-frequency periodicity in certain cases
[22,24,25]. Although such features have been known for
decades, they are occasionally misinterpreted as manifesta-
tions of magnetocrystalline anisotropy [2] or highlighted as
recent discoveries, though related concepts have been ex-
plored in earlier works [19,26]. Typically, higher angular
harmonics are analyzed in systems with a single spin axis
(SSA). However, this analysis can be straightforwardly ex-
tended to systems with multiple magnetic sublattices (MSLs),
as demonstrated in Appendix A.

This section provides only a brief overview of the rich
landscape of AMR phenomena. For a more comprehensive
treatment, we refer the reader to Ref. [2].

C. Beyond spin-orbit coupling

This study builds on earlier findings (see Sec. 4.2.3 of
Ref. [2]) of spin-order-induced anisotropies which fall, in
the present context, into the scope of nonrelativistic AMR.
Recently, various effects that typically originate from spin-
orbit coupling have been shown to exist in magnetic systems
even with no SOC. For instance, in the noncollinear an-
tiferromagnet Mn3Sn, both a strong SHE [15,27] and a
local (sublattice-projected) Edelstein effect [28] were found
to prevail even in the absence of SOC [28,29], indicating
that complex magnetic order can mimic relativistic effects.
Nonrelativistic effects have also been explored within the
emerging framework of altermagnetism [30,31]. Nonrelativis-
tic parity-breaking of Fermi surfaces (by magnetic order),
leading also to conductivity anisotropies, was investigated in
a separate study [32], which focuses on the symmetry-based
characterization of magnetic phases exhibiting such features.
The AMR alone, however, does not require parity breaking,
and simpler scenarios can occur.

D. Organization

In this work, we explore how AMR can arise in the
absence of SOC, considering both intrinsic and extrinsic
mechanisms [33].

a. Intrinsic AMR. We identify two distinct mechanisms for
magnetic-order-induced anisotropy in the conductivity tensor
that emerge without spin-orbit coupling (SOC), both assum-
ing isotropic scattering.

(1) Spontaneous anisotropy. Intrinsic anisotropy arising
from magnetic ordering itself, as observed in collinear antifer-
romagnets like MnN. Ab initio calculations indicate this effect
can be significant, though it typically offers limited tunability
via external stimuli (e.g., magnetic fields).
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(2) Field-induced anisotropy. Manipulation of magnetic
order via applied fields or strain, where we consider tilting
of the moments rather than a rotation. We explore this in
(i) minimal models (kagome/triangular lattices), and (ii) the
noncollinear antiferromagnet Mn3Sn.

b. Extrinsic AMR. We also show that even in systems
where the magnetic order does not induce any nonrelativistic
intrinsic AMR, extrinsic AMR can exist when a specific type
of scattering is considered. We assume scattering on magnetic
impurities, such that typically unordered impurities are only
weakly coupled to the lattice and can be aligned by a weak
external magnetic field, which does not overcome the ex-
change interactions of the host material. Our motivation here
is weakly coupled Mn impurities in antiferromagnetic salts
and alloys which we will discuss in detail in Sec. III D.

This paper is organized as follows. In Sec. II, we will in-
troduce the theoretical background and the methodology used
in this work. In Sec. III, we will discuss the intrinsic AMR,
followed by the discussion of extrinsic AMR in Sec. IV. The
summary follows in the final Sec. V.

II. METHODS
A. Formalism

Except for Sec. IIT A, we rely on a simple tight-binding
model which consists only of a hopping term and an exchange
term [28]:

=D D I (ol el (9)
ij « i B

where 1;; is the hopping parameter from site i to j, o and § are
the spin indices, 6?(*) is an annihilation (creation) operator
at site i with spin «, J is the Heisenberg exchange constant,
o is the vector of the Pauli spin matrices, and 7; is the
magnetization direction unit vector at site i. In the kagome
lattice considered here, we restrict the hopping to nearest
neighbors only, such that t;; = o = 1 eV for all relevant site
pairs i, j, where fy denotes the nearest-neighbor hopping term.
The exchange interaction is fixed to J = 1.7 eV, following
Ref. [28].

The conductivity is then calculated using the Boltzmann
equation [33].

vn,i(k)vn,j(k)’

(6)

where e is the elementary charge, E,(k) is the k-dependent
eigenenergy of the nth band, Ep is the Fermi energy, I, i is
the scattering rate and v, ; is the ith component of the Fermi
velocity in the nth band. The delta distribution evaluates the
integral over the first Brillouin zone (Ist BZ) at the Fermi
surface. The Fermi velocity is calculated by

1 0E,(k)
Uni = 7 -
’ h 0k
In case of the intrinsic AMR (Secs. IIIC and IIID), the
scattering rate is obtained by choosing the constant relaxation-

time approximation (RTA) [34] where the relaxation time
T = 1/Al', k is the same for all electrons and thus isotropic.

d’k
j=e ———8(Eq,(k) — E
Gj ¢ Z/I\stBZ (2 )3 ( ( ) F) 1—‘nk
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This means that the anisotropy can only enter through the
Fermi velocity contribution. This can be conveniently ex-
pressed through the so-called plasma frequency [35]:

2 . .
(w,j) P /lstBZ § (2 B S(E (k) — EF)Un,z(k)vn.j(k)a
€))

which does not depend on the relaxation time. Here ¢ is the
vacuum permittivity. Equation (6) can then be written as

0ij = €T (w])’. )

The anisotropy of o thus in this approximation originates
from the anisotropy of plasma frequencies. The anisotropy
Oux # Oy, arises if the integrals of Y~ vy and ), v7  over
the Fermi surface are not the same. This generally requires
an anisotropic FS that breaks crystal symmetries. A spherical
Fermi surface or one that follows the full crystal symme-
try (e.g., hexagonal in a hexagonal lattice) does not lead
to anisotropic conductivity, in accordance with Neumann’s
principle.

For extrinsic AMR (Sec. IV), we return to Eq. (6), and
determine the scattering rate by using Fermi’s golden rule:

2 / a3k
Fn, - _Nsca —4 (En (k/)
“Th ' Z 1smz (2m)?

— E,(K)IM*$12(1 — cos 6,,), (10)

where Ny, is the volume density of the scatterers, Mjf,lz‘ is

the transition matrix element, and cos 6, = l:”égl |:7 Et;‘ . The
transition matrix element is calculated by

MY = (s MY 1), (11)

where Y, x is the wave function for the eigenenergy value
E, (k) [33] and M describes the particular form of impurity.

B. Symmetry analysis

We will analyze the real-space symmetries of vari-
ous magnetic configurations—both for the toy models and
Mn;Sn—using the open-source code Symmetr [36]. The soft-
ware identifies the nonrelativistic symmetry group of each
magnetic configuration and returns the corresponding gener-
ator matrices and the symmetry-restricted form of response
tensors such as the conductivity tensor. A more detailed
discussion about the nonrelativistic symmetry analysis is pro-
vided in Ref. [28]. To understand the origin of anisotropic
magnetoresistance (AMR), we compare the symmetries of
configurations that exhibit isotropic conductivity with those
that show AMR. The key idea is to identify which symmetries
must be broken to enable AMR.

At the core of this analysis lies the Neumann’s principle,
which states that a tensor representing a macroscopic physical
property of a crystal must be invariant under the symmetry
operations of that crystal [20].

II1. INTRINSIC AMR

In this section, we discuss the mechanism sketched in
Fig. 1(a) of Ref. [33] where the anisotropy is not related to
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FIG. 1. (a) A square lattice without magnetic order exhibits
isotropic conductivity o,, = oy,. (b) FM order allows for AMR o, #
oy, only in the presence of SOC. [(c) and (d)] Introducing multiple
MSLs (red and blue) allows for AMR in a collinear AFM even in the
absence of SOC if the 90° real-space rotation symmetry is broken
by the magnetic order. (¢) Symmetry-breaking due to the rotation of
the FM planes. (d) The FM planes remain invariant under real-space
rotation. The conductivity will remain isotropic due to the linearity
of the conductivity tensor. [(e) and (f)] Crystalline structure with
two different types of magnetic order in MnN. In (f), Mn2 and Mn3
are flipped in comparison to (e) leading to 90° rotation of the ferro-
magnetic planes (highlighted in violet), allowing for nonrelativistic
AMR.

scattering processes. Unlike in that reference, the intrinsic [9]
AMR here is not due to SOC, but instead arises from mag-
netic order. Section IIT A focuses on MnN as an example of
spontaneous AMR in a collinear antiferromagnet and further
materials are discussed in Sec. IIIB. In Sec. IIIC, we in-
vestigate various magnetic configurations—both collinear and
noncollinear, compensated and noncompensated—on kagome
and triangular lattices. Using a tight-binding model and the
Boltzmann formalism in the RTA, we analyze Fermi surface
anisotropy and conductivity. We also examine the real-space
symmetries underlying these models. In Sec. III D, we apply
the same framework to Mn3Sn as an example of currently
topical AFM.

A. MnN: Example of AMR as a spontaneous effect

AMR as a spontaneous effect is illustrated in Fig. 1: In a
cubic crystal without magnetic order, the conductivity remains
isotropic oy, = 0,, = 0;;. An FM with a single MSL breaks
the symmetry and leads to anisotropic conductivity in the
presence of SOC. However, in the nonrelativistic limit, the
conductivity remains isotropic. This is because, without SOC,
spin and real space are decoupled, and the fourfold rotational
symmetry of the cubic crystal will not be broken by the FM
order. More generally, with SOC, rotational symmetry opera-
tions involve both real-space and spin-space components. The
same holds for mirrors, except that a mirror is described by
an improper rotation in real space and by a corresponding

proper rotation in spin space. Without SOC, however, the real-
space and spin-space components of symmetry operations
are decoupled. In systems with a single MSL, all crystal-
lographic symmetries of the nonmagnetic lattice (excluding
time-reversal) remain valid, as the spin component can be
considered trivial (i.e., no transformation in the spin space).
Since we only consider the 7 -even part of the conductivity,
which does not depend on spin-space transformations, FM
order without SOC does not change the symmetry of the
conductivity tensor.

However, in systems with multiple MSLs, symmetry op-
erations can map one sublattice onto another. In this case,
even in the absence of SOC, the magnetic order can break
crystallographic symmetries and thereby alter the symmetry
of the conductivity tensor. This is illustrated in Fig. 1(c),
which shows an A-type AFM order, consisting of FM planes.
This configuration breaks the cubic symmetry of the crystal
because a 90° rotation rotates the direction of the FM planes.
Since this direction does not depend on the direction of the
SSA, no spin rotation could be combined with the 90° ro-
tation to make it a symmetry. The conductivity will then be
anisotropic, which can also be seen directly from Fig. 1(c)
since for one current direction the electrons flow along the
FM planes, whereas in the other case they have to flow be-
tween the FM planes. In contrast, an AFM order shown in
Fig. 1(d) in which the ferromagnetic planes are oriented along
the diagonal direction, preserves the fourfold symmetry and
does not induce any anisotropy in the conductivity tensor.

The type of magnetic order, shown in Fig. 1(c), occurs in
MnN, which has a rock-salt structure [37] [see Fig. 1(e)];
without magnetic order, the conductivity remains isotropic.
However, the cation (manganese) magnetic moments prefer
an A-type AFM order. When choosing the direction of the fer-
romagnetic planes, e.g., xy planes, anisotropy arises—in this
case, o is different from oy, = o,, [38]. We have performed
DFT calculations to evaluate the conductivity in MnN, which
are described in detail in Appendix B. For a perfectly cubic
structure with no SOC, we find /iw?, = 5.91 eV and fiw?, =
5.30 eV so that, assuming isotropic scattering, nonzero AMR
according to Eq. (9) exists, with o, /0,; — 1 & 24%. In com-
parison, for calculations including SOC, we obtained fiw?, =
5.84 eV and hw!, = 5.33 eV, leading to similar anisotropies
and thus, indicating that the AMR is mainly of nonrelativistic
nature.

Although magnetic ordering leads to a slight distortion of
the lattice, this has only a minor influence on the transport
anisotropy. For example, when neglecting SOC and choos-
ing a = 0.4256 nm, ¢ = 0.4191 nm, the plasma frequencies
change to fiw}, = 5.89 eV and fiw?, = 5.29 eV. Using (9) and
assuming a typical relaxation time of T = 10~!* s, we obtain
the conductivities for a perfectly cubic structure without SOC
O = 7.14 x 10° S/m and o,, = 5.74 x 10° S/m and with
SOC o, = 6.97 x 10° S/m and o, = 5.81 x 10° S/m, while
the conductivities are for the slightly distorted lattice without
SOC o, = 7.09 x 10% S/m and o, = 5.72 x 10° S/m.

B. Further material candidates

Although the occurrence of nonrelativistic AMR in anti-
ferromagnetic MnN was discussed in detail in the previous

204427-4



NONRELATIVISTIC ANISOTROPIC ...

PHYSICAL REVIEW B 114, 204427 (2026)

(a) kagome lattice

/
/

/
/

(b) triangular lattice

b

Q
*
Q

,.)
Q

Q

Ao ~

FIG. 2. Schematic illustration of (a) the kagome lattice and
(b) the triangular lattice with noncollinear magnetic order. The three
magnetic moments in the magnetic unit cell are shown in red (A),
green (B), and blue (C). The net magnetic moment is zero. While
both configurations share the same magnetic unit cell, the kagome
lattice features a regular vacancy (dashed circle), distinguishing it
from the triangular lattice. In practice, the vacancy can be filled with
a nonmagnetic atom.

section, this material represents only one example within a
broader class of candidates. By applying the symmetry anal-
ysis introduced in Sec. IIB to a wider range of materials,
we identified 280 potential candidates, as detailed in Supple-
mental Material [39]. Prominent examples include MnsSis,
which exhibits topological Hall effect in its low-temperature
noncoplanar phase [40], the noncollinear compound MnPtGa,
which exhibits an AHE [41] alongside a pronounced magne-
tocaloric effect [42]; and SrIrO4, a canted antiferromagnet
hosting a novel spin-orbit-entangled Jeir = 1/2 state studied
for its similarity to cuprate superconductors [43]. The crystal
and magnetic structures used in our analysis were obtained
from the MAGNDATA database [44,45].

C. Intrinsic AMR due to manipulation of the magnetic order

In this section, we study how intrinsic AMR can be induced
by manipulating the magnetic order, which can be achieved,
for example, by means of an applied magnetic field or strain.
We consider a triangular magnetic order illustrated in Fig. 2,
as this type of order is found in many materials [46]. It
arises from antiferromagnetic exchange of three spins to avoid
frustration. Contrary to MnN, where the magnetic order itself

@, (b) 2
- 1
E 2
Ay ©
3 o K
o
w
-2 /\ -1
4 /\ 2

(e)

FIG. 3. Results for two compensated magnetic configurations on
the kagome lattice. (a) The band structure is spin-split. The permuta-
tion, which corresponds to a 180° global spin rotation around the
y axis, does not change the band structure. The band structure is
normalized by the nearest-neighbor hopping parameter #;, such that
E /ty is dimensionless (fp = 1 eV). (b) The Fermi surface at Er = 0
is isotropic and shows no intrinsic AMR. Note that a circular FS
is not the only shape that conserves the isotropy of conductivity.
[(c) and (e)] The magnetic unit cells of two compensated magnetic
configurations and [(d) and (f)] their respective k-space spin texture
at the same Fermi level. While the band structure and Fermi surface
are unaffected by permutations within the magnetic unit cell, the spin
texture changes. The spin texture lies entirely in the xy plane. The z
component (not shown) of the spin texture is zero.

breaks the real-space rotational symmetry, noncollinear mag-
netic order on kagome and triangular lattices preserves the
symmetry of the conductivity tensor as shown in Fig. 3(b). As
discussed earlier, a global rotation of all magnetic moments
corresponds to a pure spin rotation, which does not alter the
conductivity. This is reflected in the unchanged band structure
shown in Fig. 3. Although the spin texture rotates under such
transformations, the band structure remains unaffected.

To induce AMR in these systems, we consider instead
a tilting of magnetic moments within the xy plane, as il-
lustrated in Fig. 4. Here, moment A remains fixed, while
moments B and C are rotated—counterclockwise and clock-
wise, respectively—by the same angle «. This configuration
qualitatively mimics the response to an external magnetic field
or strain applied along the negative y direction. Note that this
simplified model neglects magnetocrystalline anisotropy and
anisotropic exchange interactions. Several special cases are
worth noting: o = 0°(120°) corresponds to the compensated
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FIG. 4. Illustration of the rotation of the moments B (counter-
clockwise) and C (clockwise) by the same angle «. Moment A
remains fixed.

states shown in Fig. 3(c) [Fig. 3(e)], « = 240° corresponds to
the ferromagnetic states with magnetization along the positive
y direction and o = 60° corresponds to a collinear ferrimag-
netic state. For all o« # 0°, 120°, 240° a partially compensated
in-plane magnetization (PCM) exists. We find that these con-
figurations lead to anisotropic Fermi surfaces (see Fig. 5 for
o = 24° and 36°) and therefore exhibit intrinsic AMR. In
contrast, the fully compensated (¢ = 0°) and ferromagnetic
states yield isotropic Fermi surfaces and no AMR.

Applying the Symmetr code [36] to get the generators of
the real-space symmetries, we find that the PCM cases break
both the 60° and 120° rotational symmetries around the z axis,
while the fully compensated and FM cases conserve at least
one of them. The anisotropy in the collinear ferrimagnetic
case (o = 60°) further demonstrates that the noncollinear
magnetic order is not a prerequisite for AMR—Iow real-space
symmetry alone is sufficient, as shown earlier in MnN. The
AMR in the PCM cases is not due to the existence of a net
moment, but rather due to symmetry breaking, which can exist
even when a net moment is absent.

(a) Fermi surfaces for a=0,24,36° (b)
25

AMR vs Ef fora=36"°

2.0
80

~
o

~
=)

(Oxx = Oyy))/0xx[ %]

o
vl

60

-2 -1 0 1 2 -0.2 0.0 0.2 0.4
ky-a Er [eV]

FIG. 5. Anisotropy induced by magnetic order. (a) Fermi surface
for the magnetic configuration corresponding to a rotation of mo-
ments B and C by « =0, 24, and 36°, respectively, as defined in
Fig. 4. Er =0 (¢ = 0,24°) and Er = 0.1 (o = 36°). The partially
compensated cases (PCM) o = 24° and 36° exhibit a pronounced
and increasing anisotropy between the x and y directions. (b) AMR
vs Fermi energy for « = 36°. The energy scale is directly comparable
to Fig. 3(a).

<(M,x)=-90"° °
.« «(M,x)=120°

FIG. 6. Illustration of symmetry breaking through in-plane tilt-
ing of magnetic moments in a kagome lattice (see Fig. 2(a)), leading
to a small net magnetization M and modified Fermi surface. (a) The
magnetic moments B and C were rotated by o« = 36° in the negative
y direction resulting in a net magnetization at an angle <(M, %) =
—90°). (b) The moments A and C were rotated by o = 36° so that
<M, %) = 120°. Such tilts may arise, e.g., from external magnetic
fields or strain. (Arrow lengths are schematic and not proportional to
IM}). (c) The resulting Fermi surfaces (ochre and violet, respectively)
are rotated by 60° to each other, and do not overlap, leading to
different AMR values.

Turning to the triangular lattice [Fig. 2(b)], we apply
the same tilting procedure. However, in all cases—fully
compensated, ferromagnetic, and partially compensated—
we find no Fermi surface anisotropy and thus no intrinsic
AMR. Symmetry analysis using Symmetr [36] confirms that
these configurations preserve either 60° or 120° rotational
symmetry.

In summary, we have analyzed a range of magnetic config-
urations on kagome and triangular lattices. Those that break
the 60° and 120° real-space rotational symmetry around the
z-axis exhibit anisotropic Fermi surfaces and thus AMR.
These include both collinear and noncollinear ferrimagnetic
configurations on the kagome lattice. In contrast, none of
the triangular-lattice configurations investigated show intrin-
sic AMR.

D. Material example: Mn3;Sn

An example of a real material that can exhibit the phenom-
ena discussed in the previous section is Mn3Sn, a well-studied
noncollinear antiferromagnet with a double-layer kagome lat-
tice [47]. Although known for over six decades [48], Mn3Sn
has recently attracted renewed interest due to its large anoma-
lous Hall and Nernst effects, spin-polarized currents, and the
presence of a tunneling magnetoresistance effect, making it
a promising material for spintronic applications [29,49-52].
Using the Symmetr [36] code, we confirm that the ideal mag-
netic configuration retains the real-space rotations 60° and
120° around the z axis, whereas tilted configurations (compare
Fig. 6) break both, consistent with our toy model results.

The main effect of the magnetic field is a rigid rotation
of all the moments [47,53]; however, the magnetic field will
also lead to tilting of the moments, which has been ex-
perimentally reported [54]. Furthermore, symmetry breaking
may also arise from anisotropic bond distortions caused by
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FIG. 7. Illustration of unaligned magnetic impurities (black ar-
rows) in the matrix of a kagome lattice. In Mnj3,,Sn;_, (where
only a fraction of x Sn atoms is replaced by additional Mn) this
could correspond to substitutional impurities. The black arrows serve
illustrative purposes as the concentration of impurities in realistic
scenarios is expected to be significantly lower.

piezomagnetism [55] or hydrostatic pressure [56], both of
which are sensitive to deviations from the ideal 3:1 sto-
ichiometry. In off-stoichiometric samples, excess Mn may
occupy interstitial or Sn sites [57], potentially contributing
to magnetic disorder as suggested in Fig. 7. We will exam-
ine scattering on such defects in the next section. Figure 6
provides a conceptual illustration of how in-plane tilting of
magnetic moments breaks the in-plane rotational symmetry
and leads to AMR: The two configurations shown differ only
in the relative orientation of the sublattice moments, result-
ing in rotated but nonoverlapping Fermi surfaces, which lead
to different values of AMR. This scenario could be experi-
mentally probed by inducing symmetry-breaking tilts of the
magnetic order, e.g., via external magnetic fields or strain.

In summary, Mn3Sn provides a compelling platform for
nonrelativistic AMR. When the 60° and 120° symmetries are
broken, anisotropic Fermi surfaces and AMR can emerge even
without SOC. Measurements of transversal AMR (or PHE) by
Sharma et al. [58] show a nonsaturating signal up to 9 T, which
could be interpreted in accordance with Fig. 5(a): For a larger
magnetic field, the tilt of the magnetic moments increases,
leading to a larger anisotropy in the FS and thus a larger AMR.

IV. EXTRINSIC AMR

In this section, we investigate extrinsic (scattering-
induced) AMR arising from aligned magnetic impurities (the
scenario sketched in Fig. 1(b) of Ref. [33]). The motivation
comes from earlier studies on extrinsic AMR in dilute mag-
netic semiconductors [59]. In those systems, one mechanism
of AMR involves a SOC-induced spin texture at the Fermi
level, which strongly resembles the nonrelativistic spin texture
found in noncollinear magnets, such as shown in Figs. 3(d)
and 3(f). In the nonrelativistic limit, such a texture cannot
result in AMR by itself (considering an isotropic impurity)
since it is not coupled to the lattice. However, AMR may arise
when we introduce spin-dependent scattering. The basic idea
is that electrons flowing in different directions carry different
spins, which will then result in different resistance in the
presence of spin-dependent scattering. We consider scattering

from magnetic impurities, which we assume are only weakly
coupled to the magnetic order and can be aligned by a weak
external magnetic field that does not perturb the magnetic
order. This is the case of Mn impurities in antiferromagnetic
salts [60,61] or presumably in alloys [62] where they are
bound only weakly via exchange interactions or are frustrated
and exhibit nearly paramagnetic behavior. Similar observa-
tions of paramagnetic impurity behavior have been reported
in topological-insulator/ferromagnetic-insulator heterostruc-
tures [63]. This mechanism of AMR closely resembles AMR
in the dilute magnetic semiconductor (Ga,Mn)As [33], al-
though in contrast to that case, the FM-aligned impurities here
change the symmetry of the system, and this is what enables
the nonrelativistic AMR.

We consider kagome and triangular lattices. In the kagome
case, Fig. 7 (black arrow) illustrates the effect of unaligned
magnetic impurities. We assume these impurities are weakly
coupled to the lattice and align under a magnetic field too
weak to disturb the host magnetic order. As discussed earlier,
such impurities may arise in Mn3Sn due to off-stoichiometry,
where excess Mn substitutes for Sn [57]. While speculative,
it is plausible that these Mn-rich regions act as magnetic
impurities with similar behavior.

We will revert to the full treatment of scattering via
Eq. (10), assuming magnetic impurities pointing in the i direc-
tion described by the transition matrix M = 8; ® 1y«v, where
S; is the ith Pauli spin matrix and 1wy is the N-dimensional
identity matrix, where N is the number of atoms in the unit
cell. For simplicity, we will restrict ourselves to impurities
pointing either in the x direction, which shall be abbreviated
as x impurities or in the y direction, denoted as y impurities.
We use the same model as in the previous section, defined by
Eq. (9).

We calculate the conductivities o, and o, by first calcu-
lating the scattering rate using Eqgs. (10) and (11) and then
evaluating the Boltzmann formula in Eq. (6). The numerical
evaluation of Egs. (6) and (10) proceeds as follows. The
eigenenergies E,(k) and eigenvectors ¥, x are obtained by
diagonalizing the tight-binding Hamiltonian, Eq. (5). Due to
the delta functions in Egs. (6) and (10), these integrals are
integrals over the Fermi surface. We first identify the Fermi
surface and then carry out the surface integrals numerically
using a standard quadrature rule (trapezoidal integration).
The velocities (7) are evaluated by sampling E,(k) at small
displacements k &= h around each Fermi-surface point. The
transition matrix elements MXK" of Eq. (11) are computed
directly as overlaps of the tight-binding eigenvectors with
the impurity operator M, evaluated between pairs of Fermi-
surface points k, k’. Given the simplicity of the underlying
tight-binding model (a single orbital per site with nearest-
neighbor hopping), this direct Fermi-surface integration is
numerically stable and does not require material-specific input
beyond the parameters 7y and J already specified in Sec. II.
We note that Ny, cancels out for the calculation of AMR and
thus it can be left out of the calculation for our purposes. The
results are summarized in Table I, where we set Er/t = 0 and
consider the PCM state with o = 36°, where « is defined in
Fig. 4.

In the kagome case, both x and y impurities in either com-
pensated or partially compensated (PCM noncollinear) cases
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TABLE I. Summary of the extrinsic AMR calculations for
kagome and triangular lattices in both compensated and partially
compensated magnetic (PCM) configurations. The impurities are as
introduced in the text. AMR is defined as *—>*_ “Extremal” means
that both oy, and oy, are divergent in the absence of other scattering
mechanisms (infinite in the ideal case). The exemplary values were
at a Fermi level of E /fy = 0 and in the PCM case for « = 36°, where
« is defined in Fig. 4. “Spin texture” indicates the active components
of the k-space spin texture at the FS. xy indicates that all the spins
are within the xy-plane and thus s, = 0 for all spins. The spin texture
allows one to develop intuition for whether a certain impurity would
lead to suppressed scattering.

Lattice Impurities M AMR (%) Spin texture
Kagome (comp.) X -7.3 xy
Kagome (comp.) y 2.9 xy
Kagome (PCM) X 76.7 Xy
Kagome (PCM) y 38.9 xy
Triangular (comp.) y extremal z
Triangular (PCM) y 0 zy

cause nonzero extrinsic AMR. In the triangular case, however,
no extrinsic AMR has been observed at all. In one specific
case, the results in Table I are denoted as “extremal,” which
means that both oy, and o, are infinite in our idealized model.
This originates from suppressed scattering due to I' — 0 for
such an impurity and the fact that the inverse scattering rate
is part of the Boltzmann equation (6). A similar situation
occurred in the analysis of AMR in (Ga,Mn)As [33], where
their minimal model yielded a singularity in the conductivity
due to a vanishing scattering matrix element. When including
more terms in Eq. (9), the original singularity transformed into
a pronounced peak. Likewise, the divergence in our model is
due to the neglect of any other scattering mechanism (e.g.,
all other types of impurities, phonons), and a real system is
expected to display only a maximum rather than a singularity.

In the last part of this section, we investigate the crystalline
AMR, which refers to the anisotropy of the conductivity cre-
ated by the crystalline symmetry. Here, it can be defined, in
analogy to Egs. (3) and (4), as

GUU(M = Sv) - wa(M = Sw)

AMRiru’f = = ~
oM =3S§,)

N V)

where v and w are two arbitrary directions (e.g., x and y). The
conductivity is measured along direction v with impurities
aligned in the same direction, and analogously for direction
w. A nonzero value indicates an anisotropy arising from the
crystal lattice itself.

The crystalline AMR is thus defined as the normalized
difference between the longitudinal conductivity in the v di-
rection for a magnetic impurity in the same direction and the
longitudinal conductivity in the w direction for a magnetic
impurity in the same direction. In both cases, the conductivity
is measured along a given direction with the magnetic im-
purity aligned parallel to that same direction. The resulting
anisotropy AMR{"” = 0 would thus arise only from the influ-
ence of the crystal directions. For both kagome and triangular
lattices, we indeed find nonzero crystalline AMR. This is

Kagome compensated: X-impurity Kagome compensated: Y-impurity
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FIG. 8. Kagome lattice with magnetic impurity. Scattering rate
(color-coded) on the Fermi surface [see dashed line in Fig. 3(a)] for
the same underlying magnetic order (see Fig. 7) and two orientations
of the magnetic impurity. The left panel shows results for an x
impurity, while the right panel corresponds to a y-impurity. The im-
purity orientation modifies the angular dependence of the scattering,
resulting in distinct conductivity responses and thus AMR.

illustrated in Fig. 8, where the Fermi surface and correspond-
ing scattering rates of the kagome lattice are shown for x and
y impurities. The scattering rate of the y impurity is not only
rotated with respect to the x impurity, but exhibits an addi-
tional twofold modulation—scattering maxima are enhanced
along the y direction compared to the x direction—resulting
in different conductivities.

V. SUMMARY AND CONCLUSIONS

In this paper, we investigated several mechanisms through
which magnetic order can induce anisotropy in the con-
ductivity tensor in the absence of spin—orbit coupling, i.e.,
nonrelativistic AMR. For this to occur, the magnetic order
must break the real-space rotational symmetry of the crys-
tal. In cubic MnN, the A-type AFM order breaks the 90°
rotational symmetry, giving rise to spontaneous AMR. On a
kagome lattice, the relevant rotational symmetries are 60° and
120°, and breaking these—e.g., by manipulating the magnetic
moments—Ileads to AMR. Our results suggest that nonrel-
ativistic AMR could be experimentally probed by inducing
such symmetry-breaking tilts, for instance via magnetic fields
or strain. We applied this theoretical framework to Mn3Sn, a
well-studied noncollinear AFM and a candidate for spintronic
applications. We confirmed that in this system, AMR emerges
when the 60° and 120° rotational symmetries are broken,
and this can occur without SOC. In the second part of this
work, we investigated extrinsic AMR, which arises from spin-
dependent scattering on magnetic impurities. We showed that
even in magnetic configurations that are otherwise isotropic—
such as the triangular order on the kagome lattice—AMR can
appear if weakly coupled, aligned impurities are introduced.
Specifically, we demonstrated that in a kagome lattice, such
impurities can induce nonrelativistic AMR, while in triangular
lattices the effect is only present for crystalline AMR.

In the experiments, distinguishing the nonrelativistic AMR
from conventional AMR originating from spin-orbit coupling
may be nontrivial since spin-orbit coupling is always present
to some extent and cannot be turned off as in the theoreti-
cal calculations. However, distinguishing them is in principle
possible since the nonrelativistic and relativistic AMR have
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different symmetry, and different dependences on the mag-
netic order, which will also result in a distinct dependence on
the magnetic field. For example, in MnN, the conventional
AMR corresponds to a rotation of the SSA, whereas the
nonrelativistic AMR corresponds to domains with a different
orientation of the FM planes. To truly confirm the nonrela-
tivistic origin, it is also possible to utilize organic magnets in
which the spin-orbit coupling is negligible, and observations
of large AMR in such a system would be strong evidence for
the existence of nonrelativistic AMR.

We note that an anisotropy of resistivity that could be
explained by the nonrelativistic AMR due to current flowing
either parallel or perpendicular to FM planes, as in MnN, has
been observed in Ba(Fe;_,Co,),As; [64]. This was later stud-
ied theoretically [65,66]. These works suggest that the effect
is due to a combination of anisotropic Fermi surfaces and scat-
tering from nonmagnetic impurities. The former mechanism is
the same as the intrinsic nonrelativistic AMR discussed here,
although the nonrelativistic nature and connection to the AMR
were not discussed in the previous works.
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APPENDIX A: EXPANDED PHENOMENOLOGICAL
MODEL

The angle-dependent form of AMR can be expressed
phenomenologically in terms of the power expansion of
the magnetization direction [19,22,68]. This allows for
the description of more complex crystalline AMR signals
[20,24,25]. However, these models typically assume the
presence of an SSA, such as the magnetization or Néel vector.

In noncollinear systems, such an SSA does not exist—even in
noncompensated cases induced by an applied magnetic field
or strain—making it likely an oversimplification to ignore the
role of the MSLs. The idea of a “local” treatment is not new.
For instance, basic AMR models in FMs rely on separate con-
tributions for spin-up and spin-down electrons (two-current
models) [2], and the Edelstein effect in noncollinear Mn3;Sn
can be calculated on a sublattice-resolved basis [28]. A sim-
ilar approach can be applied to AMR by treating each MSL
individually within the phenomenological model, yielding

py=p0+ Y. Y Cuncos(nay,),

m=1,2,3 n=2,4,6,...
where m is the index of the MSL, n is the order of the spherical
harmonic, ¢, , is the coefficient of the nth harmonic of the
mth MSL, and «,, is the angle of the magnetization direction
of the mth magnetic moment (assuming an in-plane rotation).
The coefficients c,, , can be obtained by fitting to experimental
data, although doing so for multiple MSLs requires mea-
surements at different magnetic field strengths. The angular
positions ¢, of the magnetic moments can be obtained using
a Stoner-Wohlfarth (SW) model. While not the main focus of
this work, Eq. (A1) combined with a suitable SW model could
help to disentangle magnetocrystalline anisotropy from AMR
in noncollinear systems.

(AD)

APPENDIX B: AB INITIO CALCULATIONS OF MnN

To estimate the anisotropy of o, between the situations
in Figs. 1(e) and 1(f) as defined in Eq. (4), we employed the
linearized augmented-plane-wave (LAPW) method coupled
with the generalized-gradient approximation as implemented
in WIEN2K [69]. We utilized the optical module, which is a
part of the WIEN2K package, to calculate the plasma frequency.
We first replaced the experimental lattice constants in the
ordered phase a = 0.4256 nm and ¢ = 0.4191 nm [37] by
their volume-conserving average and obtained a hypothetical
cubic, yet ordered MnN where the nonrelativistic AMR can
be demonstrated in its pure form. Calculated w), for one spin
channel has to be multiplied by +/2 (which does not change
the AMR values, of course). When SOC is included, this is
no longer an issue, and, as discussed in the main text, the
AMR value changes only mildly. Plasma frequencies quoted
in the main text were obtained for K,,,Ryr = 7, where Ryt
represents the muffin-tin radius (K., is the maximum wave
vector in the LAPW basis set). Magnetic moments obtained
in all calculations fall between 3.2 and 3.3 Bohr magnetons
per Mn.
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