Spin-orbit coupling in the Mott insulator Ca;RuO,
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O 1s x-ray absorption study of the Mott insulator CazRuQO4 shows that the orbital population of the
4d t24 band dramatically changes with temperature. In addition, spin-resolved circularly-polarized
photoemission study of Cax RuOy4 shows that a substantial orbital angular momentum is induced in
the Ru 4d t»4 band. Based on the experimental results and model Hartree-Fock calculations, we
argue that the cooperation between the strong spin-orbit coupling in the Ru 4d t»4, band and the
small distortion of the RuOg octahedra causes the interesting changeover of the spin and orbital

anisotropy as a function of temperature.

The layered perovskites SroRuO,4 and CasRuQ4 show
interesting and contrasting physical properties. While
SryRuQy4 1s metallic and shows superconductivity below
1.5 K [1], CasRu0y is insulating and becomes antiferro-
magnetic below 110 K [2,3]. In SraRuO4 and CasRuO.,
four electrons occupy the three nearly degenerate 4d o,
orbitals and the orbitals degree of freedom are expected
to be important. Since the spin-orbit interaction in the
4d shell 1s substantial, the orbital angular momentum L
can strongly couple with the spin angular momentum 5.
Triplet pairing in the superconducting Sr; RuQO4 has been
predicted by Rice and coworkers [4] and is supported by
recent experimental studies [5]. However, it is still con-
troversial how strongly the 4d electrons are correlated in
this metal and it is not well understood how the spin and
orbital fluctuations are related to the triplet supercon-
ductivity [6,7]. CasRuOu, on the other hand, is widely
accepted as a Mott insulator since it remains insulat-
ing above the Néel temperature and shows a Curie-Wiess
magnetic susceptibility [2]. With the 4d electrons being
localized, Cas RuQ4 gives us an opportunity to study the
interplay between the spin and orbital degrees of freedom,
which could provide a clue to understand their roles in
the triplet superconductivity of the layerd Ru oxides.

We have measured the Ru 4d orbital population using
O 1s x-ray absorption spectroscopy (XAS), and have dis-
covered that the orbital population changes dramatically
between 90 K and 300 K. This is remarkable in view of
the modest temperature dependence of the crystal struc-
ture [3]: at 300 K the RuOs octahedron is almost regular
and at 90 K it becomes slightly flattened along the ¢-
axis by not more than about 2.5%. Using spin-resolved
circularly polarized photoemission, we conclude that the
Ru 4d band has a substantial orbital angular momen-
tum, and in combination with model Hartree-Fock cal-

culations, we infer that the strong spin-orbit interaction
cooperates with the small distortion of the RuQg octa-
hedra to cause a major change in the spin and orbital
anisotropy as a function of temperature.

The experiments were performed using the helical un-
dulator [8] based beamline ID12B [9] at the European
Synchrotron Radiation Facility at Grenoble. Circularly
polarized light was used for both the XAS and photoemis-
sion, and the degree of circular polarization was a2 92%.
The XAS data were taken in the total electron yield mode
as a function of the angle # between the surface normal
and the Poynting vector of the circularly polarized light.
The photon energy resolution is better than 0.15eV. The
photoemission spectra were recorded at normal emission
with # = 60° using a 140 mm mean radius hemispherical
analyzer coupled to a mini-Mott 25 kV spin polarimeter
[10]. The total energy resolution was about 1 eV, and
the spin detector had an efficiency (Sherman function) of
17%. The photoemission spectra were taken in the four
possible combinations of photon helicity (¢ /c™) and
electron spin direction (e'/et measured simultaniously)
in order to eliminate systematic errors. The pressure of
the spectrometer chamber was 1x1071% mbar. The single
crystals of CasRuQy, grown by a floating zone method as
reported in the literature [11], were cleaved in situ. The
cleaved surface is parallel to the ab plane or the RuQO»
plane.

Figure 1 shows the O 1s XAS spectra taken at 90 K
and 300 K at the normal light incidence (§ = 0°). The
structures from 528 eV to 530 eV and those from 530 eV
to 535 eV are due to transitions from the O 1s core level
to the O 2p orbitals that are mixed into the unoccupied
Ru 4d t2, and e, states, respectively. The structures
from 535 eV to 550 eV are derived from transitions to
the O 2p orbitals mixed into the Ca 3d/Ru 5s, bp states.



The XAS spectra are normalized using the higher energy
region above 550 eV. In going from 300 K to 90 K, the
eg-derived structures become somewhat sharper and the
Ca 3d feature changes its line shape. This is because
the tilting of the RuOg octahedra increases with cooling
[3] and, consequently, e, band width is reduced and the
Ca-O bond length is changed. The s, features, on the
other hand, show dramatic changes with temperature,
and this requires an explanation in terms of changes of
the ta, orbital occupations, which is the main object of
the following discussions.

Figure 2 shows the Ru 4d-derived O 1s XAS spectra
taken at 90 K and 300 K for # varying between 0° and
70°. In the ey-derived region above 530 eV, the structures
at ~ 531 eV and 534 eV increases and decreases with 6,
respectively, indicating that the lower and higher energy
regions of the e; band are mainly constructed from the
2p, states at the apical and in-plane oxygen sites, respec-
tively. This is consistent with the recent band-structure
calculation for CasRuOy4 [12]. In the ty,-derived region,
the two peaks located at 528.5 and 529.5 eV (labeled as
A and B, respectively) show a very distinct angular de-
pendence. Since the apical oxygen XAS peak is lower
in energy than the in-plane one for Las_,Sr,CuO4 [13]
and SraRuQy [14], we can assign structures A and B to
transitions at the apical and in-plane oxygen sites, re-
spectively. This assignment is also supported by the ob-
servation that the intensity of structure A relative to that
of B is much smaller in SrosRuQOy4 [14] than in CasRuOu,
consistent with the fact that the RuOg octahedra are
appreciably elongated in SroRuO4 along the c-axis while
they are almost regular in Cax RuQO,4. We will now use the
angular dependence of the apical and in-plane features to
determine the ¢5, orbital population.

In order to analyze the spectra quantitatively, we fit
them with a Gaussian for each of structures A and B and
with a Gaussian to represent the tail of the higher lying e,
band. The fits are shown by the thick solid curves in the
insets of Fig. 2 and the extracted intensities of the apical
and in-plane components are depicted in Fig. 3(a) and
(b) as a function of 6. The angular dependence is deter-
mined by the dipole matrix element of the O 1s-2p tran-
sition. For circularly polarized light, transitions to the O
2pe, 2py, and 2p, orbitals have ¢ dependences of % cos? 0,
%, and %sin2 8, respectively. Since the 2p,/2p, and 2p,
orbitals of the in-plane oxygen hybridize with the zy and
yz/za states, respectively, the in-plane component has
the 6 dependence of %(cos2 6+ Lyngy + %sin2 0Ny /2m -
Here, ngy and ny.;., are the number of holes in the
zy and yz/za states, respectively. On the other hand,
since the 2p,(2p,) orbital of the apical oxygen hybridizes
with the zz(yz) state, the apical component is given by
%(cos2 04 1)ny. /... With CazRuOy4 having two holes in
the 4d o4 orbitals (ney + ny./2e = 2), we can simulate
the 6 dependence for a certain ngy : ny. /., ratio. Taking

into account the small effect of the tilting of the octa-

hedra, we have plotted the results for ng, :
3

Nyzfzw = %
s 5 and ngy 1 ny.e = 10 1in Fig. 3(c) and (d), re-
spectively. The experimental results at 90 K agree well
with the simulation in Fig. 3(c), and those at 300 K
with the simulation in Fig. 3(d). In addition, since we
have incorporated the bond-length dependence of the Ru-
O hybridization strength in the simulations [15], we are
also able to reproduce well the ratio between the apical
and in-plane components. These angle dependent results
thus strongly indicate that the relative hole population
between the ay and yz/za orbitalsis 1 : 1 at 300 K and
is drastically changed to % : % at 90 K.

In order to elucidate the possible role of the Ru 4d spin-
orbit interaction and its consequences for the spin and
orbital states, we have also measured the spin-resolved
valence band photoemission spectrum of Cas RuQ4 using
circularly polarized light. It has been shown recently,
that this type of spectroscopy is very useful to investi-
gate the spin and orbital contributions to the magnetic
moments in especially antiferromagnets and paramagnets
[16]. Figure 4 shows the photoemission spectrum taken
at 150K (above the Néel temperature) with a photon en-
ergy (hv) of 650 eV. The thin solid curve and closed cir-
cles depict the sum and the difference, respectively, of the
spectra taken with parallel (¢ et and o~ et) and antipar-
allel (cFet and o~ el) alignment of the photon helicity
and electron spin. The structures at the kinetic energies
of 645, 643, and 640 eV in the sum spectrum are derived
from the Ru 4d band, the O 2p band, and the O 2p-Ru 4d
hybridized band, respectively [12]. In the difference spec-
trum, the spectral weight is mainly on the Ru 4d band
and the O 2p-Ru 4d hybridized band indicating that the
spin polarization induced by the spin-orbit coupling is
dominated by the Ru 4d contribution. The quantity of
interest here is the ratio between the integrated intensity
of the difference spectrum (p'!) and that of the isotropic
spectrum (p°), which is equal to % times the sum spec-
trum [17]. This ratio can be related to the expectation
value of a spin-orbit operator of the system in the initial
state, which for transitions from 4d to ¢f like final states
is given by [17]:

Pt 2000 e (d) - sa(d)
AT ) )

where N; denotes the number of 4d electrons, 7 is an
index of the electrons, [, and s, are the orbital and spin
angular momentum along the = and z’ direction of the
i-th electron, respectively (see the inset of Fig. 1). We
find that the ratio converges to —0.027 +0.007, as shown
in the lower panel of Fig. 4. In order to estimate the
polarization of the Ru t5, band, one needs to subtract
the contribution of the O 2p band from p°°. Since the
photoionization cross section of the O 2p relative to that

of the Ru 4d is ~ 0.7 [18], the polarization of the Ru 4d



band 1s estimated to be —0.046 +0.012. This means that
(O e (2) - s2(4)) is about —0.28 £ 0.07, using Ng = 4.
This value is comparable to that measured for CoO [16],
where the orbital moment was found to be of the order
of 1 up. These measurements thus demonstrate that the
strong Ru 4d spin-orbit interaction induces a substantial
orbital angular momentum in CasRuQy.

Combining the orbital population obtained from the
O 1s XAS data with the substantial orbital angular mo-
mentum L, it is natural to speculate that the two holes
are sitting at the yz and (xy + iza)/+/2 orbitals [or zz
and (yz +iry)/v/2 orbitals] at 90 K. With this spin and
orbital state, S and L are expected to be along the z-axis
(or the y-axis). On the other hand, at 300 K, the two
holes are sitting at the zy and (2x + iyz)/v/2 orbitals at
each Ru site, and, consequently, S and L tend to be di-
rected towards the z-axis although they are not perfectly
aligned above the Néel temperature. In this scenario,
the cooperation between the strong spin-orbit coupling
and the small compression of the RuOg octahedra as dis-
cussed in [19] induces the drastic change of the orbital
population observed in the O 1s XAS measurement.

In order to check possible spin and orbital states in
CasRuQy4, we have performed Hartree-Fock calculations
using a multiband Ru 4d-O 2p model for a Ru-O slab
constructed from the RuQOg octahedra. The intra-atomic
Coulomb interaction between the 4d electrons is included
using Kanamori parameters u, v/, j and j/ (v = u — 24,
j=7J,35= gB + C' where B and C' are Racah parame-
ters) [20]. j (= 0.5 eV) and the spin-orbit coupling &4 (=
0.15 eV) are fixed to the atomic values. The O 2p-to-Ru
4d charge-transfer energy A (= 0.0 eV), the multiplet-
averaged d — d Coulomb interaction U (= u — 29—0j = 3.0
eV), and the Ru 4d-O 2p and O 2p-O 2p transfer integrals
are deduced from the LDA calculations for CasRuO4
[12] and photoemission and optical study of (Ca,Sr)RuO3
[21]. When the lattice is distorted, the transfer integrals
are scaled using Harrison’s prescription [15]. Although
the uncertainty of A and U is & 1 €V, it does not affect
the conclusion. When the RuOg octahedra are regular
or elongated, the antiferromagnetic state with the two
holes in the zy and (zx +iyz)/v/2 orbitals is stable and S
(0.80) and L (0.72) are directed towards the z-axis. On
the other hand, when the RuOg octahedra are slightly
compressed (the in-plane Ru-O bond is by 2.5% longer
than the apical one), the yz/zx orbitals become higher
in energy compared to the zy orbitals. Consequently, the
antiferromagnetic state with the two holes in the yz and
(xy + izx)/V/2 orbitals [z2 and (yz + izy)/v/2 orbitals]
is stabilized and S (0.80) and L (0.68) are directed to-
wards the z-axis (y-axis). The energy of the latter so-
lution relative to the former one is 30, 15, and -82 meV
for the elongated, regular and compressed cases, respec-
tively. L is ~ 0.7 for the three cases because the splitting
between the zy and yz/za orbitals is smaller than the
strong spin-orbit coupling. The total angular momen-

tum L 425 is calculated to be ~ 2.3 pip which is reduced
from the atomic value because of the strong covalency
between the Ru 4d and O 2p orbitals and is consistent
with the effective Bohr magneton number obtained from
the magnetic susceptibility [19]. Spin fluctuations due
to the two dimensionality and the remaining orbital fluc-
tuations might be responsible for the reduction of the
ordered moment (1.3 pp) [3].

In conclusion, the spin-resolved -circulary-polarized
photoemission measurement of CasRuO4 has revealed
that the strong spin-orbit coupling induces the substan-
tial orbital angular momentum in the Ru 4d ¢, band.
The large temperature dependence of the O 1s XAS data
shows that the orbital population of the 54 band is dras-
tically changed by the small compression of the RuOg oc-
tahedra and the strong spin-orbit interaction. The holes
are located in yz and (zy + izz)/+/2 orbitals [or zz and
(yz +izy)/\/2 orbitals] and the magnetic moment points
to the in-plane direction when the RuQOg octahedra are
slightly compressed. When the RuOg octahedra are reg-
ular, on the other hand, the holes are located in xzy and
(zz + iyz)/x/i and the magnetic moment tends to be
directed towards the z-axis. In future, the present tech-
nique should be applied to Cas_,Sr,RuO4 in order to
further elucidate the spin and orbital fluctuations and
their relations with the triplet superconductivity.
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FIG. 1. O 1s x-ray absorption spectra of CazRuQO4 taken at

90 K and 300 K at normal incidence. The spectra are normal-
ized using the higher energy region above 550 eV. The insets
show schematic pictures of the experimental arrangement and
the RuOg octahedron.
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FIG. 2. O 1s x-ray absorption spectra of CaRuQO4 taken
at 90 K and at 300 K as a function of angle ¢, which is the
angle between the surface normal and the Poynting vector
of the circularly polarized light. The spectra are normalized
using the higher energy region above 550 eV. In the insets,
the fitted results are shown by the thick solid curves. The
two Gaussians for structures A and B, and the tail of another
Gaussian for the ey band are shown by the dotted, dashed,
and solid curves, respectively.
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FIG. 3. Upper two panels: Intensities of the apical com-
ponent (open circles) and in-plane component (open squares)
and the ratio between the two components (closed triangles)
as a function of angle # in the O 1s x-ray absorption spectra
taken at 90 K (a) and 300 K (b). Lower two panels: Intensities
of the apical component (dotted curve), in-plane component
(dashed curve), and the ratio between the two components
(solid curves) as a function of § obtained by model calcula-
tion for the orbital population of nay : ny. ., = % : % (c)

and of nay @ Ny, =1:1(d).
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FIG. 4. Valence-band photoemission spectra of CazRuQOy.
The thin solid curve and closed circles show the sum and
difference of the spectra taken with parallel and antiparal-
lel alignment. The dashed curve and thick solid curve in-
dicate the background due to secondary electrons and the
background-removed sum spectrum, respectively. In the lower
panel, the difference spectrum normalized to p°° is integrated
from the higher kinetic energy side.



