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We present the possibility of x-ray magnetic circular dichroism (XMCD) on RuO, with collinear antiferro-
magnetism (AFM). Given that the crystal symmetry breaks the time reversal symmetry when the antiparallel
spin aligns along the [100] direction, the expectation vector of the anisotropic magnetic dipole operator (t) re-
mains uncancelled along the [010] direction. Our work reveals that the magnetic dipole (7’;) term in the XMCD
is induced by the residual (¢). Because the features of the magnetic moment can be detected via absorption
measurements even in the AFM, this technique will be useful for determining the magnetic phase, the van
Vleck-type paramagnet or the excitonic AFM in (f,,)* system.

Spatial inversion and time reversal symmetry (TRS) break-
ing are the most fundamental information for macroscopic
properties in condensed matter physics; the emergence of
electric polarization and magnetization lead to spatial inver-
sion and TRS breaking, respectively [1]. Simultaneous spa-
tiotemporal symmetry breaking allows the magneto-electric
effect [2], and is sometimes realized in multiferroic materials
[3], where ferroelectric polarization and ferromagnetic mag-
netization coexist [4]. Symmetry breaking can be detected by
using the symmetric feature of the measurement probe. For
example, circularly polarized light with breaking the TRS can
detect the magnetization, which is known as magnetic circular
dichroism (MCD) [5]. However, the existence of magnetiza-
tion is a sufficient condition, but not a necessary condition
for the occurrence of MCD. In other words, the MCD can be
allowed even in the absence of magnetization, if the TRS is
broken throughout the crystal [6, 7].

In recent years, emergent phenomena have been observed
in the TRS breaking antiferromagnets with no net magentiza-
tion. For example, Mn3Sn is a 120° antiferromagnetic struc-
ture with negative vector chirality on a network of breathing
Kagomé lattices, which breaks the TRS. This material has
been reported to be a Weyl antiferromagnet, and exhibits the
anomalous Hall effect (AHE) and magneto-optical Kerr ef-
fect [7-9]. Although Mn3;Sn has a non-collinear magnetic
structure of 120°, the AHE derived from TRS breaking has
also been theoretically proposed in a collinear antiferromag-
net RuO; [10, 11]. When the antiferromagnetic Néel vector
N = my, — m, with magnetic moment m; of the i-th Ru ion
is oriented along the [100] direction as shown in Fig.1 (a), the
TRS is broken and the Berry curvature {2 emerges along the
[010] direction [10].

X-ray MCD (XMCD) has been theoretically proposed to be
possible in a non-collinear antiferromagnet [12—15]. Consid-
ering the orbital state frozen from the crystal field and a 120°
magnetic structure with negative vector chirality, the XMCD
originating from the anisotropic magnetic dipole (AMD) or-

der is expressed [13]. The antiferromagnetic structure across
multiple magnetic sites is understood as augmented (cluster)
multipoles; the magnetic structure is classified as the aug-
mented magnetic octupoles (AMO) [16]. The operator of
AMD is not orthogonal to that of AMO, and thus its projec-
tion component is detectable in XMCD as the T, term [17].
Recently, the role of the AMD has attracted much attention,
and the relationship between the AMD and AHE has been
discussed even for collinear magnetic structures [18]. In this
study, we evaluate the possibility of XMCD originating from
the 7, term in the collinear antiferromagnet rutile RuO, from
symmetry arguments and spectral calculations. In particular,
we consider the effect of spin-orbit interaction (SOI), which
may act more strongly in the 4d electron system than in the
3d electron system.

The AMD operator ¢, (@ = x,y,z) is expressed as t, =
2 p=xy.z Qapsp, where s and Q4 denotes the spin and the elec-
tric quadrupole operators, respectively [19, 20]. The ¢, term
depends on the quadrupole moment of the 4d orbitals even
though the spin moment is the same [21, 22]. The quantiza-
tion axis (QA) of the collinear spin ordered state is often de-
termined as the parallel direction of spin (s||z) and/or incident
x-ray wave vector (kl|z) [23], whereas a better approach may
be to determine the QA of the antiferromagnet by considering
the quadrupole moment accompanied by the symmetry of the
crystal field due to the electron-lattice interaction [14]. If the
magnetic symmetry operation of the antiferromagnetic order
does not match that of the crystal, a residual AMD may be
allowed, and then the T, term in XMCD may appear macro-
scopically. In order to qualitatively understand the collinear
antiferromagnets of the 44* compound RuO, [24], we exam-
ined (i) the expression of the AMD and the T, term from the
viewpoint of symmetry and (ii) the dependence of the T, term
on the SOI. Moreover, the XMCD spectra are calculated with
consideration of the full multiplet effect, and then we discuss
the relationship between the AMD and XMCD.

The Ru ion is located in a distorted octahedron with oxygen
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FIG. 1. (a) Crystal and magnetic structure with the Néel vector
aligned along the [100] direction for the rutile structure. (b) Defi-
nition of local coordinates of RuOg¢ cluster and (c) electronic con-
figuration for an intermediate spin state (t,,)* without the spin-orbit
interaction (SOI). Two approximation states, i.e., (d) jj-coupling and
(e) LS -coupling, are shown for the electronic state with SOI.

coordination of local Dy, symmetry, as shown in Fig. 1(b).
We assume that the local z;-axis (x;y; plane) is parallel (per-
pendicular) to the [110] crystalline direction; thus, the elec-
trons occupy the ty, set (dy2_,2/dy./d,;) and eg set (d32_,2/d.y)
[25]. Because of competition between the on-site Coulomb
exchange of Hund’s coupling and the crystal-field splitting
(CFS), a strong crystal field favors the low-spin (S = 0)
or intermediate-spin (S = 1) state with (tzg)4, whereas the
Coulomb exchange favors the high-spin state (S = 2) with
(tzg)3(eg). Before discussing RuO,, we introduce the elec-
tronic structure of the (tzg)4 state [26]. If the SOI is not taken
into account, the four electrons are occupied [27], as shown in
Fig. 1(c), where the orbital angular momentum is quenched
(L; = 0). In contrast, in the limit of a strong SOI in Fig. 1(d),
the #,, orbital splits into J.rr = 1/2 and 3/2, and then elec-
trons fully occupy the quartet J.rr = 3/2 state, resulting in a
non-magnetic J = 0 state. Even in the weak SOI case in Fig.
1(e), the SOI makes the non-magnetic J = L — S = 0 state the
most stable. Therefore, Ru** is estimated to be non-magnetic ,
but magnetism may be acceptable because of the inter-atomic
interaction, as discussed in detail below.

Figures 2(a) and (b) show the collinear antiferromagnetic
structures for ds>_,» orbital with N||[100] and N|[100], re-
spectively. Considering the quadrupole and direction of the
spin moment at each site of antiferromagnetism (AFM) or-
dered, the AMD moment (t) is not completely cancelled out
and has a ferroic component along the [010] direction [21].
Therefore, the pure 7, term XMCD can be expressed when
x-rays are irradiated along the [010] direction in the case
of NJ|[100]. By the same argument, t||[110] is allowed if
N||[110].

The expected t vectors for the different orbitals are shown

(@) dzz2_p2 (Ny<0) : © dxz—yz (e) dy;
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FIG. 2. Anisotropic magnetic dipole operator (t) for the collinear
antiferromagnet rutile, (a, b) d32_,2, (¢) d2_y2, (d) dyy, (€) dy, and (f)
d,, orbitals. The Néel vector is set to [100] for (b) and [100] for the
other frames.

in Fig. 2(c)-(f). For the d,>_,» and d,, orbitals, there is also
a residual ¢ vector along the [010] direction; however, they
are in the opposite direction to that for ds,2_,2. In contrast, the
residual ¢ vector of d,. is parallel to the the [010] direction.
The absolute values of these residual ¢ vectors are the same,
whereas the residual ¢ vector of the d,, orbital is zero because
the ¢ vectors are antiparallel to the spin moment. In order to
study AMD of a multi-electron system, we employ the sum-
mation of the ¢ vectors (T'0V = ¥ 1t,) at each site and the
summation among non-equivalent sites (T' = ; Ti(“m);i site).
Because T' # 0 is a sufficient condition for emerging XMCD
of antiferromagnets, it is necessary to lift the degeneracy due
to the crystal field and spin polarization to cause a difference
in the up and down spin densities of states at the same time.
In the (t54)* case, where there are two holes in d,, and d., for
the #,, set, as shown in Fig. 1(c), the d,; orbital can solely
contribute to 7', and the XMCD signal is expected to arise.

In order to discuss the possibility of the XMCD response
of RuO, quantitatively, it is necessary to examine the compe-
tition among the three competing interactions, i.e., the CFS,
SOI, and interatomic magnetic interaction between Rul and
Ru2. Therefore, we investigated the features of the simple
(t2¢)* model within the mean field approximation of inter-
atomic magnetic interaction which is treated as a molecu-
lar field (MF). The effective Hamiltonian of the simple (tzg)4
model is described as

Her = A(Lz)* + AL - S — gym - hy, (1

where A, A, and g ;hyp are the parameters of the CFS, SOI,
and MF, respectively. The 1, levels are set as shown in Fig.
1(c) [27]. The Landé g-factor becomes g; = 3/2 because of
the LS coupling approximation with L = § = 1, and hyg is
assumed to be applied along the z direction of local coordi-
nates in the RuOg cluster, as shown in Fig.1(b).
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FIG. 3. (a) Phase diagram and (T, values for the (1,,)* model. The
inset shows the direction of Ay on the RuOg cluster under hyg||QA.
(b) (T.) value of the Ru** model. (T.) values are indicated by colored
symbols, and the black dotted line indicates the (T ) behavior of (£2,)*
model where g;hvr/A = 0.0118 when A/A = 0.1. £y, is the spin-
orbit coupling constant for the 4d orbital, where £y, value of Ru**

ion (Z&"") i5 0.161 eV.

Figure 3(a) shows a phase diagram and the expected value
of the total AMD moment (7,) of the (tzg)4 electronic state,
where the horizontal axis indicates the SOI value normalized
by the crystal field, i.e., 4/A. The left vertical axis indicates
the MF intensity which affect the phase transition of the (2,)*
model, and the right vertical axis shows the (T) value. At
A = 0 (the weak SOI limit), the ground state of (t2,)* is the
S = 1 triple states, and the S, = 0 state contains the ba-
sis J = 0 of the LS coupling scheme shown in Fig. 1(e).
The S, = 1 state contains the basis J, = 1 (J = 1) of the
LS coupling scheme, and S, = —1 contains J, = —1. The
J = 0 state, paramagnetism (PM), is the most stable state un-
der a moderate SOI; as the SOI becomes stronger, it soon be-
comes the nominally nonmagnetic phase, J = 0 (van Vleck-
type PM). However, the interatomic magnetic interaction be-

tween the excited J = 1 states induces the magnetic mo-
ment; thus, it splits the |/, m) multiplet by the Zeeman en-
ergy Emp = —gym - hyp. Hence, because of the interaction

between the excitonic triplets, which are sometimes called a
triplon condesentation [27] or spin-orbit excitonic antiferro-
maget [28-30], the magnetic state, J =1 (excitonic AFM),
becomes more stable than the van Vleck-type PM.

We focus on the (T,) values of the (tzg)4 model and compare
them with those of the Ru** model which includes CFS and
MF terms of the interatomic spin interaction within full mul-
tiplet effect of Ru** [31-36]. For the (z‘zg)4 model, the blue
and red dotted lines in Fig. 3(a) indicate the (T,) values of the
excitonic AFM and van Vleck-type PM, respcetively. With an
increase in the SOI parameter A, the (T,) value of excitonic
AFM decreases,while that of the van Vleck-type PM remains
zero. This indicates that measurement of (7,) value can detect
the (Izg)4 electronic state, where the competition between the
two states allows quantum phase transition [37, 38]. In order
to discuss the electronic state of actual RuO,, the (T,) values
of the Ru** model are simulated, as shown in Fig. 3(b). Here,
the red, green, and blue symbols indicate the behavior of the
(T,) value depending on the MF intensity. The black dotted
line indicates the (7’,) values from Fig. 3(a), where the CFS A
in Eq. (3) is 1.0 eV and that A is estimated as approximately
0.1eVin g};“. Under this condition, the phase transition be-
tween the excitoni AFM and van Vleck-type PM occurs under
hye ~ 0.01 eV, as shown in Fig. 3(b). From the results for
the Ru** model, as well as the result of the (tzg)4 model, the
phase transition is observed under weak interatomic magnetic
interaction; thus, the electronic states of the Ru** model are
regarded as the excitonic AFM and van Vleck-type PM. The
limited basis set of the (tzg)4 model causes a mild decrease in
the (T,) value of excitonic AFM; however, the decrease in the
(T, value of the Ru*" model is larger because the occupation
in the e, set arises from the strengthened SOI. Moreover, for
the Ru** model, the (T.) value becomes non-zero because the
intraatomic spin interaction affects the van Vleck-type PM.
Thus, the electronic state of the Ru** model with hyr = 0
corresponds to a pure van Vleck-type PM.

Figure 4(a) and (b) show the results of the spectral calcula-
tion by employing the Ru** model under TRS breaking; the
incident x-ray directions in Figs. 4(a) and (b) are parallel to
[010] and [100], respectively. The upper and lower results
in each figure are the x-ray absorption spectra (u* + u~) and
XMCD (u* - u™), respectively, where u* and u~ represent the
helicities of x-rays. The solid lines indicate the total intensity
between the Rul and Ru2 sites, and the dotted lines in Fig.
4(b) indicate the XMCD intensity on the Rul site surrounded
by the gray dotted square. We determined the XMCD re-
sponses of RuO, reflecting the AMD, van Vleck-type PM (red
line) and excitonic AFM (blue line), where the van Vleck-type
PM (excitonic AFM) is iy = 0.003 eV (0.3 eV) with ZR".
The black line in Fig. 4(a) indicates the XMCD simulation of
the pure van Vleck-type PM with §f;4+ , and the green line
indicates that of the ideal excitonic AFM with hyg = 0.3 and
{14 = 0.0 (in units of eV). In these calculations, the MF is ap-
plied in the [100] direction; thus, the spin component of Rul
(Ru2) tends to be parallel along [100] ([TOO]), where the spin
direction of Rul is antiparallel to that of Ru2 without the SOI
({4,1 =0.0 eV).

As shown in Fig. 4(a), the XMCD signal is detectable for
the excitonic AFM, whereas it is difficult to detect the signal
of the van Vleck-type PM. In contrast, in Fig. 4(b), neither
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FIG. 4. X-ray absorption spectroscopy (upper result) and XMCD
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kl||[010] and (b) k||[100]: the right (left) structures denote Ly (Lyy).

the XMCD signal of the van Vleck-type PM nor that of the
excitonic AFM is observed. This behavior is consistent with
the expression for ¢|[010] when IN||[100], as given by eq.(2);
therefore, the AMD originates from the XMCD signal of the
RuO; colinear antiferromagnetic state with TRS breaking, as
indicated by the green lines.

The XMCD signal of the excitonic AFM originated from
the direction of the AMD moment, which is confirmed in
XMCD of Mn3Sn [39, 40]. Focusing on the red line in Fig.
4(a), we discuss the XMCD signal of the van Vleck-type PM.
It is well known that the van Vleck PM is mixed with the
magnetic states when a magnetic field is applied, and then the
XMCD signal is observed in the van Vleck PM under a mag-
netic field [41]. Therefore, the red line is a reasonable result;
this weak XMCD signal results in a canted magnetic moment
due to hyr = 0.003 eV. Because the XMCD signal arises in
both states, the difference between the van Vleck-type PM and
the excitionic AFM is discussed. One clear difference is that
the XMCD intensity of the excitonic AFM significantly ex-
ceeds that of the van Vleck-type state, which is affected by the
T, value. In particular, the T, value of the excitonic AFM is
not easily influenced by external magnetic field [39], whereas
that of van Vleck-type PM is sensitive [41]. In addition to
the intensity, the XMCD features differ between the excitonic
AFM and van Vleck-type PM; particularly, the structure near
73 eV in Ly structure. Thus, investigation of these XMCD
spectral features is useful for clarifying the electronic state of
RU.OQ.

Finally, we discuss the possibility of detecting the XMCD

signal and T, term in actual RuO, crystals. It has been re-
ported that the magnetic diffraction at (100) is observed in
a bulk crystal RuO, by neutron scattering, and the magnetic
moment is estimated to be approximately 0.05 up at the am-
bient temperature [26]. In addition, resonant x-ray scattering
(RXS) study of the Ru L-edge in RuO, has revealed that the
Néel vector is nearly aligned with the c-axis [42]. The small
magnetic moment suggests that it is close to the van Vleck PM
with moderate spin-orbit coupling, in which the pure XMCD
T, term would not be allowed for the magnetic structure of
the bulk RuO,. Moreover, the XMCD signal of RuO, under
AFM along the c-axis is not observable considering the con-
figuration of the AMO (t). Thus, we consider that ferroic T, is
not observed in bulk RuO,. Instead of ferroic 7',, contribution
of the antiferroic 7, term may be included in the RXS spec-
trum for (100) diffraction, but it is usually difficult to separate
from the strong S, term. In contrast, for the AHE-allowed
thin films, the magnetic structures should differ from those in
the bulk owing to the change in spin anisotropy caused by the
epitaxial strain [43]. Because the compressive strain strength-
ens the crystal field, it reduces /A, resulting in an increase
in the excitonic magnetic moment. Conversely, it is expected
that tensile strain from the substrate stabilizes the van Vleck-
type PM. This strain control causes a phase transition between
the van Vleck-type PM and excitonic AFM of the (tzg)4 sys-
tem; therefore, our theoretical prediction can be verified by
paying attention to the (t) behavior or XMCD T,. In order
to estimate the 7, term, we consider that the XMCD sum rule
must be carefully applied because of the QA treatment be-
tween Rul and Ru2. For acquiring the 7, values, theoretical
XMCD studies with full multiplet theory are helpful, along
with band calculations.

In summary, we theoretically studied how the SOI sup-
presses the 7, value and XMCD spectra by focusing on the
AMD behavior of the colinear antiferromagnetic state of
RuQ,. Using the (z‘zg)4 model, we investigated the phase
diagram and T, value of (z‘zg)4 system, where the phase
transition and its quantum states could be controlled by
changing the tensile strength. Moreover, XMCD calculations
were performed using the Ru*" model based on full multiplet
theorem. It was shown that the T, term is acceptable for lifting
orbital degeneracy owing to the crystal field and exchange
interaction when the Néel vectors are oriented along the [100]
and [110] directions. Because XMCD is detectable in the (%)
behavior or 7, value of the antiferromagnet, the technique
is suitable for evaluating the excitonic (triplon) magnetic
moment in the (tzg)4 system. The AMD is related to the Berry
curvature[18]; thus, spectroscopic and imaging analysis of
the AMD through XMCD measurement is a useful method
for investigating the AHE and related phenomena [44, 45].
Considering the investigations of non-colinear Mn3Sn and
the present XMCD study on colinear RuO,, we expect that
studying the (t) behavior is key to understanding new AHE
materials and developing functional devices.
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