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Evidence of quantum spin liquid state in a Cu®**-based S = % triangular lattice antiferromagnet
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The layered triangular lattice owing to 1 : 2 order of B and B’ sites in the triple perovskite A3BB,0qy family
provides an enticing domain for exploring the complex phenomena of quantum spin liquids (QSLs). We report
a comprehensive investigation of the ground-state properties of Sr;CuTa,Og that belongs to the above family
by employing magnetization, specific heat, and muon spin relaxation (uSR) experiments down to the lowest
temperature of 0.1 K. Analysis of the magnetic susceptibility indicates that the spin lattice is a nearly isotropic
S = 1/2 triangular lattice. We illustrate the observation of a gapless QSL in which conventional spin ordering or
freezing effects are absent, even at temperatures more than two orders of magnitude smaller than the exchange
energy (Jow/kg ~ —5.04 K). Magnetic specific heat in zero field follows a power law, C,, ~ T, below 1.2 K
with n &~ 2/3, which is consistent with a theoretical proposal of the presence of a spinon Fermi surface. Below
1.2 K, the uSR relaxation rate shows no temperature dependence, suggesting persistent spin dynamics, as
expected for a QSL state. Delving deeper, we also analyze longitudinal field uSR spectra, revealing strong
dynamical correlations in the spin-disordered ground state. All of these highlight the characteristics of spin

entanglement in the QSL state.
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Introduction. Quantum spin liquid (QSL) is an exotic and
highly entangled quantum state with no spontaneous symme-
try breaking down to absolute zero temperature, despite strong
correlations among spins. Such a quantum phase is charac-
terized by an emergent gauge field and fractional excitations
called spinons [1,2]. This state was first theoretically predicted
by P. W. Anderson as a resonating valance bond (RVB) state
for interacting Heisenberg spins in a two-dimensional (2D)
triangular lattice antiferromagnet (TLAF) [3]. Subsequently,
it was recognized that the true ground state of the isotropic
Heisenberg TLAF is a three-sublattice 120° Néel order [4,5].
Thereafter, considerable effort has been dedicated to stabiliz-
ing the QSL state in a Heisenberg TLAF. For instance, (i) in an
isotropic TLAF with Heisenberg interactions, the competing
nearest-neighbor (NN) (/) and next-nearest-neighbor (NNN)
(J») interactions can stabilize a gapless Dirac QSL state for
0.08 < J,/J; < 0.16 that is sandwiched between the 120°
Néel order and stripe state in the phase diagram [6,7]. A tiny
J3 can also destabilize the magnetic long-range order (LRO),
leading to a QSL phase in this model [8]. However, there
are theoretical results that illustrate the importance of third
nearest-neighbor exchange coupling (J3) to achieve a QSL
state [9]. (ii) Considering spatially anisotropic Heisenberg
interactions (J and J'), two different types of QSL states are
favored: gapless QSL for J'/J < 0.65 and gapped QSL for
0.65 < J'/J < 0.8[10].

Over the years, the pursuit of new TLAFs with low spin
values (e.g., S = 1/2) has become a focal area of research, as
itis believed that QSL is a manifestation of enhanced quantum
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fluctuations and magnetic frustration. However, the experi-
mental realization of QSL in § = 1/2 Heisenberg TLAFs is
scarce due to the availability of limited model materials. Typ-
ically, the majority of the Heisenberg TLAFs show magnetic
LRO at finite temperatures due to the interlayer couplings
and exchange anisotropy which are inherently present in real
materials [11-17]. To the best of our knowledge, as far as in-
organic compounds are concerned, QSL in a Cu’**-based § =
1/2 Heisenberg TLAF is realized only in Sr3CuSb,Oy [18],
reported to date. Note that Ba;CuSb,Og likewise exhibits a
QSL ground state; however, there is still disagreement over the
arrangement of Cu®" ions, specifically whether it is triangular
or Honeycomb [19-21]. Sr3CuSb,0Og belongs to the triple per-
ovskite family. The family of triple perovskite (A3 BB, 09 with
A = Sr/Ba, B = Cu/Ca/Te/Os, B = Sb/Ru/Ir/Fe) [20,22—
25] compounds is interesting, since some of the family mem-
bers have 1 : 2 ordering of B/B’ sites, owing to the site sharing
of B and B’ elements [22,23]. Depending on their crystal
structure and space group, the B site could form a superlattice
structure with a specific propagation vector. For Sr3CuSb,0o,
Kundu et al. have shown that it forms a superlattice structure
with a propagation vector (%, %, %) and effectively forms
an edge-shared triangular lattice on the (111) plane. In this
pseudocubic system, the Cu?* and Sb>* planes are present in
1 : 2 order and the compound evinces a QSL state [18]. Thus,
this family of compounds holds great potential to showcase
quantum magnetism due to frustration. With this motivation,
we investigated the ground state of another member of this
family, Sr3CuTa,O9 (SCTO), where the S = 1/2 moments
are embedded in an edge-shared triangular lattice. From a
detailed experimental investigation, by employing magnetiza-
tion, specific heat, and muon spin relaxation/rotation (uSR)
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FIG. 1. Rietveld refinement of the powder XRD pattern taking
the space group P1. Inset: Cu layers arranged in a triangular lat-
tice. The possible nearest-neighbor (J; and J,), next-nearest-neighbor
(Jnn), and interplane (J, ) exchange couplings are illustrated.

techniques, we provide solid evidence of a gapless QSL state
in SCTO. This compound serves as a model isotropic edge-
shared TLAF that hosts QSL.

Powder x-ray diffraction. A polycrystalline SCTO sample
was synthesized following the procedure described in the
Supplemental Material (SM) [26]. Rietveld refinement of the
powder x-ray diffraction (XRD) pattern of SCTO at room tem-
perature was carried out assuming a tetragonal space group
P4 /mmm (No. 123) with lattice parameters @ = b = 3.93 and
¢ =4.14 A, which is a pseudocubical structure (details are in
SM [26]). The best refinement was achieved with a goodness-
of-fit x2 ~ 5.06. Some peaks at lower angles (26 < 30°)
could not be indexed with this space group, as shown in the
SM [26]. These peaks correspond to a k value of %(111).
Thus, these peaks are associated with the superlattice structure
owing to the intersite mixing of Cu®>*/Ta>* with occupancies
% / % and form a 1 : 2 order, which is common in these triple
perovskite systems. Note that the presence of superlattice
structure is dependent on the synthesis conditions [27]. Super-
lattice peaks along with Bragg peaks of the P4/mmm space
group are well fitted with a lower symmetric triclinic space
group P1 (yield a goodness-of-fit x> ~ 1.49), as shown in
Fig. 1. The 1 : 2 site ordering with propagation vector %(1 11)
in a pseudocubic structure forms a layered edged-shared tri-
angular lattice of Cu" in the (111) plane. The two successive
triangular layers of Cu>* are separated by two layers of Ta>",
as shown in the inset of Fig. 1. A similar structure is also
found in Sr;CuSb,0q [18]. Note that the Cu>T moments form
an edge-shared bilateral or quasi-equilateral triangle with a
very small difference in the bond lengths (5.56, 5.70, and
5.70 A) along the edges of the triangle. The smallest bond
length between interplane Cu’* ions is about ~6.93 A.

Magnetization. Temperature-dependent dc  magnetic
susceptibility x(7)(= M/H) measured at uoH =1 T is
depicted in Fig. 2. x increases monotonically with lowering
temperature, and no anomaly associated with magnetic
LRO is observed down to 1.85 K. x(T) measured in
zero-field-cooled and field-cooled protocols in a low magnetic
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FIG. 2. Left y-axis: x as a function of 7" measured at uoH =
1 T. The solid line represents the fit using an anisotropic (J; — J2)
S = 1/2 TLAF model [Eq. (1)]. Right y-axis: Inverse susceptibility
(after subtracting xo) as a function of 7' at uoH = 1 T, and solid line
is the Curie-Weiss fit.

field (50 Oe) shows no bifurcation down to 1.85 K [26], ruling
out a spin-glass-like transition. In Fig. 2 we fitted the x(T)
data in high temperatures (7 > 100 K) by the modified Curie-
Weiss (CW) law [x(T) = xo + C/(T — 6cw)] that yields
temperature-independent susceptibility yo ~ —2.18 x 107>
emu/mol Cu®*, Curie constant C ~ 0.49 emu K/mol Cu**,
and characteristic CW temperature Ocw ~ —7.56 £0.11 K.
The negative sign of fcw indicates dominant antiferromag-
netic (AFM) interaction between Cu’* spins. From the
value of C, the effective moment is estimated to be lesr =
V3kgC/Ny ~ 1.97(8) ug/Cu>* (where kg, Na, pug, and g are
the Boltzmann constant, Avogadro’s number, Bohr magneton,
and Landé g factor, respectively). This value is indeed
comparable with the expected value of per >~ 1.73 ug/ Cu?t
[= g/ S(S + 1)ug] for c®t (=1 /2). Here, Ocw represents
the overall energy scale of the exchange couplings, and one
can estimate the average intralayer coupling (Jcw/ks) as
Ocw = —zJewS(S + 1)/3kg. Taking the experimental value
of Ocw and the number of NN spins z = 6 for a 2D-TLAF, we
got Jow /kp >~ —5.04 K.

As inferred from the crystal structure, one expects a spatial
anisotropy in the triangular unit due to a slightly varying
bond length. Therefore, to analyze x(7) we fitted the data
in the high-temperature region (T > 100 K) by x(T) = xo +
XTLAR(T). x1LAF 1S the expression of high-temperature series
expansion (HTSE) for a S = 1/2 2D spatially anisotropic
TLAF which has the form [28]

NAgZM%; J> " e Cm Y™
— : . 1
(Pt

ksT o

XTLAF =

Here, y = J,/J», with J; and J, representing the NN and NNN
exchange interactions, respectively. The integer coefficients
cm,n are given in Ref. [28]. By fixing the xo value (obtained
from CW fit), the fit yields J>/kg = (6.08 = 0.35) K, and
Jo/J1 =~ 1. The value J,/J; =~ 1 indicates an effective equi-
lateral triangular lattice as far as the strength of exchange
interactions is concerned. Moreover, the obtained value of
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FIG. 3. (a) Magnetic specific heat (C,,) as a function of T for
different fields. The solid lines are the fits using C,, ~ yT", and
red dashed lines correspond to T%% and T'4°. (b) Variation of 5
and y with the magnetic field. (c) Magnetic entropy (AS,) as a
function of 7', and the dotted lines mark the theoretically expected
and experimentally observed values of entropy.

Jo/kg is in good agreement with Jew /kg, further endorsing
a nearly isotropic triangular lattice. We also fitted the x(T')
data by the HTSE of a § = 1/2 isotropic TLAF that uses the
Padé approximation [26]. The fit results in nearly identical
exchange coupling, J;;,/kg = (6.09 £ 0.40) K.

Specific heat. Specific heat not only provides information
about magnetic LRO but also the low-energy excitations of
a spin system. Specific heat data in zero field, as well as
in applied fields, show the absence of a A-type anomaly
reminiscent of a magnetic LRO down to 0.33 K. To extract
the magnetic contribution to the specific heat (Cy,), we have
subtracted the lattice contribution (Ci,) from the total specific
heat (C,). The lattice contribution was estimated considering
both the Debye and Einstein models in the temperature range
of 30-190 K, with one Debye and two Einstein terms (see
SM) [26]. Gy, vs T presented in Fig. 3(a) features a broad
hump at around ~4 K (Zjump), Which indicates crossover from
a thermally disordered paramagnet to a quantum paramag-
netic QSL state, typically observed in QSL systems [29,30].
Moreover, for a Heisenberg TLAF, such a hump is expected at
Thump/J == 0.55 [31], which yields J/kg ~ 7.27 K, consistent
with the J one evaluated from the magnetization data. For
T < 1.2 K, G, measured in zero field follows a power-law
behavior Cy, ~ yT" with n = 2/3. For different gapless QSL
candidates, C,, usually follows either linear (n = 1) [20,32]
or quadratic (n = 2) [18,33] behavior as a function of tem-
perature, whereas for SCTO, n = 2/3 and interestingly, is
indeed consistent with a theoretical prediction for an equi-
lateral TLAF with the presence of a gapless Fermi surface
as C,, ~ kaotslp/iion(kBT)z/ 3. Here, vy is the density of states
at the spinon Fermi surface, and f,inon 1S the spinon hopping
amplitude [34]. The obtained field dependences of n and y are
shown in Fig. 3(b). With the application of a magnetic field,
the exponent 1 grows slowly, probably due to the gradual sup-
pression of 2D quantum correlations. We also calculated the
magnetic entropy change (ASy,) for different fields as shown

in Fig. 3(c). ASy, recovers only ~81% of RIn2 above 10 K.
This is a common signature of a frustrated magnets, where
entropy is released over a broad temperature range [35-37].
The remaining 19% of entropy will be released at further low
temperatures reflecting the persistence of a strong correlation
among Cu?* spins present at further low temperatures.

In addition, we have also measured temperature-dependent
thermal conductivity « (T) down to T = 2 K in different mag-
netic fields (see SM) [26]. The low-temperature data are fitted
by k/T = a+ bT?, which yields a nonzero intercept a =~
0.0211 mW K~2cm~!, which further corroborate a gapless
QSL state with a finite spinon density of states. However, a
detailed quantitative analysis and solid evidence of QSL from
thermal conductivity measurements require data at ultralow
temperatures.

Muon spin relaxation (uSR). Being sensitive to a local
internal magnetic field as small as 0.1 Oe, uSR is an ideal mi-
croscopic tool to probe magnetic LRO. In addition, ©SR can
distinguish between static and dynamic correlations among
the spins, making it a powerful tool to uncover the putative
QSL behavior. Hence, to elucidate the magnetic ground state
of SCTO, we collected SR data in zero field (ZF) condition
as a function of temperature, as well as in longitudinal fields
(LFs), at the base temperature of 0.1 K. In the following, we
delineate our observations from the wSR data.

(1) ZF uSR asymmetries displayed in Fig. 4(a) confirm
the absence of magnetic LRO down to 0.1 K, as they decay
continuously without any oscillations or initial asymmetry
drop [Fig. 4(a)]. The ZF SR asymmetries are well fitted by
a stretch exponential function with an extra background term
By (owing to some muons missing the sample and placed at
the Ag-sample holder and the cryostat wall) [38]:

P(t) = P(0) exp (—At)? + Bug. )

Here, P(0) ~ 0.28 (weakly temperature and field dependent)
is the initial asymmetry, A is the relaxation rate, and g is the
stretching exponent. While fitting the ZF uSR asymmetries,
Bys ~ 0.08 is kept constant for all the temperatures. The ob-
tained fitting parameters (Azp and fzr) are plotted in Figs. 4(b)
and 4(c).

(i) In the high-temperature (7' > 10 K) paramagnetic
regime, the uncorrelated Cu®" spins fluctuate rapidly and
randomly. The fluctuation rate can be calculated using the
strength of exchange coupling (J/kg >~ 5.04 K) as v =
JzJs/h ~ 1.6 x 10'° Hz [39,40], where v is the spin fluc-
tuation rate and z = 6 is the coordination number for a 2D
TLAF. Azg (at T > 10 K) can provide an idea about the
local internal field distribution (A) based on the Redfield for-
mula [41], (T > 10K, H) = 2A%v/(v* + y2udH?), which
yields A ~ 5.1 x 107 Hz. This confirms the fast-fluctuation
limit (A < v) [40,42] is responsible for the temperature-
independent relaxation rate in the high-temperature range.
With lowering the temperature, the relaxation rate Ayzp starts
increasing below 7' < 10 K, which implies slowing down of
fluctuating moments due to the growth of correlations among
the Cu®* spins [42,43]. This temperature regime is marked
as the crossover region from a paramagnetic to QSL state
in Fig. 4(b), consistent with the broad hump observed in
Cn(T) [see Fig. 3(a)]. With further lowering in temperature,
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FIG. 4. (a) ZF-uSR asymmetry spectra as a function of ¢ for different temperatures. Solid lines are the fits using Eq. (2). (b) ZF relaxation
rate (Azp) vs T'. (¢) Pzr as a function of 7. The orange-shaded region represents the crossover region (1.2 < 7' < 10 K) from paramagnetic to
the QSL state. (d) #SR asymmetry spectra measured in different longitudinal fields at 7 = 0.1 K, and the solid lines represent the fits using
Eq. (2). (e) The corresponding relaxation rate A g as a function of the longitudinal field. (f) Sir as a function of the longitudinal field.

Azp becomes temperature independent (for 7 < 1.2 K), indi-
cating the persistence of spin dynamics. This persistent spin
dynamics is considered to be a generic feature of QSL, as
reported for other celebrated QSL candidates [18,29,38,44]. It
is interesting to note that the saturation of Azr below ~1.2 K
exactly coincides with the temperature range where C,(7T')
follows a power-law behavior. Thus, the behavior of Azp(T')
along with the power-law dependency of Cy,(T) provides a
robust signature of QSL at low temperatures.

(i) LF uSR experiments are performed to explore the
nature of the spin dynamics at low temperatures. LF-uSR
asymmetry spectra measured in different fields at 7 = 0.1 K
are shown in Fig. 4(d). They are fitted well by Eq. (2). The
obtained field dependencies of A p and Brr are depicted in
Figs. 4(e) and 4(f), respectively. The quick suppression of Ay
below 100 Oe reflects the decoupling of the nuclear contribu-
tion to the relaxation rate [44,45]. More interestingly, above
0.01 T, the remaining A g ~ 0.05us™!, originating from the
electronic contribution, is almost field independent up to an
LF of 3000 Oe. At low temperatures (7T < 1.2 K), if we
assume that the relaxation process in the plateau regime of
Azr is due to a static local field, then it would correspond to
~0.25 mT (as Bioc = A/y,,, where y, = 27 x 135.55~ ' uT~!
is the gyromagnetic ratio of muons). In such a scenario, an
LF of 750 Oe, which is 5 times larger than Bj,. would be
sufficient to decouple the relaxation channel. On the contrary,
even in an LF of 3000 Oe, the decoupling of the relaxation
channel was not achieved. One may require higher LFs to
completely decouple the relaxation channel [46]. This obser-
vation demonstrates that the correlation among the spins is
entirely dynamic (not static) in nature, as expected for a QSL
state [18,38,47-49].

(iv) Typically, in a spin-glass state, the value of g is pre-
dicted to be about 1/3 [50,51]. On the contrary, the obtained
B value shown in Fig. 4(c) attains a constant value of ~1.2
below the crossover region. Furthermore, the magnitude of
Aze (~0.12us~! at T > 10 K) becomes double (~0.22 us~"

at T < 1 K) upon cooling the system below the crossover
regime, which is also in contrast to that expected for a spin-
glass-type transition, where the relaxation rate should increase
by few orders of magnitude [40,52]. These observations rule
out the possibility of a spin-glass state.

It is important to highlight that the system does not order
down to T, ~ 0.1 K, which sets the lower limit of the frus-
tration parameter f = Ocw /Tmin = 76, characterizing SCTO a
highly frustrated magnet. Specific heat and SR results estab-
lish a highly dynamic ground state with spinon excitations and
a footprint of gapless QSL. The analysis of magnetic suscep-
tibility suggests that the system can be treated as an isotropic
TLAF with Heisenberg interactions. In such a scenario, the
ground state is expected to be a 120° Néel order rather than a
QSL state, if only the NN couplings are considered. Further,
despite partial site occupancy, the Cu and Ta sites are arranged
periodically with 1 : 2 order, forming separate layers of Cu>*
with a triangular lattice. This ensures the minimal effect of
disorder driving QSL state. Note that systems with disorder
may stabilize random-singlet states, which exhibit scaling
behavior in their physical properties, as observed in different
compounds with site disorder [53-55]. However, as expected,
the physical properties of SCTO do not show any such scaling
behavior. All these observations reflect the possible role of
NNN interaction (Jy,) or interlayer interaction (J) [inset (b)
of Fig. 1] in stabilizing the gapless QSL state. Nevertheless,
the inelastic neutron scattering experiments on a good-quality
single crystal would be essential to shed light on this issue.

Conclusion. In summary, our studies divulge that the Cu>*
and Ta>" ions feature a precisely calibrated 1 : 2 site ordering,
resulting in separate planes of Cu*™ moments with propaga-
tion vector k = %(1 11), which creates an effective equilateral
triangular lattice. Magnetic susceptibility data agree well with
the isotropic S = 1/2 TLAF model with a leading exchange
coupling of J/kg ~ 6.09 K. Specific heat data suggest the
absence of magnetic LRO down to 0.33 K and provide evi-
dence for spinon excitations. The absence of magnetic LRO
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was further corroborated by the SR data measured down
to 0.1 K, setting a very high degree of magnetic frustration
(f > 76) in SCTO. From the SR analysis, the ground state
is found to be a highly dynamic state with no static order, a
hallmark of QSL. Thus our detailed investigation unambigu-
ously established that SCTO is one of the rare examples of
a gapless QSL realized in a § = 1/2 Cu?*-based Heisenberg
TLAF. The onset of such a gapless QSL is anticipated to be
due to the complex interplay of different exchange couplings
(NN and interactions beyond NN). We believe that our results
would instigate further experimental as well as theoretical

investigations to settle the origin of the emergence of QSL
in SCTO.
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