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The stabilization of quantum spin liquids is vital to realize applications in spintronics and quantum computing.
The unique magnetic structure of Ba2CuTeO6 comprising coupled spin ladders with finite interladder coupling
brings the system close to the quantum critical point. This opens up possibilities to stabilize unconventional
magnetic phases by tailoring the intra- and interladder exchange couplings. Here, we demonstrate a spin-liquid-
like phase in Ba2CuTeO6 using the method of chemical substitution. We choose nonmagnetic La3+ cation
to substitute the Ba2+ in Ba2CuTeO6 and present signature fingerprints such as a deprived magnetic transi-
tion, nondispersive ac susceptibility, magnetic-field-independent heat capacity, and a broad Raman continuum
supporting the emergence of a spin-liquid-like phase. We believe that increased magnetic frustration and spin
fractionalization upon chemical substitution play a crucial role in driving such a state. In addition, temperature
and magnetic-field-dependent phonon responses indicate the presence of magnetostriction (spin-lattice coupling)
in La-doped Ba2CuTeO6, a notable property of spin liquids.

DOI: 10.1103/PhysRevB.109.L100405

Spin systems with quantum criticalities hold great potential
to exhibit unconventional ground states such as spin liquids.
Quantum spin systems are materials that generally avoid mag-
netic ordering as a consequence of dominant quantum spin
fluctuations. Anderson proposed the notion of enhanced quan-
tum fluctuations in low-spin candidates, particularly the S = 1

2
and 1 compounds, systems with low-spin connectivity, and
frustrated bond networks [1]. The complex interplay between
the growing fluctuations (both thermal and spin) and exchange
interactions leads to novel ground states in condensed matter
systems with a strong relevance in spintronics, quantum com-
puting, etc. The novel states have been understood in low-spin
cuprates as well as highly spin-orbit-coupled iridates with the
realization of weak antiferromagnets, spin liquids, resonance
valence bond states along with fractionalized excitations, and
unconventional superconductivity [1–4]. In particular, S = 1

2
systems forming spin chains, triangular, and ladder-like spin
structures are host to unusual fractionalized excitations, lead-
ing to quantum spin liquids. However, these states are rare and
challenging to stabilize because of a delicate balance between
the thermodynamics and disorder. Therefore, low-spin candi-
dates with weak spin connectivity are promising test-beds to
stabilize these new exotic phases.

Spin ladder Ba2CuTeO6, which lies in the extreme quan-
tum regime of low spin (S = 1

2 ) and weak bond networks,
has recently drawn enormous interest of the community [5].
The electronic degeneracy of the Cu2+ cation in CuO6 octa-
hedra leads to the Jahn-Teller effect which in turn promotes
low magnetic dimensionality in the system. In contrast, TeO6

exhibits a strong tendency to build a three-dimensional (3D)
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network. In this conflicting scenario, due to the interladder
coupling, the system exists close to the quantum critical point.
Previous reports suggest that Ba2CuTeO6 exhibits a crossover
in magnetic dimensionality from the paramagnetic phase to
a short-ranged quasi-two-dimensional (2D) spin ladder state
below ∼75 K and then to a (3D) antiferromagnetic state be-
low ∼15 K [see Fig. 1(a)] [6,7]. The ladder state, which is
the intermediate state, exists in the bc plane with interladder
interactions along the c direction [refer to Fig. 1(b)]. The
finite leg (Jl ) and rung (Jr) interactions (Jl/Jr �= 0) along
with weak interladder coupling extend beyond the two-leg
limit, thus stabilizing a 3D ordered antiferromagnetic network
below ∼15 K. Theory and experiments have established that
even-leg ladder systems may exhibit a spin-liquid state with
exponentially decaying spin-spin correlations (SSCs) [8,9].
On the other hand, odd-leg ladders behave similar to spin
chain systems with power-law decay SSCs [8]. In fact, indica-
tions of a possible spin-liquid-like state have been suggested
in Ba2CuTeO6 using the electron spin resonance (ESR) tech-
nique but in the intermediate spin ladder state only [7].
Ba2CuTeO6 consists of a dominant two-leg spin ladder net-
work with weak interladder coupling. Tailoring the intra- and
interladder couplings in Ba2CuTeO6 can therefore introduce
uncompensated interactions in the spin lattice, thereby evolv-
ing the quasi-2D magnetic character into such unconventional
phases.

Chemical substitution is an effective approach to tailor
the exchange interactions and establish unconventional but
novel phases in condensed matter systems [10,11]. The de-
coupling of ladders and evolution of magnetic properties was
recently demonstrated by Pughe et al. in Ba2CuTeO6 with
a chemical substitution [12]. With this motivation, herein,
we demonstrate that a quantum spin-liquid-like state can
be realized in Ba2CuTeO6 through the chemical substitution
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FIG. 1. (a) Magnetic susceptibility of the Ba2CuTeO6 and
Ba1.8La0.2CuTeO6. The inset shows that ZFC and FC curves of
Ba1.8La0.2CuTeO6 coincide at all temperatures. (b) Specific heat
capacity shown as a function of temperature at variable magnetic
fields. The inset displays a linear fit to Cp/T = γ + βT 2.

of Ba2+ by La3+ with a possible charge compensation of
Cu2+, consequently breaking the spin pairs in the spin lad-
der. The observed signatures of the spin-liquid phase are (i)
the suppression of magnetic transition and the presence of
a nondispersive magnetic susceptibility in a doped system,
(ii) a magnetic-field-independent heat capacity along with the
signatures of fermionic density of states, and (iii) the two-
magnon (2M) feature in the Raman spectrum of Ba2CuTeO6

turning into a broad continuum in La-doped Ba2CuTeO6 at
5 K. The observed spin-liquid-like behavior in La-doped
Ba2CuTeO6 may originate from the fractionalization of spin
singlets and/or an increased magnetic frustration upon chem-
ical substitution, which is also tested using other isoelectronic
dopings such as Ni2+ and Zn2+ but at the B site (Cu site).
Moreover, we observe anomalies in the phonon behavior with
temperature and magnetic field in doped Ba2CuTeO6 that are
attributed to spin-phonon (spin-lattice) coupling, which are
also notable characteristics of spin liquids.

Present investigations have been carried out on
pelletized polycrystalline samples of Ba1.9La0.1CuTeO6,
Ba1.8La0.2CuTeO6 (BLCT), Ba1.7La0.3CuTeO6, Ba2CuTeO6

(BCT), Ba2Cu0.8Zn0.2TeO6 (BCZT), and Ba2Cu0.9Ni0.1TeO6

(BCNT) synthesized using the solid-state reaction method
at temperatures of 750, 900, and 1050 ◦C, respectively.

The room-temperature x-ray diffraction profiles of BCT,
BLCT, and other La-doped BCT systems, recorded with
a PANalytical x-ray diffractometer, are analyzed using
Rietveld refinement and are presented in the Supplemental
Material (refer to Fig. S1) [13]. The lattice parameters of
the systems suggest the stabilization of the triclinic phase
(space group P1̄). A further analysis is included in the
Supplemental Material [13–16]. A Rietveld analysis detects a
minor fraction (∼1.9%) of the secondary phase of precursor
La2O3 in the doped system BLCT, which seemingly does not
impair the magnetism and the other measured properties.
Notably, the structural symmetry of BLCT/BCNT/BCZT
remains unaltered at room temperature despite the substitution
of larger divalent Ba2+ with a smaller trivalent La3+ ion.
The successful incorporation of La3+/Ni2+/Zn2+ ions
into the BCT matrix is confirmed using x-ray diffraction.
Energy-dispersive x-ray spectroscopy was employed to
confirm sample stoichiometry, the details of which are
provided in the Supplemental Material [13].

Figure 1(a) presents the temperature-dependent dc mag-
netization of the parent and La-doped system (BCT and
BLCT, respectively) recorded using a Quantum Design su-
perconducting quantum interference device vibrating sample
magnetometer (SQUID-VSM) setup. The magnetization of
BCT displays a broad feature peaking at TS ∼ 75 K, a property
common to low-dimensional antiferromagnets, depicting the
presence of short-ranged spin correlations. The broad feature
in magnetization intriguingly undergoes a suppression and
shifts toward lower temperature upon doping La3+ at the Ba2+

site (in BLCT) avoiding any discernible spin ordering down to
the lowest temperature (2 K) measured, as shown in Fig. 1(a).
It is to be noted that La3+ is a nonmagnetic ion and is not
expected to alter the magnetism of BCT so significantly upon
doping, yet a smaller size and distinct oxidation of La3+ may
change the local bond parameters and contribute uncompen-
sated spin interactions to the lattice due to a charge disparity at
the Ba site, influencing its magnetic behavior through a modi-
fication of the exchange pathways. A decrease in the magnetic
moment may be noted from (1.8483 ± 0.0003) µB for BCT
to (1.8191 ± 0.0009) µB for BLCT (see Supplemental Mate-
rial [13]). Although there is a small change in the magnetic
moment, it may be due to the conversion of Cu2+ into Cu+

by a small fraction to maintain the charge neutrality of the
system as evidenced from x-ray photoelectron spectroscopy
(see Supplemental Material [13]) [17–19]. Furthermore, the
magnetization of the BLCT exhibits a paramagnetic behavior
below TP ∼ 20 K which is very weak in the parent system
BCT [see Fig. 1(a)]. The inset in Fig. 1(a) shows that the
magnetization data recorded under zero-field-cooled (ZFC)
and field-cooled (FC) protocols for BLCT reveal no sizable
bifurcation in the temperature range under investigation, rul-
ing out the existence of a spin-glass phase [20]. This is further
corroborated by the ac magnetic susceptibility (χ ′ the real
part and χ ′′ the imaginary part) measurements which revealed
a nondispersive χ ′ upon varying the frequency of the ap-
plied magnetic field (refer to Fig. S2 in the Supplemental
Material [13]). Moreover, χ ′′ also remained close to zero,
showing a negligible change under the variable frequency of
the applied magnetic field. All of these findings in BLCT are
suggestive of a potential spin-liquid behavior and therefore
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call for further measurements to fully understand the distinct
characteristics observed in our magnetic studies.

Heat capacity and inelastic light scattering have been two
extremely efficient probes to elucidate the nature of spin-
spin correlations and their evolution with temperature (T )
and magnetic field [21–24]. We performed heat capacity and
Raman measurements on polycrystalline BCT and BLCT
with varying temperatures and magnetic fields (see Supple-
mental Material [13]). The heat capacity, measured using
a physical property measurement system (PPMS), reveals
that BLCT does not exhibit a sharp λ-like anomaly [see
Fig. 1(b)], signifying the absence of any long-ranged spin-
ordered state down to 2 K. Note that even BCT does not
show a clear signature of long-range ordering. As shown in
Fig. 1(b), the Cp vs T for BLCT exhibits a behavior that
is independent of applied magnetic field, thus confirming
the absence of a spin-glass phase, as also suggested from
our static (dc) and dynamic (ac) magnetic measurements.
The heat capacity of BLCT is fitted with Cp/T = γ + βT 2

at low temperatures (2 K < T < 20 K) yielding γ = 23.4 ±
1.1 mJ mol−1 K−2 and β = 1.05 ± 0.01 mJ mol−1 K−4 [see
the inset in Fig. 1(b)]. A large magnitude of γ (typically in
between 1 and 250 mJ mol−1 K−2) in doped BLCT is indica-
tive of a contribution from the fermionic density of states
(DOS) [20,25]. These states may arise due to quasiparticles
introduced through a chemical substitution of Ba2+ by La3+.
Notably, γ does not change with varying magnetic field, thus
ruling out the presence of any paramagnetic impurity [26].
The value of γ could not be estimated for BCT as the specific
heat (Cp/T vs T 2) deviates from linearity below 15 K [6] (see
Supplemental Material [13]). The subtle difference in Cp of
BCT and BLCT at T < 15 K is suggestive of a possible subtle
difference in their respective magnetic ground states.

To further understand the characteristic features dis-
cussed above, Raman measurements were performed using a
LabRAM HR Evolution Raman spectrometer attached to an
attoDRY 1000 He cryostat down to 4 K with an excitation
laser source of wavelength 532 nm. Figure 2(a) presents a
comparison of the Raman spectra of the parent system BCT
and its doped variants at 5 K. The Raman spectrum of BCT
demonstrates a broad feature peaking near 190 cm−1 which
is identified as 2M excitation in an earlier work by Gibbs
et al. [7]. On the contrary, the A-site (La3+) doped analog of
BCT (i.e., BLCT) reveals the existence of a broad continuum
background (instead of 2M) extended in energy from 0 meV
to above ∼40 meV. To understand the origin of the continuum
in BLCT, the Raman spectra of other compositions but with B-
site doping (Ni and Zn doping at the Cu site) in BCT (BCNT
and BCZT) have been compared and are shown in Fig. 2(a).
It is intriguing to note that a 2M feature, similar to that in
the parent compound BCT, remained nearly unaffected and
was also observed in BCNT and BCZT at energies ∼185 and
∼160 cm−1, respectively. While the substitution of magnetic
(Ni2+) and nonmagnetic (Zn2+) ions at the B site (Cu2+) does
not destroy the 2M excitation, doping of a nonmagnetic ion
(La3+) at the A site (Ba2+) transforms the 2M mode to a
broad continuum. This implies a strong role of A-site substi-
tution on the lattice. A recent report on an inelastic neutron
scattering study of BCT revealed that the magnons lie in the
bc plane [27] [see Fig. 1(b)]. Notably, the crystal structure

FIG. 2. (a) Raman spectrum of the parent phase Ba2CuTeO6

and doped variants Ba2Cu0.8Zn0.2TeO6, Ba2Cu0.9Ni0.1TeO6, and
Ba1.8La0.2CuTeO6 showing two-magnon (2M) and broad continuum
at 5 K. Phonons are designated as P1–P11 at 5 K and the spectra
are magnified in the range 10–650 cm−1. (b) Temperature evolution
of the low-frequency region of Ba1.8La0.2CuTeO6 showing a broad
feature (shown with a green line). (c) Magnetic-field-dependent in-
tensity of the continuum in Ba1.8La0.2CuTeO6.

depicts that the Ba ion (A site), where chemical substitution is
made in this work, exists in between the ladder planes (along
the a axis). An antisite substitution of the La ion at the Te and
Cu site is highly unlikely due to a large difference in the sizes
of the two ions and their oxidation states. Therefore, the origin
of a broad continuum instead of the 2M mode in BLCT needs
proper understanding, which is discussed below.

The presence of a broad continuum in the Raman spec-
trum at low temperatures is intriguing and often associated
with the spin, orbital, and/or electronic fluctuations appear-
ing over different temperature and magnetic energy scales.
Some of the recent examples of such cases include a broad
continuum arising due to fractionalized Majorana fermionic
excitations in triangular Kitaev magnets α-RuCl3 and β(γ )-
Li2IrO3 [2,28], antiferro- and ferro-orbitals in LaMnO3+δ

(0.085 � δ � 0.125) [29], and intervalley fluctuations from
single-particle excitations in doped Si [30]. We believe that
the electronic and orbital origin of the continuum in BLCT
is unlikely since its band gap is large (∼1 eV) and an orbital
contribution usually occurs at much higher-energy scales (typ-
ically observed in the range 0.25–2.5 eV), respectively [31].
The absence of a magnetic order (down to 2 K) and the exis-
tence of a broad continuum being present down to ∼0 meV
(∼0 cm−1) energy is indicative of the 2M excitation (S = 1)
of BCT transforming into a broad spin continuum (S �= 1)
with La doping. The analysis of temperature and magnetic
field dependence of the continuum reveals intriguing details,
as shown in Figs. 2(b) and 2(c). It is observed that the
continuum exists even above room temperature. It is worth
noting here that such a broad Raman continuum has been re-
ported in systems hosting Kitaev spin-liquid behavior, such as
Li2IrO3 [2], α-RuCl3 [28], etc., and is attributed to arise from
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fractionalized Majorana excitations (S = 1
2 ). Furthermore, our

measurements show no effect of the applied magnetic field
on the intensity (spectral weight) of this continuum at 5 K
[see Fig. 2(c)]. Therefore, the observation of the continuum at
higher temperatures and its invariance with the magnetic field
are indicative of the spin-liquid-like correlations in BLCT.
It is to be noted that these findings were also examined for
different amounts of dopings of La at the Ba site in BCT (viz.,
Ba1.9La0.1CuTeO6 and Ba1.7La0.3CuTeO6) and were found to
be consistent with our observations (see more details in the
Supplemental Material [13]).

In addition, it must be noted that most of the phonon modes
which appear intense and sharp in BCT have merged, becom-
ing significantly less intense, and broadened in BLCT even at
low temperatures (e.g., at 5 K), indicating a renormalization
of the phonons upon chemical substitution. Among all the
phonon modes of BLCT, the magnetic field (H) response
of the modes P5 (∼408 cm−1), P6 (∼490 cm−1), and P8
(∼608 cm−1) are notable and shown in Fig. 3. We find that
the frequency of these modes shows an increasing trend with
an increasing field. Such a field dependence is absent for
these phonons in the parent phase BCT (refer to the Sup-
plemental Material [13]). A magnetic-field-dependent phonon
response is suggestive of the presence of magnetostriction,
i.e., a coupling between spin and lattice degrees of freedom
in BLCT [32] and not seen in BCT. On the other hand, the
remaining phonon modes show a very weak field dependence.
Coupled spin-lattice dynamics can also be elucidated from
a temperature-dependent Raman measurement which reveals
that a few phonon modes, especially P5–P11 (see Fig. 3),
show an anomalous trend in frequency (ω) upon decreasing
the temperature by deviating from conventional cubic an-
harmonicity [	ωanh(T )]. In the absence of strong magnetic,
electronic, and lattice correlations, a cubic-anharmonic trend
governs the phonon behavior, which is expressed as [33,34]

	ωanh(T ) = ω0 + A

(
1 + 2

e
h̄ω

2kBT − 1

)
, (1)

where ω0 and A are the fitting parameters, and h̄ and kB depict
the Planck’s and Boltzmann constants, respectively. On the
other hand, the low-frequency phonons (P1–P4) obey standard
anharmonic behavior, showing a decreasing frequency with
increasing temperature.

A careful observation of Fig. 3 indicates that phonons ex-
hibit anomalies around two temperature ranges upon cooling,
first below 75 K and then below 20 K. The two temperature
ranges in BLCT refer to the short-range ordered magnetic
state below TS ∼ 75 K and a paramagnetic-like response be-
low TP ∼ 20 K, as observed in the magnetization data. The
observed anomalies in the phonon response below 75 and
20 K can be attributed to spin-phonon coupling mediated
through modulation of the exchange pathway and interaction
with fractionalized excitations, as also observed in Kitaev-
Cu2IrO3 [35].

The signatures of the quantum spin-liquid-like state ob-
tained in magnetic, specific heat, and Raman measurements
can be understood by considering two scenarios: (1) based
on geometrical factors, especially the in-plane and out-of-
plane Cu-Cu separations (extracted using VESTA [36]) and (2)

FIG. 3. Top panel: Magnetic field dependence of a few phonons.
Lower panel: Phonon frequencies as a function of temperature fitted
with cubic anharmonicity (solid red line). Vertical dashed lines rep-
resent the transition temperatures TP and TS . Error bars are included
for frequencies.

conversion of Cu2+ (S = 1
2 ) to Cu+ (S = 0) in BLCT. In the

first scenario, we observed that the Cu-Cu separation between
the ladder planes (along the a axis) increases upon chemical
substitution. On the contrary, the in-plane Cu-Cu separations
in BLCT show decrements as compared to the parent BCT
(see Fig. 4). A decreased Cu-Cu separation in the triangular
spin arrangement of ladders in BLCT is likely to frustrate the
spins more as evidenced in the form of a lack of magnetic
order. Details of the magnetic frustration in BCT and BLCT
are provided schematically in Fig. 4 and the Supplemental
Material [13]. In the other scenario, an oxidation state con-
version from Cu2+ (S = 1

2 ) to Cu+ (S = 0) in BLCT partially
breaks the spin pairs due to doping by a trivalent La3+ at
the A site. The inverse susceptibility data suggest comparable
magnetic moments for the two systems (BCT: 1.84 µB and
BLCT: 1.82 µB) (see Supplemental Material [13]), implying
the conversion of a small fraction of the Cu oxidation state.
Even though small, unsatisfied Cu interactions due to La
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FIG. 4. (a) A schematic depiction of a spin ladder configu-
ration in Ba1.8La0.2CuTeO6 where short- and long-dashed lines
refer to rung and interladder interactions, respectively. (b) Cu-
Cu separations in the triangular units of spin ladders of parent
Ba2CuTeO6 and doped Ba1.8La0.2CuTeO6. Spin-spin interactions
(see the enclosed rectangular box) between the ladders in (c) the
parent Ba2CuTeO6 system and their evolution in A/B-site doped
compositions (d) Ba1.8La0.2CuTeO6, (e) Ba2Cu0.8Zn0.2TeO6, and (f)
Ba2Cu0.9Ni0.1TeO6, where Jrung, Jinter, and Jleg depict the magnetic
interactions along the rung, between, and the leg of the ladders,
respectively. Jmod refers to the modified spin interaction in (f)
Ba2Cu0.9Ni0.1TeO6.

doping will produce fractionalized quasiparticles (S = 1
2 ) in

the lattice which are formed out of broken spin-pair interac-
tions between the spin ladders and may lead to the observed
continuum in the Raman spectra, as shown in Fig. 4. Thus, we
believe that an increased magnetic frustration and fractional-
ized excitations contribute to and explain the spin-liquid-like

behavior in BLCT. Notably, the observation of a spin-liquid-
like state in polycrystalline BLCT is consistent with the recent
theoretical report proposing the possibility of realizing such a
state even in polycrystalline and amorphous materials [37].
Moreover, we find that the different dopings attempted at the
A/B site (of A2BB′O6) in the undoped BCT system drives it
to a fully ordered antiferromagnetic state (with Ni doping at
the B site) due to increased spin interactions, a short-ranged
ordered state (with Zn doping at the B site) due to broken
spin-pair interactions, and a spin-liquid-like state (with La
doping at the A site) due to a combined contribution from
increased frustration along with a broken spin-pair interaction
[refer to Figs. 4(c)–4(f) and the Supplemental Material for
more details [13]].

In conclusion, a quantum spin-liquid-like state has been
realized in chemically modified Ba2CuTeO6 upon La doping
at the Ba site. Several signatures such as the absence of a spin-
glass phase, fermionic density of states in the specific heat,
and a broad continuum in the Raman measurement at low and
high temperatures were identified to support the existence of
the spin-liquid-like state in La-doped Ba2CuTeO6. Two ap-
proaches are described to explain the origin of the liquid-like
correlations, one with an increased magnetic frustration due
to lowered Cu-Cu separation in the lattice and the other with
an oxidation state conversion of Cu2+ into diamagnetic Cu+

ions upon La3+ doping leading to fractionalized quasiparticles
in the system. However, muon spin rotation and relaxation
(μSR) investigations at low temperatures can be useful to
ascertain this suggestion which is beyond the scope of the
present Letter and can be left for future investigations.
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