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We investigate the microscopic origin and spectral features of X-ray magnetic circular dichroism
(XMCD) in collinear antiferromagnets with trigonal crystal fields, using a-MnTe as a prototypical
example. Although such systems exhibit zero net magnetization, we demonstrate that XMCD can
emerge from the anisotropic magnetic dipole operator T, arising from quadrupolar spin distribu-
tions. By constructing a complete multipole basis and analyzing the symmetry conditions under
trigonal distortion, we identify specific spin and orbital configurations that enable a finite XMCD

response.

Further, we employ both one-electron and multi-electron models, including spin-orbit

coupling and Coulomb interactions, to calculate the XMCD spectra for various d" configurations.
Our findings provide theoretical benchmarks for XMCD in altermagnets and highlight the key role
of orbital symmetry and magnetic anisotropy in realizing observable dichroic effects.
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I. INTRODUCTION

Antiferromagnetic materials with zero net magneti-
zation have recently attracted significant attention as
promising platforms for spintronic applications due to
their ultrafast spin dynamics and insensitivity to ex-
ternal magnetic fieldst Y, However, the absence of
macroscopic magnetic moments makes it inherently dif-
ficult to probe their microscopic spin arrangements. Re-
cent studies have revealed that even antiferromagnets
can exhibit macroscopic phenomena typically associ-
ated with ferromagnets, such as the anomalous Hall
effect 18 and the magneto-optical Kerr effecttZ2l
when they share the same magnetic point group sym-
metry as ferromagnets?222, These systems, often clas-
sified as alternating magnets, exhibit spin splitting and
Berry curvature-induced responses, similar to those
in ferromagnets?® Y, Altermagnets possess magnetic-
multipole symmetries determined by the point group
of their antiferromagnetic order; the s-wave type corre-
sponds to a magnetic dipole and the d-wave type to a
magnetic toroidal quadrupolé®*32 providing a basis for
understanding their physical properties.

X-ray magnetic circular dichroism (XMCD), which
measures the absorption difference between left- and
right-circularly polarized X-rays, serves as a useful tech-
nique to probe magnetic moments selectively for each
element and to estimate magnetic characteristics based
on sum rules®¥ 38, Tt has traditionally been regarded
as a technique applicable only to ferromagnets and
ferrimagnets®® 4 while it has been demonstrated that
certain antiferromagnets*®®l where the spin and or-
bital magnetic moments cancel out, the anisotropic
magnetic dipole term, commonly referred to as the T,
term®383452 can survive and yield a distinct dichroic

response®? 3 Prominent examples include the chiral

antiferromagnet MnSns and the rutile-type collinear
antiferromagnet RuOs. In both cases, the magnetic
point groups are identical to those of ferromagnets.
Theoretical and experimental studies have consistently
shown that the observed XMCD signals originate not
from a net magnetic moment but from the anisotropic
magnetic dipole term#2Hd0o3525651 - Thig hehavior can
be understood in terms of orbital splitting induced by
low-symmetry crystal fields, which results in a nonva-
nishing expectation value of the anisotropic magnetic
dipole operator. More recently, XMCD signals have
also been observed and theoretically supported in the
collinear antiferromagnet a-MnTe*#5U58 which crys-
tallizes in the NiAs-type structure and possesses a crys-
tal field with threefold rotational symmetry>* L, How-
ever, due to this symmetry, the role of the anisotropic
magnetic dipole contribution remains ambiguous. In
this study, we aim to elucidate the relationship between
the electronic structure and the anisotropic magnetic
dipole contributions under a three-fold symmetric crys-
tal field, taking antiferromagnetic ordering in the NiAs-
type structure as a prototypical example.

II. COMPLETE MULTIPOLE BASIS

It is known that the electronic states associated with
magnetic order can generally be expanded and de-
scribed using a complete set of magnetic multipole basis
functions®2%4, On this basis, magnetic dipole moments
are composed of spinless and spinful dipoles. The spin-
less multipoles can be described solely in terms of or-
bital angular momentum operators and thus correspond

to orbital magnetic moments. On the other hand, spin-



ful multipoles are obtained by coupling spinless multi-
poles with spin operators. In general, multipole opera-
tors within the complete magnetic multipole basis can
be expressed as:

( k) _ stk X (orb)

= i chikm n;sn li];c m—n Tsn (1)

Here, s = 0 corresponds to spinless multipoles, and
l3m3

s = 1 to spinful multipoles. Cj?7, = = denotes the
Clebsch-Gordan coefficients, and o, represents the
Pauli matrices. The index k indicates the allowed val-
ues for which the Clebsch-Gordan coefficient does not
vanish: for s = 0, only & = 0 is relevant; for s = 1,
only £ = —1,0,1 yield non-zero contributions. The
magnetic dipole is even under spatial inversion and
odd under time-reversal symmetry. To satisfy these
symmetry requirements, the operator X corresponds to
charge a multipole (Qy,) for s = 1, k = +1, and to
a electric toroidal multipole (Gy.,) for s = 1, k = 0.
XMCD is sensitive to several components of the mag-
netic dipole: the spinless orbital magnetic moment, the
spinful monopolar spin component formed by coupling
a charge monopole with spin, and the quadrupolar spin
component formed by coupling a quadrupole with spin.
In particular, by applying sum rules, it is possible to
separate and quantify the spinless and spinful multipole
contributions®,

The quadrupolar spin operator, often referred to as
the anisotropic magnetic dipole operator or t, operator,
plays a central role in describing anisotropic spin distri-
butions that contribute to the XMCD signal even in sys-
tems with vanishing net magnetization. This operator
captures the coupling between the spin degree of free-
dom and anisotropic charge distributions characterized
by quadrupole moments, and is particularly relevant in
antiferromagnetic or orbitally degenerate systems where
conventional spin and orbital magnetic moments cancel
out macroscopically. Formally, the rank-1 dipole oper-
ator is defined as the tensor product between a rank-2
quadrupole tensor Q and the spin vector s. Here, Q is
a traceless symmetric tensor constructed from the po-
sition vector r as

QaB = 5aﬁ - 372afﬁa (2)

where = r/|r| denotes the unit vector in real space,
and 0,4 is the Kronecker delta. This form reflects the
characteristic spatial anisotropy of quadrupolar distri-
butions. It must be emphasized that the quadrupo-
lar spin operator is in fact a dipole operator, and
thus should be clearly distinguished from magnetic
quadrupole and magnetic octupole moments.

To facilitate multiplet analysis and coupling with an-
gular momentum states, it is convenient to recast the

operator in terms of spherical tensor components. Us-
(

ing a set of normalized spherical harmonics cm) for
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Figure 1. Lattice of the NiAs-type structure, which is the
same as a-MnTe, and symmetry operations in a collinear an-
tiferromagnetic state. Each panel illustrates a specific sym-
metry operation acting on the magnetic structure, where
green arrows represent antiparallel magnetic moments with
the Neel vector parallel to (a) the [1100], (b) the [1120] and
(c) the [0001] direction. Green and red planes indicate mir-
ror (or c-glide mirror) planes M and those with the time
reversal M, respectively.

m = —2,—1,0,1,2, the operator components ¢, and
t, are given b,

ty = 802)5i ~ V6L :|:253F + \/68:|:15zv (3)
f sy + \[ s —2dPs., (@)

where the spin operators are defined by s = s, & isy
and s,. This decomposition makes explicit the selection
rules and symmetry properties of each component in
the context of dipole transitions. The presence of these
terms enables finite XMCD signals even in collinear
antiferromagnets, as they represent symmetry-allowed
spin-orbital configurations that survive the cancellation
of net moments.
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Figure 2.  Crystal field splitting of d-orbitals under ideal
octahedral (Op) symmetry and its modification in a trig-
onal crystal field with Dsq symmetry. (a) a schematic of
atomic positions in a trigonally distorted octahedron, pa-
rameterized by spherical coordinates (6, ). Here, x and
describe the angular deviation from the ideal octahedral ge-
ometry, introducing threefold rotational symmetry around
the central axis. (b) The energy level diagram: in Oy, the
d-orbitals split into ey and ta4, and under trigonal distor-
tion, these further split into eg, eg, and a1, states. Orbital
shapes of (c) a1y and (d) ej, and expectation value vectors
of spin (green) and anisotropic magnetic dipole (purple) in
antiferromagnetic structure with the Néel vector along the
[0001] axis.

III. COLLINEAR ANTIFERROMAGNET IN
THE NIAS-TYPE STRUCTURE

In this paper, we investigate the XMCD response in
the antiferromagnetic compound a-MnTe which crys-
tallizes in the NiAs-type structure, belonging to the
hexagonal crystal system with space group P63/mmc
(No. 194) [see Figure[I]. In this structure, Mn atoms
occupy the 2a Wyckoff positions at (0,0,0), while Te
atoms are located at the 2c positions at (3,2, ). The
Mn atoms form stacked hexagonal layers, with each Mn
atom octahedrally coordinated by six Te atoms. This
leads to the formation of linear chains of Mn atoms run-
ning along the crystallographic c-axis, separated by Te
atoms. This arrangement supports collinear antiferro-

magnetic ordering, in which the magnetic moments of
adjacent Mn layers alternate in direction. The interplay
between hexagonal symmetry and antiferromagnetic or-
dering breaks certain spatial and time-reversal symme-
tries, resulting in a magnetic space group that induces
the spin splitting in the k-space.

In the collinear antiferromagnetic phase of a mate-
rial with the same crystal structure as a-MnTe, certain
symmetry operations are either preserved or broken due
to the magnetic ordering. Figure [I] summarizes these
operations using visual representations. The green ar-
rows correspond to the antiparallel spin orientations
on the magnetic ions, while the overlaid planes indi-
cate symmetry elements. Specifically, red planes denote
mirror operations that require time-reversal symmetry
to be maintained (M’), while green planes correspond
to ordinary mirror operations (M). Noted that the
(1100) plane, along with its crystallographically equiv-
alent counterparts, indicated in blue and purple, con-
stitutes a set of c-glide mirror planes and that with the
time-reversal symmetry.

When the Néel vector, defined as the difference be-
tween the two antiferromagnetic spin sublattices, is ori-
ented along the [1100] direction (N||[1100]) as shown
in Fig. a)], there exists one mirror plane M and
two perpendicular mirror planes M’. This configura-
tion preserves the same magnetic point group symme-
try as a magnetic dipole, thereby classifying the sys-
tem as an altermagnet®69  This magnetic structure
corresponds to the condition under which XMCD sig-
nals have been experimentally observed, and its pseudo-
magnetic dipole moment aligns along the [0001] direc-
tion. In contrast, when N || [1120], the presence of three
equivalent mirror planes M leads to a conventional an-
tiferromagnetic structure. In this case, the symme-
try does not support XMCD activity due to the ab-
sence of magnetic dipole-like symmetry breaking. When
N || [0001], there again exists one mirror plane M and
two orthogonal mirrors M’, indicating alternating mag-
net character. However, due to the presence of three-
fold rotational symmetry about the [0001] axis, the net
magnetic dipole moment vanishes by symmetry. As a
result, XMCD is not allowed in this configurationfZ.
Nevertheless, this state belongs to the so-called g-type
altermagnet, which causes a momentum-dependent spin
splittin,

IV. COLLINEAR ANTIFERROMAGNET
UNDER TRIGONAL CRYSTAL FIELD

We investigate the microscopic origin of the XMCD
signal expected from the magnetic symmetry of the
collinear antiferromagnet with the NiAs-type crys-
tal structure, where two octahedra share their face,
with particular focus on the expectation value of the
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Figure 3. Schematic illustrations of the t vector and orbital shapes for (a) the lower-energy, (b) the higher-energy ey states
with N||[1100], (c) the lower e} state with N||[1120] and (d) a1, state. The green arrows indicate the spin direction, and
the purple arrows represent the direction of the t vector. (e) Angular dependence of the t. component with the Néel vector
aligning within the basal (0001) plane, visualized as a polar plot. The red and blue curves correspond to the expectation
value of (¢.) in the lower- and higher-energy ey states, respectively. Surrounding structures illustrate how the orbital shape
and t vector evolve with the in-plane spin direction at site 1. The residual ¢, component survives when the Néel vector N
is along (1100)-type directions, whereas it vanishes along (1000)-type directions. The dashed and solid lines represent the
cases of A/Acp = 107% and A\/Acr = 6 x 1072, the spin-orbit coupling constant A normalized by the crystal field splitting

Acr between t24 and ey orbitals, respectively.

quadrupolar spin component. The atomic positions sur-
rounding the magnetic ion can be represented in polar
coordinates (6, ) expressed in terms of two angles, x
and p, as shown in FigPfa), with the [0001] direction
taken as the z-axis and the [1100] direction as the x-
axis. Site 1 (2) corresponds to 4 =0 (u = 7). In an
ideal octahedral environment with Oy, symmetry, where
the angle x between the ligand directions and the coor-
dinate axes satisfies x = arccos(1/v/3), the five degen-
erate d-orbitals of a transition metal ion split into two
sets: a doubly degenerate e, level and a triply degener-
ate toy level. When a trigonal distortion is introduced
along the threefold axis, reducing the symmetry to D3y,
these orbitals further split into non-degenerate or differ-
ently degenerate states: the ey level becomes eg, while
the ¢4 level splits into a;4 and ey components. When

X > arccos (1/\/§), as in the case of a-MnTe, the a,
level becomes lower in energy than the ey level [see Fig.

B{b)].

When the spin is aligned along the [0001] direction,

the crystal possesses threefold symmetry. Expressing
the d-orbital wavefunctions using spherical harmonics

7511)(1‘) (I = 2) and the radial function R4(r) as |m) =
Y,SLQ)(f‘)Rd(T), the a4 state corresponds to |0), and the
eg states are represented by

|74) = cos(| £ 2) Fn;sin¢| F1) (5)

with 1 and ¢ depending on the trigonal distortion. The
parameter n distinguishes between the two inequivalent
sites, taking the value n = +1 at site 1 and n = —1
at site 2.  Under ideal octahedral (Op) symmetry,
the associated physical quantity satisfies the condition
tan ¢ = 1/4/2. Figure 2(c) and 2(d) illustrate the spatial
distribution of each orbital state. The a1, orbital, being
real-valued, is visualized with red and blue colors to rep-
resent its phase. On the other hand, the ej orbitals are
complex-valued, and thus their visualizations show the
magnitude of the wavefunction. It should be noted here
that the ej orbitals retain residual orbital angular mo-

mentum, (m4|l.|m+) = £(3cos? ¢ — 1), as it is not fully



d" L, S, T, Ax (meV) AE (meV)

Ti?* (3d?) -0.0008 0.0000 0.0051 16 65
V2* (3d%) 0.0000 0.0000 0.0000 27 600
Cr?T (3d*) -0.0378 0.0018 -0.2211 30 0.5
Mn?* (3d%) 0.0000 0.0000 0.0000 40 600
Fe?* (3d°) -0.0098 -0.0006 0.0235 52 80
Co?T (3d") 0.0268 0.0016 -0.0172 66 106
Ni?* (3d®%) -0.0001 0.0000 -0.0002 74 597
Cu?t (3d°) 0.0896 0.0023 0.1910 102 0.7

Table I. Expectation values of orbital angular momentum
L., spin angular momentum S, and anisotropic magnetic
dipole operator 7%, along with the spin-orbit coupling con-
stant (Ax ) and the energy difference AFE between the ground
and the first excited states, for divalent 3d transition-metal
ions (X =Ti*T to Cu®") in antiferromagnetic configurations
under the trigonal state at site 1. The spin orientations of
those states are the magnetic structure shown in Fig. 3(a).
Despite vanishing net magnetization, finite XMCD signals
can appear due to nonzero T, particularly in configurations
where orbital degeneracy is lifted by Coulomb interactions
and the spin-orbit interaction. Noted that AFE is obtained
as the difference between the eigen energies of the ground
and first excited states derived from the diagonalization of

Eq. (7).

quenched. The expectation value of the operator ¢, in
Eq. for the a1 4 orbital state is obtained as (a14;0, =
+1/2]t,|a14;+1/2) = F2/7. On the other hand, in
the basis {my;1/2, my;—1/2, w_;1/2, w_;—1/2}, the
expectation value of ¢, is represented as

)0 0 0
_1f 0 —7(¢) 3m;sin2¢ O
=71 0 3psin2c (0 0 (6)
0 0 0 -0

with 7(¢) = 3cos?¢ — 1. These results indicate that
when NJ|[0001], the ¢. term of a4 orbital is oriented
antiparallel to the spin, whereas the eg orbitals are par-
allel to it as shown in Fig. [[c) and (d)]. Therefore,
similar to the spin moment, the ¢, contribution is effec-
tively canceled in the antiferromagnetic order. Conse-
quently, in a g-wave altermagnet XMCD is not expected
to emerge due to the cancellation of both spin and ¢,
contributions. On the other hand, due to the presence
of off-diagonal components in the ¢, operator, a nonzero
expectation value of XMCD may emerge when the spin
is oriented within the (0001) plane.

To clarify the electronic structure when the Néel vec-
tor aligns within the (0001) basal plane, we consider
an effective one-electron Hamiltonian. In the basis of
|mo), we introduce the following simplified model:

Hor = Vi) + AL - s; + gsi - hiy (7)

l

where Vi, indicates the i-th site crystal field, A is the
spin—orbit coupling constant, and ¢ is the Landé g-
factor. Here, V;,; is determined by considering the one-
electron potential of D3, symmetry, expressed as

Viyi = 4?7?335/0(2) + %rBéYO(@

+/ 4B} (v -v1). (8)

with Yn(ll) being the spherical harmonic function. In
this study, we adopt the crystal field parameters (in
eV) as B = —0.56, By = —1.92, and Bj = +2.88.
The sign of Bj determines the trigonal crystal field of
site 1 or 2. h%\jI)F denotes the internal magnetic field
due to the superexchange interaction within the mean-
field approximation to realize the collinear antiferro-
magnetic order, and is assumed to be applied along
(F cos ¢, Fsin¢,0), antiparallel to the spin direction,
within the (0001) plane. It should be noted that in the
mean-field approximation, the exchange field h;r cou-
ples exclusively to the spin moment s;, and does not
influence the orbital moment [;, in contrast to the ex-
ternal magnetic field. We diagonalized the Hamiltonian
and calculated the expectation value of the t vector for
its ground state. Focusing on the ey orbitals, we found
that in the absence of spin-orbit coupling, a twofold de-
generacy remains. However, when the spin—orbit inter-
action is finite, this degeneracy is lifted, and the ground
state takes a real-valued orbital state. For the case of
N || [T100], the lower energy e] orbital takes the form
shown in Fig. a), where the corresponding t vectors
are illustrated in purple. The orbitals on neighboring
sites are related by a 180-degree rotation, which results
in a non-cancelled ¢, component. This residual ¢, is the
origin of the finite XMCD signal when the incident x-ray
is parallel to the [0001] axis. It is also evident that the
in-plane components of the t vectors cancel out between
the two sites. Figure b) additionally shows the other
ey orbital, for which the ¢, component remains in the
opposite direction, again without cancellation. In the
absence of spin-orbit interaction, where the ej states
are fully degenerate, the t, contributions cancel each
other out within the e, and XMCD does not appear.
When N || [1120], the electronic configuration of the
lower energy e} state takes the form shown in Fig. (C)
In this case, the t vector is antiparallel to the spin di-
rection, resulting in no ¢, component and, consequently,
the absence of XMCD. This indicates that a finite ¢,
component remains when the Néel vector lies along
directions equivalent to (1100), whereas it is canceled
when aligned along directions equivalent to (1000). In
addition, the t vector of the pure a4 state always points
in the same direction as s as shown in Fig. d), and
therefore does not contribute to XMCD. However, in
reality, due to hybridization with the e, states caused
by the spin-orbit interaction, it does not vanish entirely.
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Figure 4. Calculated X-ray absorption spectra (XAS, black curves) and X-ray magnetic circular dichroism (XMCD, green
curves) around Lz 3-edge (photoelectron excitation from 2pq /2, 2p3/2 to 3d orbital) for divalent 3d transition-metal ions
(X = Ti** to Cu®") in antiferromagnetic configurations. The dotted red and blue lines correspond to left- and right-

circularly polarized absorption, respectively.

XMCD signals are scaled by factors indicated in each panel to enhance

visibility. All spectra are shifted in energy and plotted to match the experimental spectra, referenced to each ion's L

absorption edg

Figure [3(e) summarizes the angular dependence of ¢,
at site 1 as a polar plot for different in-plane spin ori-
entations. The red and blue lines represent the lower-
and higher-energy ey states, respectively. It is evident

that ¢, remains finite for spin directions along (1100),
while it cancels out for directions along (1000). This
confirms that although the stable shape of the orbital
quadrupole depends on the spin direction, the t vector
responds consistently with the symmetry of the system.
The dashed line corresponds to the limit of weak spin-
orbit interaction (A/Acp = 107% with the spin-orbit
coupling constant A and the crystal field splitting Acp
between ty, and e, orbitals), in which the energy lev-
els are degenerate and the oppositely oriented ¢, com-
ponents cancel each other out. In contrast, when the
spin-orbit interaction is present (A\/Acr = 6 x 1072),
the degeneracy is lifted, the expectation values of t,
become different, and the effect becomes observable as
XMCD.

V. XMCD SPECTRA CALCULATION

To explore the possibility of XMCD in more real-
istic materials beyond the one-electron approximation
and to examine the XMCD spectra, we calculate the
ground state and dipole transitions in a multi-electron
system. By extending Eq. [7] to a multi-electron system
on the Fock basis of d® and introducing the Coulomb

interaction, we obtain the initial state using the Lanc-
zos method. Based on dipole transitions from this
state, we calculate the XMCD spectrum within the
atomic model, including full-multiplet effects. The spin-
orbit coupling constants and Slater integrals were ob-
tained from ionic calculations based on the Hartree-
Fock-Slater (HFS) method™. For the Slater integrals,
80 % of the HFS values were used 7275476 Consistent
with Eq.[7] the atomic model adopts the crystal-field pa-
rameters given in Eq. (8) and an effective magnetic field
of 0.3 eV arising from the antiferromagnetic interaction
with N || [1100]. Note that the applied magnetic field,
which is intentionally larger than the internal field esti-
mated from the magnetic ordering temperature, is used
solely to fix the quantization axis and does not represent
a physically realistic field strength. We calculated the
models for divalent 3d transition-metal ions from Ti?*
(d?) to Cu** (d?), and the expectation values of L,
S,, and T, in the initial ground state as summarized in
Table 1. The expectation values of S, L., and T, com-
ponents along the quantization axis in the ground state
are shown for each 3d system. The spin-orbit coupling
constant used in the calculation™, as well as the energy
difference AF between the ground state and the first
excited state, are also listed. While AFE is small for the
d* and d° configurations, it becomes significantly larger
for d3, d°, and d®. This difference mainly arises from
the effect of the effective magnetic field. Since the ex-
pectation values of the spin-orbit interaction are nearly
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Figure 5. (a) Scatter plot comparing the expectation value
of the magnetic dipole operator T, and the integral of the
absolute value of the XMCD, Ixmcp/Ixas, normalized by
the integrated XAS intensity Ixas. (b) For Cr?t and Cu?t
ions, the dependence of the T, expectation value and the
energy gap AFE between the ground and first excited states
on the spin-orbit coupling constant (\) normalized by the
calculated value on X?T (Ax; X = Cr and Cu).

identical between the ground and first excited states,
the energy difference appears to be almost independent
of the electron count.

Figure 4] shows the calculated Lo 3-edge (2p — 3d)
X-ray absorption spectra (XAS) with circular polar-
izations (p4+ and p—) and XMCD for a series of 3d
transition-metal ions in divalent states, assuming an an-
tiferromagnetic configuration with N||[1100]. Despite
the collinear antiferromagnetic alignment, finite XMCD
signals are observed along the [0001] direction in all
cases, as shown in the green curves scaled for clarity.
The magenta line shows that the XMCD spectrum is
completely reversed when the antiferromagnetic Néel
vector is flipped as N||[1100]. Since the XMCD spec-
trum allows the observation of each electronic state with
energy resolution, it can be observed regardless of the
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Figure 6. XMCD spectra of the excited states for (a)
Cr?* (3d*) and (b) Mn®T (3d°). Red and blue lines rep-
resent the XMCD signals calculated for the ground state
and the first excited state, respectively. The lower black
curves show the XMCD spectra obtained by Boltzmann-
weighted averaging over initial states at various tempera-
tures (T = Ax/100, Ax/10, Ax; X =Cr?T, Cu®*"). The
results indicate that the XMCD signal for Cr** rapidly di-
minishes with increasing temperature due to a small energy
gap AFE, whereas Mn?" shows a more robust response ow-
ing to a larger AFE and a similar spectral shape for the two
states.

number of electrons, even if the expectation value of ¢,
operator integrated over the entire d orbital is (T,) =0
such as in V2T and Mn?7 ions (see Table 1). In the final
states excited by dipole transitions, the orbital degener-
acy is lifted, leading to the conclusion that the XMCD
in a-MnTe originates from the 7, term. In an alter-
magnet FeS™, which contains Fe?T ions under the same
crystal field symmetry and shows a collinear antiferro-
magnetic order, the emergence of XMCD is similarly
expected.

To clarify the relationship between the XMCD in-
tensity and T, term, Fig. [5fa) displays the integral
of the absolute value of the XMCD (Ixmcp) plotted
against the expectation value of T, in the ground state.
To avoid the influence of variations in the number of
holes, Ixmcp is normalized by the integrated intensity
of the XAS (Ixas), and hereafter, we refer to this as the
XMCD intensity. The XMCD intensity exhibits charac-
teristic behavior reflecting each electronic state. Based
on the one-electron approximation as discussed above,
when either the e, or to4 orbitals in the Oy, crystal field
are completely occupied (as in the cases of d3, d°, or d®),
the XMCD becomes weak, whereas it tends to become
strong when they are partially occupied. In fact, the
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weakest XMCD signal is observed for d® Ni?*, corre-
sponding to a state with two holes in the nearly degen-
erate eg orbitals. A similar situation might be expected
for d® (V2T), where the to, orbitals are filled with three
electrons. However, due to spin-orbit interaction, mix-
ing with the minority-spin states occurs, resulting in
partially occupied to, orbitals and a slightly stronger
XMCD signal compared to Ni?T as shown in Fig. 5(a).
In the case of d° (Mn**) as well, since both the ta,
and e, orbitals are partially occupied due to the spin-
orbit interaction, the XMCD appears relatively strong.
Nevertheless, as shown in Table 1, the L, component
of the initial state remains zero. This is because the
orbital angular momentum is oriented predominantly
within the plane. It is also seen that the T, component
of the initial state is nearly zero; however, the XMCD
signal is detectable because it probes the T, term of the
final-state electronic configuration.

In the case of d® (Fe?T), where the ty, orbitals are
partially occupied, a minority-spin electron enters the
a4 orbital and two holes are present in the ey orbitals,
leading to a weaker XMCD. However, due to spin-orbit
interaction, mixing between ay, and ey occurs, resulting
in the appearance of XMCD, consequently, a nonzero
expectation value of T, (see Table 1). In contrast, for
d? (Ti%*) and d” (Co®*), one hole is located in the e~
orbitals; therefore, a strong XMCD would be expected,
but in reality it does not appear to be so strong. Exam-
ination of the ground states of the initial configurations
reveals that a state in which holes predominantly oc-
cupy a4 is stabilized. This is because it is energetically
more favorable, in terms of intra-atomic Coulomb inter-
action, for two electrons to occupy the same ej orbital
rather than distributing one electron in a4 and one in
eg orbitals.

The strongest XMCD is calculated for d* (Cr?*) and
d® (Cu?"), where the eg orbitals are partially occupied.
Due to spin-orbit interaction, the orbital degeneracy in
eg is lifted like the ey case, which allows XMCD aris-
ing from 7. (see the inset of Fig. [5|(a)). As shown in
Fig. b), the energy gap between the ground state
and the first excited state (AFE) increases with stronger
spin-orbit interaction. In Cu?*, the expectation value
of T, decreases with increasing spin-orbit interaction,
in contrast to Cr2t. This behavior is presumably due
to enhanced mixing with the majority-spin states in-
duced by the spin-orbit interaction, which weakens the
overall spin polarization®®. Since the first excited initial
state possesses an inverted XMCD signal, and AFE for
d* and d° are smaller compared to those for other ions
(see Table 1), the XMCD rapidly disappears as the tem-
perature increases. Figure 6 shows the XMCD spectra
of Cr?t and Mn?* for both the ground state and the
first excited state, as well as the results obtained by
mixing the initial states according to a Boltzmann dis-

tribution with temperature. Here, it is assumed that
the internal magnetic field of the antiferromagnet does
not change with temperature. In Cr?* of Fig. |§|(a)7 the
XMCD decreases sharply with increasing temperature,
whereas in Mn?* of Fig. @(b) the first excited state lies
at a higher energy and has a similar spectral shape,
making the XMCD more robust against temperature.
As shown in Fig. [5b), the energy gap increases with
stronger spin-orbit interaction, suggesting that XMCD
signals may persist up to higher temperatures in 4d and
5d transition metal systems.

Finally, we briefly discuss the implications of
the above results from an experimental perspective.
In collinear antiferromagnets such as altermagnets,
XMCD is symmetry-allowed when the magnetic point
group is identical to that of a magnetic dipole. However,
our results reveal that the magnitude of XMCD strongly
depends on the element and its electronic configuration,
even for systems sharing the same magnetic structure.
In particular, Ti, V, and Ni exhibit XMCD intensities
that are too weak to be experimentally observed. Such
cases also provide insight for the identification and char-
acterization of electronic states in altermagnets. In con-
trast, Mn, Fe, and Co show relatively larger XMCD
signals, on the order of 1 %. This intensity is compa-
rable to that observed in known antiferromagnets such
as MnsSn, and can be sufficiently detected using high-
sensitivity XMCD techniques employing, for example,
lock-in amplifier detection®®. Furthermore, as shown
in Fig. 6, the temperature dependence of XMCD varies
substantially depending on the electronic configuration.
Measurements of such temperature-dependent behavior
would therefore provide important information for de-
termining the underlying electronic states in altermag-
nets.

CONCLUSION

In this study, we have theoretically demonstrated
that X-ray magnetic circular dichroism (XMCD) can
emerge in collinear altermagnets with trigonal crystal
fields, despite the absence of net magnetization. The
key mechanism originates from the anisotropic magnetic
dipole operator T, which arises from the coupling be-
tween spin and quadrupolar orbital distributions. This
contribution remains finite when the Néel vector lies in
the basal plane, reflecting the underlying crystal sym-
metry. By constructing a complete multipole basis and
analyzing the orbital wavefunctions under trigonal dis-
tortion, we showed that spin-orbit interaction leads to
a nonzero expectation value of T, thereby enabling
a finite XMCD response. Our calculations, based on
both one-electron and multi-electron models incorpo-
rating Coulomb interactions, reproduce finite XMCD
spectra across a range of 3d" configurations. In partic-



ular, we find that even ions with (7,) = 0 in the ground
state (e.g., Mn?*, V21) can exhibit XMCD due to lifted
degeneracy in the final states excited by the dipole tran-
sition. These results emphasize that XMCD is a sensi-
tive probe of local electronic anisotropy, even in systems
without spin or orbital moments. Our findings not only
clarify the microscopic origin of XMCD in a-MnTe, but
also predict similar phenomena in other antiferromag-
nets with the same symmetry, such as FeS. Due to the
present choice of model parameters, the XMCD for Ni?*
is very weak; nevertheless, we emphasize that strong
T.-driven XMCD could also emerge in Ni compounds
under trigonal distortions. This work broadens the ap-
plicability of XMCD beyond ferromagnets and opens
up new possibilities for probing hidden magnetic mul-
tipoles in exotic antiferromagnetic and altermagnetic
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