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6-GHz lattice response in a quantum spin-orbital liquid probed by time-resolved
resonant x-ray scattering
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Long-sought quantum spin liquids usually emerge in geometrically frustrated magnets. Less commonly,
unfrustrated magnets can harbor a variety of quantum spin liquids if charge and/or orbital degrees of freedom
are involved. Jahn-Teller distortion of Cu2+O6 octahedra is absent in hexagonal Ba3CuSb2O9 suggesting a Cu
3d spin-orbital liquid state. Here, by means of time-resolved resonant x-ray scattering, we show that hexagonal
Ba3CuSb2O9 exhibits a charge-orbital dynamics which is absent in the orthorhombic phase of Ba3CuSb2O9

with Jahn-Teller distortion and Cu 3d orbital order. The time scale of charge-orbital dynamics manifests in the
coherent phonons at 6 GHz. The present work reveals a role of electron-lattice entanglement in the quantum
spin-orbital liquid state.
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I. INTRODUCTION

Mott insulators with S = 1/2 or J = 1/2 are expected to
show a variety of quantum spin liquid states when mag-
netic orders are suppressed due to geometrical frustration
and/or quantum fluctuation [1–3]. Among them, RuCl3 with a
Ru3+(J = 1/2) hexagonal lattice exhibits a Kitaev spin liquid
state under magnetic field due to Majorana quantization [4–9].
The Kitaev state can be realized by the strong spin-orbit in-
teraction of 4d or 5d transition-metal ions on the hexagonal
lattice [7]. Another quantum spin liquid state on a hexag-
onal lattice is realized in Ba3CuSb2O9 with Cu2+(S = 1/2)
[10,11]. The spin liquid phase in Ba3CuSb2O9 can be associ-
ated with fluctuations in the orbital sector [12–15] in contrast
to the Kitaev state where the orbital degeneracy is lifted due
to the strong spin-orbit interaction.

The octahedrally coordinated Cu2+ with 3d9 electronic
configuration (one hole in the tenfold Cu 3d subshell) is
known as one of the Jahn-Teller active ions. Usually, divalent
Cu oxides have Jahn-Teller distorted CuO6 octahedra [16].
When the CuO6 octahedron is elongated along the z axis,
which is a fourfold axis of each octahedron, the Cu 3d orbital
with x2 − y2 symmetry is destabilized and accommodates the
Cu 3d hole. Ba3CuSb2O9 harbors two competing phases: an
orthorhombic phase with Jahn-Teller distorted CuO6 octahe-
dra and a hexagonal phase with undistorted CuO6 octahedra
[11,17]. The absence of the Jahn-Teller distortion in the
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hexagonal phase indicates fluctuations of Cu 3d orbital sym-
metry and thus a kind of orbital liquid state. Such fluctuations
have been seen in electron spin resonance (ESR) and nuclear
magnetic resonance (NMR) measurements on Ba3CuSb2O9

[18,19]. An interesting and important question is how the Cu
3d orbital sector is involved in the spin-orbital fluctuations
and whether the lattice is involved in those.

The basic crystal structure of Ba3CuSb2O9 is shown in
Figs. 1(a) and 1(b). The hexagonal phase has symmetry of
P63/mmc, while the space group of the orthorhombic phase is
Cmcm. In the orthorhombic phase, Sb ions (blue balls) occupy
isolated octahedra and half of octahedra forming face-sharing
dumbbells in an ordered way [Fig. 1(b)]. Cu ions (yellow
balls) occupy the other half of dimer octahedra, so that they
form the honeycomb lattice in the ab plane as shown in
Fig. 1(b). In addition, CuO6 octahedra are strongly distorted
due to the Jahn-Teller effect typical for Cu2+. In the hexagonal
phase, the occupancy of Cu and Sb in the two metal sites
of the Cu-Sb face-sharing dumbbells is 50% as indicated in
Fig. 1(a). However, the Cu and Sb ions in the dumbbells
have short-range order and keep the honeycomb structure in
nanoscale [11,17].

II. EXPERIMENT

Single crystals of Ba3CuSb2O9 were grown under oxy-
gen atmosphere from the BaCl2-based flux [17]. Two types
of single crystals were obtained, depending on the growth
condition. A small addition (9 mol %) of Ba(OH)2 to
the BaCl2 flux was found to stabilize single-phase crystals
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FIG. 1. (a) Schematic crystal structure of hexagonal
Ba3CuSb2O9. Sb and Cu ions are indicated by blue and yellow,
respectively. The space groups of hexagonal and orthorhombic
phases at low temperature are P63/mmc and Cmcm, respectively
[11,17]. The occupancy of Cu and Sb in the two metal sites of
the Cu-Sb face-sharing dumbbells is 50%. In the orthorhombic
phase, the Cu and Sb ions are ordered in the dumbbells and form
a honeycomb structure as shown in (b) where the Cu sites are
connected by O-O bonds.

of the hexagonal samples, whereas the pure BaCl2 flux leads
to the growth of orthorhombic samples. The composition
analysis by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) indicates that hexagonal samples are a
single phase and are stoichiometric in terms of the Cu-to-Sb
elemental ratio [17]. On the other hand, the orthorhombic
crystals are rather off-stoichiometric and seemed to contain
a part of the inhomogeneous domain of the hexagonal phase.
X-ray absorption spectroscopy (XAS) and time-resolved soft
x-ray scattering at the Cu L (2p → 3d) absorption edges were
conducted at BL07LSU in SPring-8 [20]. A typical sample
size was 150 × 150 × 5 μm3. The samples were cleaved
along the (001) plane in situ to avoid surface contamination.
The XAS spectra were recorded using both the surface-
sensitive total electron yield (TEY) and bulk-sensitive total
fluorescence yield (TFY) modes. The time-resolved resonant
soft x-ray scattering (RSXS) measurements were performed
using the pump-probe technique with a time resolution of ∼50
ps [20]. A second-harmonic Ti:sapphire laser pulse (hv =
3.1 eV, repetition rate � 1 kHz, full width at half maximum
= 50 fs [20,21]) was adopted as the pump light. As a probe
light, a synchrotron soft x-ray pulse (full width at half maxi-
mum � 50 ps [20,21]) with energy near the Cu L3 edge was
used. The incident x-ray was sigma polarized and parallel
to the in-plane (100) crystal axis. The spot size of the x
rays and Ti:sapphire laser is approximately 100 × 50 μm2

and approximately 600 × 600 μm2, respectively. As the area
irradiated by the synchrotron x ray is fully exposed by the
laser irradiation, the dynamics induced by the laser incidence
were probed. By varying the delay time between the x-ray and
the laser pulse, time-resolved information was obtained.

III. RESULTS AND DISCUSSION

The soft x-ray diffraction with Q = (002) is structurally
allowed and can be accessed in the soft x-ray energy region
(2θ ∼ 135◦ at hv ∼ 930 eV) owing to the long c axis ∼15.6 Å
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FIG. 2. (a) XAS spectrum in the total fluorescence yield mode
and static RSXS spectrum at Q = (002) for hexagonal Ba3CuSb2O9

near the Cu L3 edge (2p3/2) taken at 250 and 25 K. The RSXS
intensities I(250 K) and I(25 K) are normalized by the intensities
of XAS at hv = 923 eV at 250 and 25 K, respectively, which were
simultaneously measured with RSXS. The bottom panel shows the
change ratio of [I (250 K) − I (25 K)]/I (25 K). (b) Temperature de-
pendence of RSXS at hv = 930.2 eV. The intensity was normalized
by the value at T = 25 K.

of Ba3CuSb2O9. Figure 2(a) shows the spectra of XAS and
static RSXS around the Cu L3 edge (2p3/2). Here, the polariza-
tion of the incident x ray was parallel to (100) of Ba3CuSb2O9.
The RSXS intensity can generally be formulated as I =
|S(ω)|2/μ(ω), where S(ω) is the structure factor and given
by S(ω) = ∑

f (ω)e−iQ·r. Here, μ(ω), f (ω), and e−iQ·r are
the absorption coefficient, complex dielectric permittivity, and
structural component, respectively. Since lattice constant c is
less sensitive to the cooperative Jahn-Teller distortion of CuO6

clusters, the temperature dependence of RSXS at Q = (002)
is barely observed below the Cu L3 resonance of hv < 928 eV
as shown in the bottom panel of Fig. 2(a). On the other hand,
the large spectral change is observable around the Cu L3

resonance of hv ∼ 930.2 eV, reflecting changes in the in-plane
dielectric function along (100) of the Cu sites [or μ(ω) and
f (ω)]. Previous nonresonant in-plane x-ray diffraction (or
diffusive scattering) experiments on Ba3CuSb2O9 by Ishiguro
et al. indicated that ferro- and antiferro-orbital fluctuations
develop with cooling [18]. The structurally diffusive states
are formed at low temperature, and its ferro-orbital correla-
tion saturates below the spin-singlet formation temperature of
∼50 K. The temperature dependences of the diffusive scatter-
ing around Q = (220) (Fig. 3(e) in Ref. [18]) and of the RSXS
at 930.2 eV given in Fig. 2(b) seem to have a similar trend.

Figure 3(a) shows the time-resolved resonant x-ray scatter-
ing for Q = (002) at 930.2 eV (on the Cu 2p to 3d resonance)
after the pump pulse at 3.1 eV. A coherent oscillation with
period of ∼165 ps is clearly observed in the hexagonal phase,
while no oscillation is seen in the orthorhombic phase. In
addition, the x-ray scattering signals probed at 923.0 eV below
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FIG. 3. (a) Photoinduced dynamics at Q = (002) with x ray of 930.2 eV (and 923.0 eV) for the hexagonal and orthorhombic phases after
the pump pulse at 3.1 eV. (b) Fourier transform of the time-resolved resonant x-ray scattering signals.

the absorption edge do not show appreciable change after the
pump pulse. The static Jahn-Teller distortion of the CuO6

clusters of the honeycomb lattice of Ba3CuSb2O9 scarcely
induces the c-direction changes, while it provides the a-
direction changes (elongation of the honeycomb lattice in the
a-b plane due to the cooperative Jahn-Teller effect) as revealed
by Katayama et al. [17]. Therefore these results clarify that
the structural factor along the c direction hardly contributes
the intensity change of the present x-ray scattering signals.
The Fourier transform of the time-resolved data is plotted in
Fig. 3(b) indicating that the coherent oscillation corresponds
to ∼6 GHz, which is rather slow compared with various op-
tical phonons in the system [17] which are usually coupled
to charge or orbital orderings. Such a slow dynamics in the
hexagonal phase is consistent with previous reports [18,19].
The time-resolved RSXS signals probed at 930.2 eV could ex-
tract these cooperative changes on the electronic states of the
Cu sites, which are governed by the temporal evolution of the
Cu 3d orbital and the Cu-O lattice, whereas the electronic and
lattice evolution is triggered by the 3.1-eV laser excitation.

The coherent oscillation with period of ∼165 ps is absent
in the orthorhombic sample as shown in Fig. 3(b). Since the
pump pulse with 3.1 eV corresponds to the charge transfer
excitation from the O 2p to Cu 3d orbitals [22], the coherent
oscillation is related to the charge dynamics in the Cu-O-O-Cu
network. The pump excitation at 3.1 eV coherently creates the
charge-transferred electronic states with the d10L configura-
tion which have no orbital degrees of freedom. Then the local
and temporal Jahn-Teller distortion of the CuO6 octahedra
should be suppressed coherently. When the charge-transferred
d10L state is decayed into the d9 state with a time scale
of femtoseconds, the coherent motion of the orbital-lattice
coupled units is triggered.

In the quantum spin-orbital liquid state, it has been estab-
lished that the CuO6 clusters with Cu 3d orbital polarization
and Jahn-Teller-type distortion have no static order and are

temporally fluctuating with a relatively small frequency of
6 GHz. The 6-GHz oscillation of the Cu 3d orbital is
consistent with the dynamic Jahn-Teller effect reported in
Refs. [18,19]. In Ref. [19], 9 GHz is the lowest frequency
available in the experimental setup, and the characteristic
6-GHz oscillation is almost averaged out with the probing
frequency of 9 GHz. The orbital and lattice fluctuations cor-
respond to a kind of zero point motion of the orbital-lattice
coupled unit which could be made up by single or multiple
CuO6 clusters. In the ground state, the orbital-lattice coupled
units are fluctuating with 6 GHz frequency with these fluc-
tuations having different (random) phases. Once the entire
system is excited by the coherent pump pulse, coherent vi-
bration of the orbital-lattice coupled units is triggered, and the
6-GHz mode becomes visible and can be probed by RSXS.

On the other hand, in the orthorhombic phase, the Cu sites
in the initial state have a static Jahn-Teller distortion, and
the distortions are directionally aligned in the macroscopic
domains. In this case, the dynamical Jahn-Teller effects on
the large cluster with frequency in the gigahertz range should
be suppressed. The coherent motion of the Jahn-Teller dis-
tortion based on the CuO6 single cluster may occur in the
femtosecond time scale after the pump pulse, as with the co-
herent phonons reported in ultrafast optical studies for the
several orbital-ordered transition-metal oxides. However, such
ultrafast motion could not be observed on the present time
resolution.

One possible candidate for the orbital-lattice coupled
unit in the hexagonal phase is a pair of CuO6 clusters
with ferro-type orbital arrangement [18]. Another candi-
date would be a hexagonal unit with six CuO6 clusters.
The interaction between neighboring CuO6 clusters is given
through the Cu-O-O-Cu bonds. The neighboring Cu spins
are antiferromagnetically coupled for the ferro-type orbital
arrangement, while they are ferromagnetically coupled for
the antiferro-type orbital arrangement. When the antiferro-
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magnetic coupling with the ferro-type orbital arrangement is
much stronger than the ferromagnetic one, the orbital-lattice
coupled unit would be a pair of neighboring CuO6 clusters
in which the Cu spins form a spin singlet. If this is the case,
the orbital and lattice in the two CuO6 clusters are fluctuating
with different phases in the ground state and can form the
characteristic frequency. When the ferromagnetic coupling
with the antiferro-type orbital arrangement is comparable to
the antiferromagnetic one, the unit would be a hexagon with
six CuO6 clusters in which the ferromagnetic and antiferro-
magnetic bonds are alternatingly arranged. The ferromagnetic
and antiferromagnetic arrangements in the hexagons are vi-
brating with different phases in the ground state and can
form the characteristic frequency. The (d9 to d10L) charge
transfer excitation by the laser once suppresses the orbital
degree of the freedom and breaks the singlet or coupling on
the six CuO6 clusters in the femtosecond time scale. After
the photoexcitation, the orbitals will be temporally aligned
along the polarization of the pump light and will gradually
recover to the random-singlets phase with a vibration of the
characteristic frequency for the system of ∼6 GHz. Although
we cannot determine the unit size from the present RSXS
results, the coherently vibrating state after the pump pulse is
probably close to the situation illustrated in Fig. 4.

IV. CONCLUSION

In conclusion, the coherent oscillations of 6 GHz, clearly
observed in pump-probe resonant x-ray scattering, indi-
cate that the spin and orbital fluctuations in the hexagonal
phase have relatively slow dynamics and suggest that the
spin-charge-orbital fluctuation can be controlled by optical ex-
citation. The coherent oscillation in the pump-probe resonant
x-ray scattering measurement suggests that the spin-charge-
orbital fluctuation in the hexagons can be controlled by optical
excitation. The present result paves an avenue towards optical
control of the spin-charge-orbital states in transition-metal
compounds with rich physical properties.
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