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X-ray absorption spectroscopy (XAS) and magnetic circular dichroism (XMCD) measurements at the oxygen
(O) K-edge were performed to investigate the magnetic polarization of ligand O atoms in the weak ferromagnetic
(WFM) phase of the Ir perovskite compound SrpIrO4. With the onset of the WFM phase below Ty ~ 240 K,
XMCD signals corresponding to XAS peaks respectively identified as originating from the magnetic moments
of apical and planar oxygen (O4 and Op) in the [rOg octahedra were observed. The observation of magnetic
moments at O4 sites is consistent (except for the relative orientation) with that suggested by prior muon spin
rotation (U SR) experiment in the non-collinear antiferromagnetic (NC-AFM) phase below Ty ~ 100 K. Assum-
ing that the O5 magnetic moment observed by uSR is also responsible for the corresponding XMCD signal, the
magnetic moment of Op is estimated to be consistent with the previous (SR result. Since the O4 XMCD signal
is mainly contributed by Ir 5d zx and yz orbitals which also hybridize with Op, it is inferred that the relatively
large Op magnetic moment is induced by Ir 5d xy orbitals. Moreover, the inversion of O, moments relative to
Ir moments between the two magnetic phases revealed by XMCD suggests the presence of competing magnetic
interactions for O4, with which the ordering of O moments in the NC-AFM phase may be suppressed to Ty;.

Layered iridium perovskites (St,,4(Ir,03,11, n = 1,2,...)
are interesting materials to study the unconventional proper-
ties of 5d electrons arising from the competition between spin-
orbit (SO) interactions, crystal fields, and Coulomb interac-
tions (electron correlations) with comparable energies. Recent
studies using various microscopic probes have revealed that
the monolayer compound SrpIrO4 can be regarded as a Mott
insulator realized in the ;¢ multiplet reorganized by the rela-
tively strong SO interaction. The 54° (Ir**) electrons occupy
the 15, states with effective angular momentum Leg = 1 and
spin § = 1/2 are split into Jer = 1/2 doublet and Jegr = 3/2
quartet, in which a gap is induced in the doublet band by
the Coulomb repulsion, resulting in an insulator state with
pseudo-spin Jegr = 1/2 that consists of three spin-orbit com-
ponents in the 75, band with equal weights:

L
V3

where ¢ denotes the spin state [ﬂ—ﬂ]. While the Jeggr = 1/2
model is supported by resonant and inelastic x-ray scattering
[E, , E], the simple description with equal weights for the
orbital populations has been called into question due to a non-
negligible tetragonal distortion of the IrOg octahedra [ﬁ»].

SrpIrOy4 crystalizes in a tetragonal structure with 14, /acd
space group [see Fig. El(a)], and exhibits antiferromagnetic
(AFM) order at the transition temperature Ty ~ 240 K un-
der zero external field [@ ]. The AFM phase exhibits
an extra feature of non-collinear (NC) Ir spin canting (~11°)
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within the ab plane [Fig. |I|(b), left], which is mainly attributed
to the rotation of IrOg octahedra by the lattice distortion [ﬁl].
It also undergoes metamagnetic transition to weak ferromag-
netic (WFM) phase due to the alignment of Ir canting along
the a axis above H, ~ 0.2 T [Fig. El(b), right].

Nevertheless, that the NC-AFM phase does not necessar-
ily fit within the framework of the Je = 1/2 model is also
evident in its complex magnetic properties at lower tempera-
tures. It was shown that bulk magnetization [M (H)] decreases
anomalously at 7 < Ty < 100 K and H < H,, suggesting that
AFM correlations are enhanced below Ty [[[§, [[9]. The de-
crease in the Ir-O-Ir bond angle in correlation with M suggests
that this is related with a change in the exchange coupling
]. Moreover, anomalous behavior of frequency-dependent
ac-dielectric loss is reported around Ty ], strongly suggest-
ing the critical slowing down of electric polarization fluctua-
tion [@, @]. Therefore, it is natural to infer the existence of
electro-magnetic cross-correlations in the NC-AFM due to the
inverse Dzyaloshinsky-Moriya (DM) mechanism (or the “spin
current” mechanism [RJ]). While the DM interaction seems
to have little role in the the Jo = 1/2 framework, the rota-
tion of the IrOg octahedra generates a DM and a J, term to the
magnetic interaction, which limits the mutual angle between
adjacent pseudospins to 7 + 2o with the octahedron rotation
angle o [E].

Our previous muon spin rotation ((SR) measurements of
the internal magnetic field (Bjoc) in SrpIrO4 revealed a grad-
ual development of the second stage of magnetic order below
Tm [@]. Furthermore, the By, felt by muons occupying sites
close to the apical oxygen (Oy) of the IrOg octahedra showed
a further increase, which can only be consistent with the selec-
tive appearance of ordered magnetic moments (to, ~0.03p
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FIG. 1. (a) Crystal structure of SrIrO4 viewed from the a axis, where
Op and Oy refer to planar and apical oxygen (drawn by VESTA
[23]). (b) Non-collinear AFM ordering pattern of Jegr = 1/2 mo-
ments (arrows) within IrO; planes and their stacking pattern along
the ¢ axis in zero field and in the WFM state (after Ref. [H]). (¢) Uni-
form magnetization (M) vs. temperature in SrpIrO4 at H =5 T with
the polar angle between the ¢ axis and H being 0° and 45°.

at T — 0, antiparallel with the Ir moments) at the Oy sites.
This is reminiscent of the correlation between charge transfer
to O and associated orbital polarization and the non-collinear
Mn spin structure in the multiferroic YMn,Os that we re-
cently found by uSR and resonant x-ray scattering, support-
ing the multiferroic scenario for the charge sector anomaly
reported in the low T-H region [@]

However, it is difficult to determine only by uSR as a lo-
cal probe whether the O moments are in a long-range ordered
state. Specifically, the possibility remains that the muon, as
a pseudo-hydrogen, forms a hydroxyl-like OMu state that ac-
companies an electron localized on the adjacent magnetic ion
(i.e., a polaron state) to modulate By, as has recently been
pointed out for other magnetic oxides [@, @] In any case,
there is still no other information of O polarization in SrpIrOy,
remaining at the circumstantial stage.

The x-ray absorption spectroscopy (XAS) and magnetic cir-
cular dichroism (XMCD) at the O K-absorption edge can pro-
vide useful information on O holes (unoccupied 2p orbitals)
and their magnetic polarization in transition metal oxides, be-
cause the 2p orbitals are strongly linked with the ground state
properties; it was used to reveal the mechanism of the metal-
insulator transition of La;_,Sr,MnO3 [@] and the evolution
of O orbital moment order in La;_,Sr,CoOj3 @, ]. Fur-
thermore, the O K-edge XMCD of CrO, has been used to ex-
plicitly demonstrate the delocalization of the hybridized states
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FIG. 2. (a) Experimental conditions for XMCD measurement: a cir-
cular polarized x-ray beam (helicity 7 = £1 defined by arrows) was
incident at 8 = 55° to the ¢ axis of the SrpIrOy4 single crystal, and
the magnetic field (H) was parallel to the x-ray. The fluorescence
x-ray was measured by a solid-state detector placed perpendicular to
the x-ray beam direction. (b) Example of absorption spectrum (raw
data) observed at 300 K.

of Cr 3d and O 2p [B1]].

Here, we present a study using O K-edge XAS and XMCD
in the WFM phase of Sr,IrO4 to examine the possible O hole
polarization due to O 2p-Ir 5d orbital hybridization. The
XMCD signal was observed at 5 T in accordance with the
development of the WEM phase below Ty, where the signal
from the planar oxygen (Op) is significantly enhanced com-
pared to that from Oa. The temperature dependence of the
XMCD signal (with negative sign) is nearly proportional to
the bulk magnetization M (H) measured under similar condi-
tions, suggesting that magnetic moments of both Op and Op
are parallel to those of Ir and their magnitude are proportional.
Assuming that the O5 magnetic moment observed by ySR in
the NC-AFM phase is also responsible for the corresponding
XMCD signal, the magnetic moment of Op is extrapolated
to be to, ~ 0.10(1)up from the ratio of XMCD signal in-
tensity between Op and O4. Since the Op signal is mainly
contributed by Ir 5d zx and yz orbitals which also hybridize
with Op, the relatively large (o, is mainly attributed to the Ir
5d xy orbitals. This is consistent with recent reports that the
xy orbitals predominantly contribute to the magnetism of Ir
]. Notably, the orientation of the Op moments relative to Ir
moments in the WFM phase is reversed from that in the NC-
AFM phase, suggesting that competing magnetic correlations
are acting on Oy, leading to the suppression of O4 ordering
to Ty in the NC-AFM phase.



Single-crystal samples were grown by the self-flux method
in platinum crucibles with Ir, SrCOs3, and SrCl, weighed and
mixed in molar ratios of 1:2:7, respectively. The sintering con-
ditions were from 1300 °C to 900 °C at a rate of 8 °C/hr, fol-
lowed by cooling down to room temperature. Single crystals
of approximately 1 mm? x 3 mm (7-9 mg) in size were ob-
tained, which were flaky and layered with a metallic luster. X-
ray diffraction of the flake surface obtained with adhesive tape
showed a c plane of SryIrO4, and no Sr3Ir,O7 phase (which is
easily stacked as an impurity) was detected. M(H) measure-
ments with H parallel and perpendicular to the ¢ axis showed a
clear AFM/WEM transition around 240-250 K. At a low field
(H=0.1T, L c¢), M showed a relatively rapid increase from
240 K to 220 K, followed by a gradual concave decrease with
decreasing temperature. These behaviors of M(H) indicates
that the samples were of the same high quality as reported in
previous studies. The temperature dependence of M measured
by MPMS (Quantum Design) under H =5 T (corresponding
to the WFM phase) with the polar angle between the ¢ axis
and H being 0° and 45° is shown in Fig. (c).

The XAS-XMCD measurements were performed using cir-
cularly polarized synchrotron radiation from the undulator
beamline BL-16A at the Photon Factory, High Energy Ac-
celerator Research Organization (KEK) [@]. A single crystal
with ¢ surface obtained by exfoliation was mounted on the
copper cold finger with silver grease, and sample temperature
was controlled by a He gas-flow cryostat. The XAS spec-
tra were obtained in the partial-fluorescence-yield mode over
the energy range of 520-555 eV, centered around the O K-
edge (~530 eV) with alternative polarization (helicity A = 1,
where positive sign corresponds to the direction opposite to
M), and temperature was scanned from 10 to 300 K. Due to
geometrical restrictions among incident x-rays, superconduct-
ing magnet, and the x-ray detector, the experiment was con-
ducted in the arrangement schematically shown in Fig. E(a):
the incident x-ray beam was parallel with the external mag-
netic field, and it was obliquely incident at 6 = 55° (“‘magic
angle” for eliminating the contribution of magnetic dipolar
term) to the ¢ axis of the sample crystal. Since BL-16A is
capable of polarization switching at about 10 Hz in combina-
tion with a kicker magnet [@], an attempt was made to de-
tect small changes in magnetic-field-induced O polarization
by using the differential spectroscopy to suppress the effect
of drift over a few hours. In addition, to eliminate systematic
errors due to the different beam properties of the two undu-
lators, XMCD measurements were made on two alternative
combinations of mutual undulator polarity. Fig. E(b) shows
an example of raw XAS data observed at 300 K.

The helicity-dependent XAS spectra, pi(E) = I.(E)/I,
were obtained by subtracting averaged offset for 520 < E <
525 eV as background and normalized by the average inten-
sity Iy for I(E > 550eV) [see Fig. E(b)]. It turned out that
the total XAS spectrum [U(E) = py (E) + p—(E)] was inde-
pendent of temperature within the range of experimental ac-
curacy. An example of ((E) obtained at 300 K are shown in
Fig. B(a). The peaks around 528-530 eV and 530-535 eV re-
produce the previously reported O K-edge XAS spectra which
are respectively assigned to the 5, and e, bands of Ir 5d mixed
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FIG. 3. (a) normalized XAS spectrum observed at 300 K in SrpIrOq4,
where dashed lines represent the result of curve fit assuming three
Gaussian peaks yielding 528.70(4), 529.40(2), and 531.19(5) eV for
the peak energy; O and Op indicate contributions from the api-
cal and planar O hybridized with Ir 5d ;, orbitals, whereas d,.
shows that from O hybridized with e, orbitals. (b) XMCD spec-
tra [Ap(E)] at all temperatures measured in SrpIrOy.

with O 2p [, @—@]. This is in good agreement with the es-
timation of the lowest energy unoccupied orbitals to be in the
Ir 5d band from the partial density of states obtained from
band calculations [@], and we can conclude that the spectra
in Fig. E(a) are assigned in the same manner. Furthermore,
from comparison with the linear-polarization dependence of
XAS reported earlier, we can infer that the peaks at 528.70(4)
eV and 529.40(2) eV are respectively contributed by Op and
Op of the IrOg¢ octahedra [@, E, @]. The relative XAS sig-
nal intensity of O and Op in the 300 K data is estimated to
be 1:2.39(24) from the curve fit [see Fig. Bj(a)].

Here, let us examine the influence of polarization to the rel-
ative XAS intensity between O and Op. For circularly po-
larized light, the 6 dependence of U is given by %(cos2 0+
D)ny, . for O and %(cos2 0 + )nyy + %(sin2 0)n,.).. for
Op, where nyy and n,, /., are the number of holes in the xy
and yz/zx states hybridized with 2p orbitals [@]. The ratio
Ny /Ny 2 = R is then deduced from the equation

%(00526 +1)R+ % sin” @
$(cos20+1)

=2.39(24), (1)
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FIG. 4. Temperature dependence of XMCD signals at 528.8 eV (O4)
and 529.5 eV (Op) in SrpIrO4. Dashed lines indicate the results of
curve fits by scaling M(T) at H =5 T oriented 45° from c axis [see
Fig. 1(c)].

which yields R = 1.89(19) for the present case of 6 = 55°.
This value suggests that the relative hole occupancy for xy, yz,
and zx orbitals is approximately 1:1: 1.

The XMCD spectrum is defined as

AU(E) = py(E) — u—(E), 2

and the spectra for each measurement temperature are shown
in Fig. E(b), where the Op signal clearly increases with de-
creasing temperature from around 7y. A similar tendency is
also observed for the O4 signal. These two peaks and the
structure around 531 eV are approximated by three Gaussian
distributions, and the peak intensities are estimated by curve
fitting for Ap (527 < E < 532 eV). (The positive peak at 531
eV is considered an artifact because the intensity is only 1073
of the corresponding XAS signal.) As shown in Fig. , the
temperature dependence of the peak intensity roughly follows
that of M measured under the similar conditions [H = 5 T,
45°, see Fig. El(c)]: the dashed curves in Fig. E are obtained by
curve fitting using a form

M(T)
M(0)

Ap=Auo

with only the normalization factor A Ly as a parameter [yield-
ing Aup = —0.0169(3) and —0.0028(3) for Op and Oj, re-
spectively]. This indicates that the O 2p magnetic moments
are polarized, confirming that the polarization of the O 2p
state is induced by hybridization between the O 2p and Ir 5d
orbitals.

The negative sign of the O p signals implies that the ori-
entation of the O 2p orbital magnetic moment is in the same
direction as that of H (and M). The value of I used in de-
ducing pu4+ was roughly the same as the value of 7. for the
Op signal [see Fig. B(b)], and hardly changed with tempera-
ture. Thus, the value of Ay appears to suggest that the mixing
between O 2p and Ir 5d is at most a few %. (Because the am-
biguity in the energy range of signal integral makes it difficult
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to apply the sum rules [@, @] to the XMCD spectra at the O
K-edge, we did not estimate the magnitude of the orbital mo-
ment from its signal intensity.) Moreover, it should be noted
that XMCD is proportional to the net average moment which
is biased by the residual ferromagnetic component associated
with the WFM phase for H > H, (=~ 0.08 up/Ir plus O moment
contribution)].

However, the small Ay does not necessarily mean that or-
bital hybridization is small, given the signal intensity origi-
nally expected for O K-edge XMCD; the SO interaction to
split O 2py /> and 2p;3 ), levels is generally considered to be
weak due to the small gradient of the Coulomb potential. In-
deed, a strong hybridization of the O 2p and Ir 5d orbitals
has been assumed to explain the significant reduction of the
ordered Ir magnetic moment (L, ~ 0.4up) [El], the AFM ex-
change interaction between neighboring Ir ions, and the tilted
Ir moment associated with octahedral rotation [E, ]. There-
fore, the results in Fig. E are only to suggest that the orienta-
tions and magnitudes of the O orbital moments relative those
of Ir are nearly unchanged regardless of temperature in the
WEFM phase.

It is noticeable in Figs. ] and [ that, in view of the rel-
ative XAS signal intensity between O and Op, the XMCD
signal from Op is significantly enhanced compared to that
from Op [=1:6.04(11)]. To theoretically explore its ori-
gin, we calculated XAS spectra and partial density of states
using the FDMNES code [, f3]l, and found that the Ir d,,
orbital is exclusively coupled with Op (see Supplemental Ma-
terial [@] for details). Assuming that the origin of the Oy
XMCD signal is common to Uo, inferred from pSR in the
NC-AFM phase, the Op moment size can be evaluated by
scaling that of o, (= 0.03up, T — 0) by the ratio of the
XMCD signals of Op and Op normalized by the XAS inten-
sity, 6.04(11)/2 = 3.02(4), yielding o, = 0.10(1) up.

In the ZF-uSR measurement, it is difficult to distinguish
the Op contribution proportional to Ir magnetization from that
of Ir, and the magnetic polarization of Op was not considered
in the previous uSR study [@]. Therefore, we reexamined
whether the occurrence of the magnetic polarization of Op is
consistent with the previous uSR result. Specifically, assum-
ing up ~ 0.4up and that both O and Op have the same ra-
tio of spin to orbital moments and that their magnitudes do
not change with the magnetic field, we simulated the internal
magnetic field at the muon sites by changing the size of Lo,
As aresult, it turned out that the simulation reproduces the ob-
served USR spectra when lio, ~ 0.10Lp in the same direction
as Ir, which is in excellent agreement with that extrapolated
from Op using the XAS-XMCD result. Thus, assuming that
Uo, observed by uSR in the NC-AFM phase is also respon-
sible for the corresponding XMCD signal in the WFM phase,
the XMCD and uSR results are found to be perfectly in line
with each other (except for the 1o, orientation relative to that
of yy). That both tp, and o, are small is also consistent
with the absence of a corresponding signal in the polarized
neutron experiment in the WFM phase [IE].

The earlier XAS measurements using linear-polarized light
indicate that the O, signal mainly reflects the contribution
of unoccupied 2p./2p, orbitals produced by the hybridization



with the Ir 5d zx/yz orbitals, while the Op involves all of the 5d
orbitals ; FDMNES calculations suggest that this is also
the case for circularly polarized light (see SM [Ell]). From the
partial density of states for Op XAS signal obtained from the
FDMNES calculation, the relative contribution of the xy or-
bital to those of zx and yz is evaluated to be 1 : 1.9, in good
agreement with the experimental evaluation. Thus, the rela-
tively large Op signal suggests that the Ir 5d xy orbitals are
mainly responsible for the Op polarization. This is consistent
with recent reports that the xy orbitals are dominant in the Ir
5d ground state [ﬂ»@].

The relationship between the temperature dependence of
the XMCD signal in the WFM phase (H > H.) and that of
the spontaneous order of O5 magnetic moments suggested
by uSR (H = 0) is not obvious at this stage. The latter is
observed only in the NC-AFM phase below around 7y and
reaches a maximum moment size of i, ~0.03tp below ~20
K. Nevertheless, considering that the direction of the Op mo-
ments in the NC-AFM phase below Ty is reversed from that in
the WFM phase, it is strongly suggested that competing mag-
netic correlations are acting on O, in the NC-AFM phase,
suppressing the ordering of O moments for 7 > Tj. In the
WEFM phase, on the other hand, the AFM-like correlations are
suppressed by the external magnetic field, and the Op mo-
ments are interpreted as aligned with the Ir magnetic moments
over the whole temperature range below Ty.

Concerning the anomalous ac-dielectric loss below Ty in
the NC-AFM phase , we point out that the Ir spins can be
regarded to take on a cycloidal magnetic structure when the
magnetic modulation vectors (V;;) are chosen in some specific
directions connecting the IrO, planes (see Supplemental Ma-
terial [@] including Refs.[@» ). This suggests that electric
polarization (p) perpendicular to V;; can be induced by the
inverse DM mechanism. Such a cycloidal magnetic structure
is always paired with one showing inverted spin rotation gen-
erating an opposite electric polarization (—p), and therefore
considered to induce an anti-ferroelectric correlation without
producing macroscopic polarization. Interestingly, it has been
reported that the ac-dielectric loss in the a-axis direction be-
low Ty is nearly twice as large as that in the c-axis direction
]. This anisotropic response is consistent with what would
be expected from the aforementioned direction of electric po-
larization and supports the scenario due to the inverse DM
mechanism.

It should be noted that the temperature dependence of
XMCD intensity in Fig. E seems to deviate considerably from
that of M at lower temperatures: it peaks around 40 K and
120 K and shows a minimum around 7y;. This trend is also

confirmed for the integrated signals of the two peaks (527.9 <
E <530.5 eV, not shown) in the XMCD spectra, suggesting
that the orbital hybridization may vary slightly with tempera-
ture. It is tempting to imagine that this variation is also related
to the anomalies described above [@], but further study will
be needed to determine whether this is the case.

Finally, we note that the observed O K-edge XMCD is un-
usually large compared to that in the 3d compounds. Since
the Ir 5d electrons are subject to the strong SO interaction
and their magnetization is related to a stronger orbital con-
tribution than in most of the 3d transition metals, it is in-
teresting to compare the relative O K-edge XMCD intensity
to the magnitude of the average Ir magnetic moment in this
context. Specifically, the relative XMCD intensity of the
Op peak (Au = Ao ~ 0.017 divided by pu ~ 1.55) is com-
pared to the projected moment of Ir (fI;, ~ 0.056up) to yield
(Ap/p)/my, =~ 0.20u; . Comparing this to the ferromag-
netic CrO, along the c-axis [EI], the similar estimation yields
(Ap/p) /T, =~ 0.017ug " which is ~14 times smaller than
that for Ir. Thus, the O K-edge XMCD induced by Ir mag-
netic moment is more than an order of magnitude greater than
that of the normal 34 ferromagnets.

In summary, we have demonstrated by O K-edge XAS-
XMCD measurements that ligand O has finite orbital mag-
netic moments induced by hybridization with Ir 5d orbitals in
the WEM phase of SrIrO4. We combined the present result
with that of the previous SR in the NC-AFM phase to eval-
uate the magnitude of the weak magnetic moments at the Op
and Oy, sites. The orientation of the Op moments relative to
Ir moments inferred by XMCD is reversed from that in the
NC-AFM phase, suggesting that competing magnetic correla-
tions are acting on Op, leading to the suppression of Oy or-
dering to Ty in the latter phase. The magnetic polarization of
O holes confirms modulation in charge distribution involving
ligand O, and it also suggests that anti-ferroelectric correla-
tions due to the inverse Dzyaloshinsky-Moriya mechanism is
likely responsible for the observed anomalous dielectric loss
in the NC-AFM phase.
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Supplemental Material: Direct observation of oxygen
polarization in Sr;IrO; by O K-edge x-ray magnetic
circular dichroism

R. Kadono et al.

I. O K-EDGE XAS SPECTRA CALCULATED BY THE
FDMNES CODE

We have conducted theoretical calculations on the O K-
edge XAS spectra under circular polarization observed in
Srp1rO4 to evaluate the contributions from planar (Op) and
apical (O4) oxygen using the FDMNES code @]. The
calculations were performed under a variety of input condi-
tions, and the result best reproduce the energy dependence of
the observed XAS spectra is shown in Fig (a). In this cal-
culation, we used the Muffin-tin approximation with a cluster
radius of 7 A, and considered spin-orbit interaction and the on-
site Coulomb energy (Hubbard U = 2 eV) for Ir. We did not
consider the screening due to oxygen excitation. Instead, the
appropriate energy shift was assumed in the convolution cal-
culation (to produce a Lorentzian absorption spectrum with
the contribution from the occupied state removed) to repro-
duce the pre-edge spectra. The same convolution procedure
was applied to the calculated partial density of states (DOS)
for Op and Op, where the obtained DOS spectra for Ir 5d 15,
orbitals are shown in Fig (b).

The calculated result (solid line) in Fig (a) shows that the
peak structures around 528.7 eV and 529.4 eV in the observed
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FIG. S1. (a) XAS and (b) partial density of states (DOS) spectra for
circularly polarized incident X-rays calculated using the FDMNES
code, with k-vector set to (0 0.8192 0.5736) corresponding to 55° in
the bc plane. Op and Op denote the planar and apical oxygen. The
hatched areas in (a) represent the regions integrated to evaluate the
O and Op contributions, respectively. The curves with dxy, dyz, and
dxz in (b) represent the contribution of Ir 5d xy, yz, and xz orbitals.

XAS spectra are well reproduced, although the linewidth is
slightly wider and the shape is more complicated. Itis also no-
ticeable that the peak due to the hybridization between the O
and e, orbitals appears at higher energies than the experimen-
tal value. The corresponding partial DOS spectra in Fig El(b)
indicate that the XAS intensity over the energy range below
531 eV (hatched areas in Fig. is dominated by the O 2p-
Ir 5d >, hybridization, and the relative ratio of the O and
Op signal intensities over the corresponding energy region is
calculated to be Op : Op = 1: 2.71. Although the separation
of the O and Op spectra is not good in this calculation, the
obtained ratio agrees with the experimental value [O4 : Op =
1 : 2.39(24)] within the error, supporting our interpretation.

Furthermore, looking at the partial DOS of the Ir 75, orbitals
contributing to the XAS spectra of Op and Op in the same
energy region, it can be seen that all xy, yz, and xz orbitals
contribute almost equally in the Op XAS intensity, whereas
there is almost no contribution from xy in that of Os. The
ratio of the contribution of the xy and yz + zx orbitals to the
Op XAS intensity is calculated to be 1 : 1.90.

II. POSSIBLE ANTI-FERROELECTRIC CORRELATION
DUE TO THE SPIN CURRENT MECHANISM

Cycloidal helical magnetism is one of the most typical
causes of multiferroic behavior accompanying ferroelectricity.
In the most general case, when two angled magnetic moments
S; and S; with spin-orbit interactions are aligned across an
anion, the electron distribution is expected to shift in the di-
rection perpendicular to the vector connecting via the anions
[@]. This phenomenon can be expressed by the following
equation,

pZAV;jX(S,‘XSj), (Sl)

where p is the induced electric dipole moment, A is a con-
stant that depends on the spin-orbit interaction and the hop-
ping integral, and Vj; is the vector connecting the two spin
sites. This expression is closely related to the Hamiltonian for
the Dzyaloshinsky-Moriya (DM) interaction,

%ZD(G)-(S,‘XSJ'), (SZ)

which explains the phenomenon that the two spins tilt when
the coupling angle 6 determined by the crystal structure is fi-
nite. However, when the spins are fixed in Eq. (@) and 0 is
taken as a variable, it has the same meaning as in Eq. (EI).
This effect of a tilted spin pair giving rise to an electric
dipole moment is called the inverse DM interaction. Although
Eq. ( originally focused on the electron distribution and ig-
nored the atomic displacement [@], it holds for both cases.
Now, when (S; x S;) is always in the same direction, the
electric dipole moments will also add up to produce a macro-
scopic electric polarization. Considering a one-dimensional
spin chain, this condition is satisfied for the cycloidal helix
where magnetic modulation vector and the spin rotation plane
are parallel. For a common modulation vector, the electric
polarization is reversed when the direction of spin rotation



is opposite. Such an electric polarization generation mech-
anism is also called a “spin current mechanism” [@], and it
has been experimentally verified that many materials, includ-
ing TbMnO3 [@, @], exhibit multiferroic ordering by this
mechanism.

As shown in Fig. @(a), a closer look at the 3D magnetic
structure of Ir in the NC-AFM phase of Sr,IrO4 shows that a
series of the connection vectors V;; can be taken along the ¢
axis to have a cycloidal component parallel to the helical plane
of spin rotation [i.e., V;; x (S; x S;) # 0]. Therefore, the spin
current mechanism may cause electric polarization perpendic-
ular to such a modulation vector. On the other hand, since the
cycloid along the vector connecting neighboring Ir sites ro-
tates in the opposite direction, the electric polarization is also
reversed and no bulk electric polarization is generated. The
existence of such anti-ferroelectric correlations explains the
experimental fact of the anomalous increase in ac-dielectric
loss below Ty ~ 100 K [@]. The same consideration for the
WEFM phase in Fig. @(b) shows that the magnetic structure
along the same modulation vector as in Fig. @(a) is ferrimag-
netic and no microscopic electric polarization occurs.

The electric polarization induced by the spin current mech-
anism is expected to be accompanied by a change in the
relative electron distribution (i.e., orbital hybridization) be-
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FIG. S2. Variation along the c-axis of the Ir spin configuration in the
ab plane in the NC-AFM phase (a) and the WFM phase (b).

tween cations and anions; given that the increase in anti-
ferroelectric correlation below 7y indicates a phase transition
(or crossover) to the final 3D spin structure of Ir, this would
be accompanied by a change in the Ir-O Sr-O-Ir electron dis-
tribution along the magnetic modulation vector. The order-
ing of the magnetic moment of the apical oxygen suggested
by uSR [@] can be interpreted as a consequence of modu-
lated hybridization. It is interesting to note that an anomalous
electron distribution involving Sr is suggested by electron spin
resonance (ESR) experiments in the WFM phase at low tem-

peratures (4 K) [@].



