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Spin-orbital liquid in Ba;CuSb,0y stabilized by oxygen holes
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We report x-ray and optical absorption spectroscopy as well as hard x-ray photoemission spectroscopy on
hexagonal Ba;CuSb,0y in which a Cu 3d spin-orbital liquid state is suggested from absence of the Jahn-Teller
distortion of Cu®* Oy octahedra and of the magnetic ordering. The experimental results and their cluster model
analysis indicate that O 2p holes play a crucial role in realizing the spin-orbital liquid state of hexagonal
Ba;CuSb,0y. These oxygen holes appear due to the “reaction” Sb>* — Sb** 4 two O 2p holes, with these
holes being able to attach to Cu ions. The present work opens avenues towards spin-charge-orbital entangled
liquid state in transition-metal oxides with small or negative charge transfer energy.
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I. INTRODUCTION

Ligand holes, e.g., oxygen holes often present in oxides
with, typically, high valence (or high oxidation state) of metals
(such as nominally Fe** in CaFeOs [1], Cu** in NaCuO,
[2] or Bi*t in BaBiO; [3,4]) lead to various nontrivial ef-
fects, which largely determine the properties of corresponding
solids [5,6]. The oxygen holes provide a novel type of up-
up-down-down magnetic structure of RNiO3 (R = rare earth
ions [7], spontaneous charge or rather valence bond dispro-
portionation in CaFeO; [1] and BaBiO; [3,4]. In addition,
oxygen holes apparently play fundamental roles in high-T,
superconductivity in cuprates (presumably connected with the
formation of Zhang-Rice singlets [8]). In the present work, we
study electronic structure of hexagonal Ba;CuSb,0y in order
to uncover yet another nontrivial effect due to the presence of
oxygen holes: the suppression of Jahn-Teller (JT) distortion
and magnetic ordering, typical for the strong JT ion Cu’*,
with the resulting formation of spin-orbital liquid state in
a very interesting material BazCuSb,O9 [9]. We also show
that, besides the suppression of the JT and magnetic ordering,
oxygen holes lead to a very specific dynamic effects.

The octahedrally coordinated Cu®*" with 3d° electronic
configuration (one hole in the ten-fold Cu 3d subshell) is
known as one of the classical JT active ions. Usually, divalent
CuOg octahedron in concentrated systems always leads to
a cooperative orbital ordering with the concomitant lattice
distortion (cooperative JT effect; see, e.g., Refs. [10,11]).
When the CuOg octahedron is elongated along the z-axis,
the Cu 3d orbital with x> — y? symmetry is destabilized and
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accommodates the Cu 3d hole. Ba;CuSb,Oy harbors or-
thorhombic phase [12] and hexagonal phase [9,13]. A very
unusual and unexpected effect, the absence of JT distortion
in a classical strong JT ion Cu?t in octahedral coordination,
was discovered in the hexagonal Ba;CuSb,0y by Nakatsuji
et al [9]. There are very convincing experimental indications
of a dynamic character of the behavior of Cu in this system
[14,15]. Theoretically, quantum spin liquids are expected if
the orbitals are fluctuating [16—19]. However, the real mi-
croscopic origin of this behavior was not elucidated in these
detailed studies. The usual dynamic JT effect is unlikely since
it is very rare in concentrated systems with some exceptions
in 4f systems such as PrO, [20]. The dynamic JT effect is
usually realized in well-isolated JT centers and never realized
in concentrated 3d systems including Cu®* oxides. An extra
puzzle is that the same material seems to exist in two dif-
ferent modifications. The orthorhombic phase behaves quite
normally: it shows a cooperative JT distortion, no special dy-
namic effects, etc. On the other hand, the hexagonal phase has
all these strange features discussed above. The question “what
is the microscopic reason for this very different behavior”
remains a puzzle.

Here we present experimental results which shed light
on this question and which give us the possibility to solve
all these puzzles. Notably, the x-ray absorption spectroscopy
(XAS) on BazCuSb;Og shows that, whereas the orthorhom-
bic phase contains the usual Cu?* with all the conventional
features thereof, in the hexagonal phase we see definite sig-
natures of the presence of substantial oxygen hole character.
Fluctuations, inevitably appearing due to motion of these
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FIG. 1. (a) Crystal structure of hexagonal Ba;CuSb,0y. The oc-
cupancy of Cu and Sb in the two metal sites of the Cu-Sb face-sharing
dumbbells is 50%. (b) Short-range honeycomb lattices in the ab
plane. (c, d) Sample photographs of hexagonal and orthorhombic
samples. The thicknesses of both samples are below 5um. The
dashed circles (¢ ~ 50 um) correspond to the selected regions for
the optical absorption microscopy of Fig. 2(a).

oxygen holes hopping from site to site, suppress conventional
long-range JT ordering and magnetic ordering and cause the
dynamics seen in ESR and NMR [14,15].

The basic crystal structure of hexagonal Ba;CuSb,0y is
shown in Fig. 1(a) (symmetry P63/mmc). Sb ions occupy the
isolated octahedra and half of the octahedra forming face-
sharing dimers [9,13]. Cu ions occupy the other half of the
dimer octahedra. The Cu ions have short range order forming
the honeycomb structure in the ab-plane as shown in Fig. 1(b).
In orthorhombic Ba3CuSb,0y (symmetry Cmcm), the hexag-
onal structure of Fig. 1(b) becomes long ranged, and the
CuOg octahedra are strongly distorted due to JT effect typical
for Cu?*.

II. METHODS

Single crystals of hexagonal Ba;CuSb,0y were grown un-
der oxygen atmosphere from the BaCl,-based flux with 9 mol
% Ba(OH), and are stoichiometric in terms of the Sb/Cu
and Ba/Cu elemental ratios [13]. While the Sb/Cu elemental
ratio is 2.0 in the hexagonal crystals, it is about 2.1 in the or-
thorhombic Ba;CuSb, 0y crystals grown from the pure BaCl,
flux [13]. A Fourier transform infrared spectroscopy micro-
scope (JASCO IRT-30) was used for the optical microscopic
measurements in the transmission mode. The space resolution
was ~30 um. The optical absorption was estimated from the
transmission. X-ray absorption spectroscopy (XAS) for the
Cu L (2p) and O K (1s) core levels were performed using the
surface-sensitive total electron yield (TEY) and bulk-sensitive
total fluorescence yield (TFY) modes at BLO7LSU in SPring-
8 [21]. Hard x-ray photoemission spectroscopy (HAXPES)
was performed at SPring-8 BL47XU. The photon energy was

7940 eV. The binding energy was calibrated by the Fermi edge
of gold and the energy resolution was approximately 200 meV.

III. RESULTS AND DISCUSSION

An obvious difference between the hexagonal and or-
thorhombic phases is the “color” of the crystals. The crystal
with dark color [Fig. 1(c)] is dominated by the hexagonal
phase while the yellowish color crystal [Fig. 1(d)] mainly
contains the orthorhombic phase. Figure 2(a) shows the op-
tical absorption spectra for the hexagonal and orthorhombic
crystals. The orthorhombic crystals exhibit inhomogeneity.
The spectrum taken at position no. 1 [see Fig. 1(d)] repre-
sents the orthorhombic phase with optical gap hv ~ 2.0 eV,
which corresponds to the oxygen 2p to Cu 3d charge transfer
excitation as expected in Cu?* oxides. On the other hand, the
spectrum at position no. 2 exhibits an intriguing absorption
centered around 1.3 eV (~950 nm) below the charge transfer
excitation ~2.0-3.0 eV. The appearance of the absorption
peak in the charge transfer gap suggests that some holes
are introduced in the Cu®>* Mott insulating state, similar to
the high-7, cuprates. Surprisingly, in the absorption spectrum
for the hexagonal phase, the in-gap absorption peak around
1.3 eV gains substantial spectral weight which causes the dark
color. This indicates that a considerable number of holes are
doped in the hexagonal phase although it is highly insulating.
The measured single crystals were grown with special care
following the methods reported in Ref. [13]. The hexagonal
crystals with doped holes are stoichiometric with the Sb/Cu
ratio of 2.0. On the other hand, the orthorhombic crystals
exhibit the Sb/Cu ratio of 2.1. Since the hexagonal and or-
thorhombic crystals are highly insulating, hole doping due to
excess oxygen is unlikely. If the localized oxygen holes in the
hexagonal crystals are provided by the self doping between Cu
and Sb, 5% replacement of Cu®" ions by Sb>* ions can reduce
0.15 holes per Cu site in the orthorhombic crystals. There-
fore, the self-doping mechanism would be consistent with the
experimental results on the resistivity and the Sb/Cu ratio.
In addition, the inhomogeneity of the orthorhombic crystals
would be related to the offstoichiometry of the Sb/Cu ratio.

In order to further clarify this electronic structure differ-
ence between the hexagonal and orthorhombic phases, x-ray
absorption spectroscopy have been performed for the two
phases. Figure 2(b) shows the Cu 2p XAS spectra in the total
fluorescence yield mode. The Cu 2p main peak at 930.2 eV is
accompanied by the charge transfer satellite at about 933 eV.
The intensity of the satellite is enhanced in the hexagonal
phase compared to the orthorhombic phase. The main and
satellite peaks are assigned to the transitions of 2p°3d° —
2p°3d'" and of 2p%3d°L — 2p>3d'°L [2]. Here L represents
a hole on the oxygen 2p orbitals. The Cu 2p XAS indicates
that the ground state of the hexagonal phase includes more
3d°L than the orthorhombic phase. Figure 2(c) shows the
Cu 2p XAS spectra taken in the total electron yield mode.
The XAS spectra in the total electron yield mode are more
surface sensitive than those in the total fluorescence yield
mode. The XAS results obtained in the two modes are very
consistent indicating that the contribution of 3d°L is not due
to the surface effect. In the hexagonal phase, the intensity of
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FIG. 2. (a) Typical optical absorption of the hexagonal and orthorhombic phases estimated from their transmission, which are taken in the
transmission microscopy mode with space resolution of 30 um. (b) Typical Cu 2p XAS spectra of the hexagonal and orthorhombic phases
taken in the total fluorescence yield mode. (c) Typical Cu 2p XAS spectra of the hexagonal and orthorhombic phases taken in the total electron
yield mode. (d) Typical O 1s XAS spectra of the hexagonal and orthorhombic phases taken in the total fluorescence yield mode.

the satellite is comparable to that of the main peak indicating
that the oxygen hole concentration is about 1/6 [22]. This
estimation of the oxygen hole concentration for the hexagonal
system is consistent with the difference of the Cu/Sb ratio
between the hexagonal and orthorhombic systems since the
5% replacement of Cu by Sb in the orthorhombic system can
remove 0.15 holes from the Cu site.

Figure 2(d) shows the O 1s XAS spectra of the hexagonal
and orthorhombic systems. The structure at 530 eV can be
assigned to the transition from O 1s to O 2p hybridized into
the upper Hubbard band (corresponding to 3d° — 3d'°). The
peak at 528.2 eV is observed only in the hexagonal system
and can be assigned to the Zhang-Rice singlet band seen in
the hole-doped high-7.. cuprates: the transition from O ls
to unoccupied O 2p (corresponding to 3d°L — 3d°) [23].
The band around 1.3 eV seen in the optical absorption of
Fig. 2(a) corresponds to the excitation from these 3d°L state.
The intensity of oxygen hole band (Zhang-Rice singlet band)
in the O 1s XAS spectra is comparable to that of the upper
Hubbard band after removing the Sb-O contribution which is
roughly indicated by the thick solid line in Fig. 2(d).

In Ba3CuSb, 0y, the CuOg octahedra do not share oxygens,
while they are directly connected sharing oxygens at their
corners in perovskites or high-7, cuprates. The oxygen holes
in the perovskite are shared by two CuOg octahedra and be-
come itinerant for relatively low hole concentration, providing
the canonical behavior of Cu 2p and O 1s x-ray absorption

spectra of doped cuprates. On the other hand, the oxygen 2p
holes in Ba3;CuSb,0Og can be localized, and its Cu 2p and
O 1s x-ray absorption spectra exhibit different behaviors. In
order to verify this point, configuration interaction calculation
has been performed for a CugOs¢ cluster in which six CuQOg
octahedra are connected by O-O bond and have one oxygen
hole. In the cluster, the six CuOg octahedra with Cu 3d x2-y?
orbital and O 2p, orbitals are considered. The calculated
results are shown in Fig. 3. Here U,y and U.,; are Coulomb
interactions between Cu 3d states and between the Cu 2p core
hole and the Cu 3d hole, respectively. A is the O 2p-to-Cu 3d
charge transfer energy, and pdo and ppo are the Slater-Koster
parameters. The effect of O 1s core hole potential is neglected.
The transfer integral between the neighboring CuOg octahedra
is given by (ppo — ppr)/+/2 [9] which is evaluated assuming
ppm = —1/4ppo.

For the perovskite cuprates, the main peak of Cu 2p
XAS usually broadens due to the presence of the mixing of
2p°3d'L final states with d°L configurations on neighboring
octahedra when the d° and d°L initial states are admixed. On
the other hand, for Ba;CuSb,0Qy, the transition from d°L to
2p°3d'°L appears around 1-2 eV higher than the main peak
with a reasonable parameter set as shown in Fig. 3(a), indicat-
ing that the average concentration of ~1/6 holes per Cu fits
the experimental spectra. As for the O 1s spectra [Fig. 3(b)],
the prepeak or transition from d°L to d° [so-called Zhang-
Rice singlet (ZRS) feature] appears about 2-3 eV lower than
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FIG. 3. Configuration interaction calculation for CusOs¢ cluster
with one oxygen hole of (a) Cu 2p3/, and (b) O 1s.

the upper Hubbard band (UHB) peak (the transition to the O
2p component mixed into the unoccupied Cu 3d level), and is
qualitatively consistent with experimental results. The calcu-
lated spectral shape is sensitive to the ppo value for the O-O
bond which is uncertain. Therefore, it is difficult to determine
the hole concentration from the analysis. However, in addition
to the qualitative agreement between the observed spectra and
the calculated results, the difference of the Sb/Cu ratio be-
tween the hexagonal and orthorhombic systems suggests that
the hole concentration per Cu site (or Sb2) site is around 1/6.

The presence of the oxygen 2p hole in the hexagonal phase
indicates that the Cu 3d spin and orbital are disturbed by hop-
ping of the oxygen 2p holes. The spin and orbital orderings
are more strongly suppressed if the systems have more holes.
However, it is rather difficult to keep the insulating behavior
with oxygen holes. Here we speculate that the amount of
1/6 is important to keep the insulating behavior. Since the
hexagonal system with oxygen holes remains highly insulat-
ing, these holes should be confined within several Cu sites
and disturb the Cu 3d spin and orbital of those Cu sites. One
of the possible units of confinement is the hexagonal cluster in
Fig. 1(b) where the six CuOg¢ octahedra are connected through
the Cu-O-O-Cu pathways. In this cluster, the oxygen hole

and Cu 3d spins/orbitals form a quantum object keeping the
hexagonal symmetry.

There are several possible origins of the oxygen holes
in Ba3CuSb,0y. The most plausible possibility is the high
valence Sb in the Cu-Sb dimers. The formal valence here
is Cu?t and Sb>*. However, the valence state 5+ is rather
high for Sb. For such high oxidation states the real electronic
configuration tends to contain ligand holes. For example, in
BaBiO; with Bi**/Bi** mixed valence, it is established that
the formally Bi>" site has the actual electronic configuration
close to Bi*tL2 [24]. The same trend is expected for Sb which
is located above Bi in the periodic table.

In order to evaluate the valence of the Sb sites, we
have carried out the hard x-ray photoemission spectroscopy
(HAXPES). Figure 4(a) shows the HAXPES spectra of the
hexagonal Ba3;CuSb,09. The peak energies of the Sb 3ds,»
and 3d;3/, are ~529.9 and ~539.3 eV, respectively, while the
Sb 3ds;, peak is just overlapped with the O 1s peak and thus
its energy has uncertainty. These energies are apparently lower
than those for the typical Sb>* (or Sb**) compounds and sim-
ilar to Sb>* as indicated by the dashed lines in Fig. 4(a). The
energies of Sb 3ds/,, reported on the NIST database including
those for Sb, O3, Sby 04, Sb, 05, and USb,O5 [25], are ranging
from 539.1 to 540.1 eV for 3+, and 540.1 to 540.8 eV for
5+ (or 4+), respectively. On the other hand, the energies of
Sb 3ds;, are ranging from 529.2 to 530.1 eV for 3+, and
530.8 to 532.1 eV for 54 (or 44), respectively. These results
support the suggestion that the actual valence of Sb is close
to +3 rather than 45 in the hexagonal phase of Ba;CuSb,O.
Therefore, the bonding orbitals constructed from the Sb 55 and
O 2p orbitals have strong Sb 5s character and are occupied
by electrons while the unoccupied antibonding orbitals have
strong O 2p character (oxygen 2p hole). In the isolated SbOg
octahedra, the unoccupied antibonding orbitals with O 2p
character are located within the octahedra, and the localized
oxygen 2p holes are inactive and are attached to the Sb site,
coming back to the formal valence of Sb>*.

On the other hand, in the SbOg¢ octahedra in the Cu-Sb
dumbbell, the O 2p orbitals can be mixed with the Sb 5s and
Cu 3d orbitals since the three oxygens are shared by the SbOg
and CuQg octahedra. In this case, while the bonding orbitals
with Sb 5s character are occupied by electrons creating Sb>*,
the unoccupied antibonding orbitals with O 2p character (oxy-
gen 2p holes) are extended to the Cu site. If the oxygen 2p
holes are more strongly bounded to the Sb site than the Cu site,
the electronic configuration in the Cu-Sb dimer becomes close
to the formal valence of Cu?*-Sb>* which corresponds to the
actual valence state of Cu?*[Sb**L?] with oxygen 2p holes
L. The oxygen 2p holes can be also attached to the Cu site,
making the state [Cu>TL][Sb’>*L]. In the simple schematic
picture, the oxygen 2p holes may be thus treated as moving in
a double-well potential, one well centered on Cu and another,
deeper well on Sb, with the barrier in between. The difference
between the isolated and the dumbbelled Sb sites manifest in
the Sb-O bond length. The average Sb-O bond length is about
2.004 A in the isolated SbOg octahedra while it is about 1.99 A
in the Cu-Sb dumbbell [13]. Consequently, the bond valence
sum values [26] for the Sbl and Sb2 sites are estimated to be
4.81 and 4.35, respectively. Therefore, the Sb2 site accommo-
dates the extra electron to create the oxygen hole.
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FIG. 4. (a) Sb 3ds/23/2 and O 1s HAXPES spectra. The dashed lines indicate the ranges of the binding energy for typical Sb*" and Sb°*
compounds reported on the NIST database [25]. (b) Cu 2p3»,1,» and Sb 3s HAXPES spectra. (c) Sb 3p3».1,2 and Ba 3ds, 3, HAXPES spectra.

(d) Valence band HAXPES spectrum.

On the other hand, the quantitative estimation of the va-
lence for the Cu sites was hard from the HAXPES spectrum,
since the broad Sb 3s peak was overlapped onto the satellite
structure for the Cu 2p3,, observed between 940 and 950 eV
[see Fig. 4(b)]. However, the large and sharp satellite structure
for Cu 2p;,, observed around 962 eV [2] is still consistent
with the scenario of the oxygen hole in the hexagonal phase.
It should be noted that we had also tried to measure HAX-
PES for three pieces of the orthorhombic crystals, but all of
them were charged up so that no meaningful spectrum was
obtained. This fact is also consistent with the highly insu-
lating (or wide-gapped) behavior of the orthorhombic phase
compared to the hexagonal one in the optical spectroscopy.

Fluctuation of oxygen 2p holes attached either to Sb or
to Cu could be the reason of suppression of the long-range
Jahn-Teller ordering of Cu in the hexagonal phase. This is the
main physics we deduce from our experimental data, which, in
our opinion, can explain the main features of the unexpected
behavior of Ba;CuSb,0y. But even regardless of the origin
of the oxygen 2p hole, the present results rigorously prove
that the oxygen 2p hole and the Cu spins form the unique
quantum object with spin-charge-orbital fluctuations of the
specific time scale in the hexagonal phase. The Cu deficiency

or the partial substitution of Cu by Sb was reported for the
orthorhombic phase [13]. If one Cu®*" is replaced by Sb>*,
three oxygen 2p holes would be eliminated. Therefore, the
oxygen 2p holes are removed from the system due to the
off-stoichiometry, and the Jahn-Teller distortion is recovered
in the orthorhombic phase. This picture is indeed consistent
with the O 1s XAS spectra in Fig. 2.

It is known that oxygen 2p holes play a significant role
in high valence transition-metal oxides such as Ccu’t, Ni*t,
and Fe** oxides. High valence transition-metal oxides with 90
degrees M-O-M bonds are insulating since the oxygen 2p hole
mixed with the M 3d e, hole in a MO4 or M Og cluster cannot
hop to neighboring clusters and is confined in the single-site
cluster [2]. On the other hand, high valence transition-metal
oxides with almost 180° M-O-M bonds are metallic and their
oxygen 2p holes are highly itinerant. With decreasing the M-
O-M bond angle in RNiOj (R = rare earth metal) or AFeO3 (A
= alkaline earth metal) by reducing radius of the R or A ions,
oxygen 2p holes and transition-metal spins are ordered and
form spin-charge ordered insulating states [7,27]. Compared
to these other oxygen 2p hole states in high valence transition-
metal oxides, the oxygen 2p hole state in Ba;CuSb,Qg is very
unique in that due to a specific crystal structure with rather
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isolated CuOg¢ octahedra, the oxygen 2p holes have weaker
tendency to become itinerant (even with large concentration
of oxygen 2p holes the hexagonal samples of Ba;CuSb,0y
remain highly insulating). This can also lead to a significant
difference of XAS spectra in this system as compared, e.g.,
with the high-T, cuprates.

In conclusion, x-ray and optical absorption experiments on
Ba3CuSb,0y reveal that the hexagonal phase with spin and
orbital liquid is characterized by emergence of oxygen 2p
holes in the highly insulating state. Their appearance orig-
inates due to tendency of Sb>* to change electronic state
by creating oxygen holes. Oxygen 2p holes may fluctuate
between Sb and Cu ions, or may be confined in the relatively
large hexagonal cluster with six Cu sites, and the CuOg JT
distortion and long-range magnetic ordering are suppressed
due to hopping of oxygen 2p holes between Cu and Sb and
between CuQOg octahedra. This can be a rather general situ-
ation in many materials containing different metal ions with
relatively high valence, in which ligand holes can play cru-
cial role in determining their properties. And the method we

used—x-ray spectroscopy—can be one of the best methods to
unravel interesting physics connected with these phenomena.
Our results demonstrate strong interplay between electronic
structure with the presence of oxygen holes in systems with
unusual valences, and the Jahn-Teller effect, the effect which
often plays crucial role in concentrated solids including high-
T. superconducting cuprates, but also in molecular systems
and in inorganic chemistry.
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