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X-ray magnetic circular dichroism (XMCD) is generally not observed for antiferromagnetic (AFM)
states because XMCD signals from the antiparallelly coupled spins cancel each other. In this Letter, we
theoretically show the presence of an XMCD signal from compensated two-dimensional triangle AFM
structures on a Kagome lattice. The calculation reveals the complete correspondence between the XMCD
spectra and the sign of the spin chirality: the XMCD signal only appears when the spin chirality is negative.
This XMCD signal originates from the different absorption coefficients of the three sublattices reflecting
different charge density anisotropies and directions of spin and orbital magnetic moments.
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X-ray polarization is used for the sensitive detection of
the magnetic properties of materials. X-ray magnetic
circular dichroism (XMCD) of x-ray absorption spectro-
scopy (XAS) is the most popular x-ray measurement
technique used in studies of ferro- and ferrimagnetic states
[1–6]. XMCD in paramagnetic and antiferromagnetic
(AFM) materials can be observed when a finite magneti-
zation is induced by external magnetic fields or exchange
coupling within the materials [7–14]. One important
question is whether magnetization is completely necessary
for observing an XMCD signal.
This appears to be true for most cases, but there are a few

exceptions. First, it is obvious in principle that a ferrimag-
netic material at the compensation temperature, or with a
composition with no magnetization, shows an XMCD
signal when the ferrimagnetic coupling pair is com-
posed of more than two different elements. Second,
Sm0.974Gd0.026Al2 [15,16] shows XMCD at the compen-
sation temperature around 65 K due to cancellation
between the spin and orbital magnetic moments at the
Sm3þ site. This study shows that the XMCD effect has the
advantage of separating the spin and orbital components
from the zero-magnetic moment. Although these zero-
magnetic states are very special cases that can be experi-
mentally realized by tuning the alloy composition and/or
temperature very precisely, they demonstrate that an
XMCD signal can in fact be observed even without a
net magnetization.
One of the most popular zero-magnetization states is an

AFM ordered state with one magnetic element. It is
expected that these AFM compounds do not exhibit
XMCD effects because the spectral components of opposite
spin states are considered to cancel out. However,
Yamasaki et al. recently proposed an interesting conjecture

that XMCD signals do exist for the Kagome AFM ordered
state [17]. In their study, an electron state, with a 3z2 − r2

orbital and up spin, and its local spin dipole moment
τ⃗3z2−r2;↑ [4,5,18], were employed to show the relationship
between the spin chirality and total spin-dipole moment,

hT⃗ðtotalÞ
3z2−r2;↑i≡

P
ihτ⃗ðiÞ3z2−r2;↑i (i: each different site in the

triangular structure of the Kagome geometry); notably,
the expectation value hTzi from the conventional XMCD
sum rule with the quantization axis (QA) parallel to the
direction of an x-ray and/or magnetic field is described as
hTzi ¼

P
j;σhτ⃗j;σiQA, where j and σ represent the 3d orbital

and spin, respectively. They conclude that an XMCD signal

is allowed when the hT⃗ðtotalÞ
3z2−r2;↑iQA is not zero. However,

because their study lacks a spectral calculation of XMCD, it
may not be enough for a complete understanding of the
XMCD effects for Kagome compounds. When the XMCD
signal of the AFM structure is compared with the observed
spectra, which usually include artifacts or surface signals,
the observations of the XMCD structure for the AFM
ordered state can provide advantageous information for
future experiments of such compounds. Moreover, the
dependence of the XMCD signal for the total Tz term

(TðtotalÞ
z ), which is described as hTðtotalÞ

z i≡P
ihTðiÞ

z i, must
be clarified for various types of electron configurations. For
instance, because high-spin state d5 systems have the spin
dipole moment jT⃗j ¼ 0, due to the orbital moment jL⃗j ¼ 0
[19], for both positive and negative chirality of the AFM

Kagome structure [20], jS⃗ðtotalÞj, jL⃗ðtotalÞj, and jT⃗ðtotalÞj are
zero. Considering that the AFM Kagome state of each spin
chirality is a zero-magnetic state, these two XMCD
responses are expected to be absent from the conventional
knowledge about XMCD. If one of these responses shows
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the XMCD signal, the clarification of these different
XMCD responses is essential to derive universality of
the XMCD effect for the AFM state of various compounds.
To confirm this expectation, we performed the XMCD
calculation for two divalent high-spin systems, Fe2þ (d6)
and Mn2þ (d5), in triangular structure [21], and clarify the
XMCD effect for the AFM ordered state, by considering
the total spin and orbital moment for one of the magnetic
elements.
Figures 1 and 2 show Fe 2pXAS and XMCD calcu-

lations for the AFM state of the triangular structure,
considering Fe2þ; the upper and lower spectral structures
show the XAS calculation (μþ þ μ−) and XMCD calcu-
lation (μþ − μ−), respectively; μþ and μ− denote the
absorption spectra recorded for x-ray photons with plus
and minus helicity, respectively. We consider three types of

AFM ordered state, with Figs. 1(a), 1(b), and 1(c) showing
the spin structure for type I, II, and III, respectively, and
similarly for Figs. 2(a)–2(c). The difference between
Figs. 1 and 2 is the direction of the incident x rays,
perpendicular to the y axis; in the former the direction is
parallel to the z axis, and in the latter the direction is parallel
to the x axis. In Figs. 1 and 2, the XAS structure of the red,
blue, and orange targets is shown by the corresponding
colored solid lines, and the upper black line represents the
summed XAS structure. Only the black line is observable in
an actual experiment. Alternatively, the XMCD structure of
the red, blue, and orange targets is given by the corre-
sponding colored dashed lines, with the lower black line
representing the summed XMCD structure of the colored
lines, again with only the black line being observable in an
actual experiment.

FIG. 1. Fe 2pXAS and XMCD calculation for the AFM state of
the triangular structure considering Fe2þ. The direction of the
incident x ray is parallel to the z axis. The triangular structure is
located in the xz plane. (a) The spin direction of the red target is
parallel to the z axis, and the blue and orange targets are rotated
120° and 240° clockwise from the red, respectively. (b) The spin
direction of the red target is parallel to the x axis, and the blue and
orange targets are rotated 240° and 120° clockwise from the red,
respectively. (c) The spin direction of the red target is parallel to
the z axis, and the blue and orange targets are 240° and 120°
rotated clockwise from the red, respectively.

FIG. 2. Fe 2pXAS and XMCD calculation for the AFM state of
the triangular structure considering Fe2þ. The direction of the
incident x ray is parallel to the x axis. The triangular structure is
located in the xz plane. (a) The spin direction of the red target is
parallel to the z axis, and the blue and orange targets are rotated
120° and 240° clockwise from the red, respectively. (b) The spin
direction of the red target is parallel to the x axis, and the blue and
orange targets are 240° and 120° rotated clockwise from the red,
respectively. (c) The spin direction of the red target is parallel to
the z axis, and the blue and orange targets are 240° and 120°
rotated clockwise from the red, respectively.
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We see that the XMCD signal of the type-I AFM
structure does not arise in the geometries shown in
Figs. 1(a) and 2(a), whereas the type-II and III AFM
structures do show an XMCD signal in Figs. 2(b) and 1(c),
respectively. We find that the XMCD signal depends on the
spin chirality in the triangular structure, because the type-I
AFM structure shows positive chirality and the type-II and
III AFM structures show negative chirality, where the
rotational direction of the spin component for positive
chirality is opposite to that of negative chirality. Moreover,
the XMCD signal of the negative chirality AFM structure is
dependent on the incident x-ray direction, which is con-
sistent with the previous report [17]. The XMCD signal for

the d6 system is essential for the TðtotalÞ
z term because the

composed total spin magnetic moment jS⃗ðtotalÞj ¼ jS⃗ðredÞ þ
S⃗ðblueÞ þ S⃗ðorangeÞj ¼ 0 and orbital moment jL⃗ðtotalÞj ¼
jL⃗ðredÞ þ L⃗ðblueÞ þ L⃗ðorangeÞj ¼ 0 of the triangular lattice.
Next, to study the behavior of the total orbital angular

momentum in the XMCD for the AFM Kagome structure,
we examine the Mn 2pXAS and XMCD calculations of the
negative spin chirality structure for Mn2þ. In Figs. 3(a) and
3(b), the upper spectral structure shows the XAS calcu-
lation, with Fig. 3(a) having the same conditions for the
spin structure and incident x-ray direction as in Fig. 1(c).
Similarly, the lower spectral structure in Figs. 3(a) and 3(b)
shows the calculation for XMCD, where Fig. 3(b) has the
same condition for spin structure and incident x-ray
direction as in Fig. 2(b). Subsequently, we find that the
negative spin chirality AFM structure has an XMCD signal.
Notably, the type-I AFM structure of Mn2þ does not have
an XMCD signal, and the negative spin chirality structure
of Mn2þ depends on the incident x-ray direction for the
appearance of an XMCD signal. Thus, the calculated
results for the XMCD spectra are qualitatively very similar
between those for Mn2þ and Fe2þ. However, there are
major differences in their orbital angular momentum, on
which Tz depends. The expectation values of the orbital
moment, jL⃗j, for Mn2þ and Fe2þ were calculated to be
0.0028 and 2.0013, respectively, when their spin-orbit
interactions were considered. The XAS and XMCD spectra
for this electronic state of Mn2þ are shown in Figs. 3(a) and
3(b). In order to investigate a more fundamental issue, we
also calculate the XMCD spectrum for Mn2þ without the
spin-orbit interaction and show the result in Fig. 3(c). In
Fig. 3(c), the obtained XMCD effect is significant in spite
of jL⃗j ¼ 0 in Mn2þ and is almost identical to the case with
the spin-orbit interaction. It is suggested that even if the jT⃗j
of an atomic state in the Kagome structure is zero, an
XMCD signal can be observed. Considering the conven-
tional knowledge of the relationship between the
sum rule and magnetization, the XMCD effect in zero
magnetization can open a new development of spectro-
scopic measurements.

To explain the microscopic origin of this XMCD signal,
we consider one electron state at three targets in the
triangular structure with positive and negative spin chir-
alities, as shown in Fig. 4(a). Figure 4(b) shows the
geometric layout between the triangle structure and the
incident x-ray directions, with the solid arrow correspond-
ing to Figs. 1(a)–1(c) and Fig. 3(a) and the dashed arrow
corresponding to Figs. 2(a)–2(c) and Fig. 3(b). In Fig. 4(a),
the direction of spin at each target is expressed by an arrow
on a d orbital. Here, we illustrate the 3z2 − r2 type orbital as
a realistic example. The long direction of the 3z2 − r2

orbital changes by 120° when the position of the triangle is

FIG. 3. Mn 2pXAS and XMCD calculation for the AFM state
of the triangular structure considering Mn2þ. The triangular
structure is located in the xz plane. (a) The spin direction of the
red target is parallel to the z axis, and the blue and orange targets
are rotated 240° and 120° clockwise from the red, respectively.
The direction of incident x ray is parallel to the z axis. (b) The
spin direction of the red target is parallel to the x axis, and the
rotations of the blue and orange targets are same as in Fig. 3(a).
The direction of the incident x ray is parallel to the x axis.
(c) Spin-orbit interaction (SOI) effect; the spin ordered state and
incident photon settings are the same as in Fig. 3(a). The black
solid line shows XMCD calculation considering that spin-orbit
coupling constant for the 3d orbital is zero [21], and the green
dotted line is the difference of the XMCD signal (black line) in
Figs. 3(a) and 3(c).
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transferred clockwise; this restriction is determined by the
symmetry of the crystal structure. Conversely, depending
on the sign of the spin chirality, the direction of spin is
changed by 120° or −120° for positive or negative spin
chirality, respectively. As shown at the bottom of Fig. 4(a),
considering the common local QA, the relative configura-
tion between the spin and the anisotropic charge distribu-
tion is equivalent for positive spin chirality. On the other
hand, when the spin chirality is negative, the three
electronic states in each sublattice have different character-
istics. Arranging the x-ray direction under the same local
QA as shown on the left side of Fig. 4(b), the understanding
of the microscopic XMCD effect is improved. For positive
spin chirality, the XMCD contributions from each

sublattice cancel each other owing to the equivalency of
the electronic states under the restricted geometric layout in
Fig. 4(b). Thus, the complete XMCD signal does not arise
as in Figs. 1(a) and 2(a). Then, for the negative spin
chirality, the three different electronic states have a different
absorption coefficient of the XAS process, and thus
the XMCD signal arises as seen in Figs. 1(c) and 2(b).
Moreover, we focus on the spectral shapes of the XMCD
signal. As regards the spectral shapes of the conventional
XMCD signal, the strongest XMCD signal often arises in
the main peak of the XAS, as shown by the colored lines in
the figures. On the other hand, for the negative chirality
case, we see obvious peaks, not in the main peak, but in the
XAS multiplet structure, as shown by the black lines.
Therefore, we consider that the XMCD signal of negative
spin chirality has a characteristic structure caused by the
different absorption coefficient of the three electronic
states.
Finally, we compared our study with the previous study

in Ref. [17]. The previous study shows the relationship
between the XMCD signal and the total spin dipole
operator, and the origin of the XMCD signal is the
uncompensated total spin dipole term of the 3z2 − r2

and up spin, hT⃗ðtotalÞ
3z2−r2;↑iQA. In the present study, we have

demonstrated here that the XMCD signal is clearly
observed even for TðtotalÞ

z ¼ 0, where the total spin dipole
term integrated in the 3d orbitals and spins is employed,
and attributed the origin of this XMCD signal to non-
equivalent electronic states at each sublattice. These
investigations concluded that the different absorption
coefficients in the Kagome structure are yielded by the
uncompensated spin dipole momentum of each 3d orbital,
where the orbitals have an energy dependence for the low
dimensional crystal electric field. Thus, the results of our
study also indicate that sublattice-dependent nonequivalent
electronic states in cluster multipole states other than the
Kagome AFM could also be observable by XMCD. In
future work, such a simple description (as in Fig. 4) will be
helpful in determining the presence of XMCD in character-
istic AFM materials before experimentation.
In summary, our calculation demonstrates the XMCD

spectra for the AFM state of a two-dimensional triangular
structure, including either Fe2þ and Mn2þ ions. Our
numerical calculations show that the sign of spin chirality
is determined using the XMCD along with the incident
x-ray direction, which is consistent with the previous report
[17]. Our results reveal not only the details of the XMCD
features for a Kagome AFM structure, by calculating the
three XMCD signals on the triangular structure, but also the
general response of XMCD on the AFM state constructed
by one element, by showing the spectral features for the
zero TðtotalÞ

z case of a d5 system [27]. This means that
XMCD has an advantage in detecting different electronic
states of the same element, and the XMCD signal under
AFM condition appears in structures other than just the

FIG. 4. (a) A state of positive chirality (left) and negative
chirality (right) of the triangular geometry in the upper half.
When one target is transferred clockwise to the neighbor position,
the spin and charge distribution changes by 120° following the
spin and orbital rotation directions, respectively. In the bottom
half, the spin and charge distributions are arranged by considering
one quantization axis (QA). (b) The geometry between the
incident x-ray direction and triangular structure is described in
the left side; the solid arrow corresponds to Figs. 1(a)–1(c) and
Fig. 3(a) and the dotted arrow corresponds to Figs. 2(a)–2(c) and
Fig. 3(b). By arranging the incident x-ray direction using the
above QA, the incident x-ray direction of each target is shown in
the right side.
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Kagome structure. We believe that XMCD is useful for
investigating complicated and nontrivial spin structures, for
example, quantum frustration coupled with time-reversal–
symmetry-broken AFM structures [28]. Our work contrib-
utes significantly to the development of devices including
nontrivial spin structure, such as high density nonvolatile
memory with no restriction of the magnetic interference
between storage cells [29,30].

The authors are grateful to Y. Yamasaki, H. Nakao,
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helpful discussions.
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