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Gapless Quantum Spin Liquid in the Triangular System Sr;CuSb,0y
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We report gapless quantum spin liquid behavior in the layered triangular Sr;CuSb,0qg system. X-ray
diffraction shows superlattice reflections associated with atomic site ordering into triangular Cu planes well
separated by Sb planes. Muon spin relaxation measurements show that the § = % moments at the
magnetically active Cu sites remain dynamic down to 65 mK in spite of a large antiferromagnetic exchange
scale evidenced by a large Curie-Weiss temperature Ocw ~ —143 K as extracted from the bulk
susceptibility. Specific heat measurements also show no sign of long-range order down to 0.35 K. The
magnetic specific heat (C,,) below 5 K reveals a C,, = yT + aT? behavior. The significant 7% contribution
to the magnetic specific heat invites a phenomenology in terms of the so-called Dirac spinon excitations
with a linear dispersion. From the low-7 specific heat data, we estimate the dominant exchange scale to be
~36 K using a Dirac spin liquid ansatz which is not far from the values inferred from microscopic density
functional theory calculations (~45 K) as well as high-temperature susceptibility analysis (~70 K). The
linear specific heat coefficient is about 18 mJ/mol K> which is somewhat larger than for typical Fermi
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liquids.
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Introduction.—The search for novel spin liquids has
been driving the community of quantum magnetism ever
since the proposal of Fazekas and Anderson [1]. It is now
theorized that spin liquids come in various flavors, may
have gapped or gapless excitations, may be topological or
not [2]. Frustration disfavors magnetic order and is thus
generically sought as a route to realizing spin liquids.
Geometric frustration from the lattice composed of tri-
angular motifs forms a key class in this search going back
to the Fazekas-Anderson work for the triangular lattice [1].
While the S :% uniform triangular lattice (with nearest-
neighbor Heisenberg exchange J;) has 120° long-range
order [3-5] also supported by theory [6-10], the presence
of further neighbor exchanges has been argued to enhance
frustration and induce spin liquid behavior [11-13]. One
candidate state for such a spin liquid has linearly dispersing
low-energy excitations [14] and has been dubbed as a
Dirac quantum spin liquid (QSL). They lead to a T?
variation of the heat capacity in zero magnetic field, and
an additional linear-in-7" variation in the presence of a
magnetic field. For § :% triangular lattices, previously
reported spin liquids [15-21] have not shown a 72 behavior
in the specific heat. Here, we report on the finding of such a
candidate Dirac QSL in the Sr;CuSb,0q (SCSO) triangular
lattice system.
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Taking inspiration from the triple perovskite
Ba;CuSb,0y (of the form A3B3;Xy) with a hexagonal
lattice which has been inferred to be a S :% QSL
[22,23], we considered the possibility of replacing the
Ba?* by the smaller Sr*>* ion resulting in chemical pressure
and concomitant effects on the crystal structure and the
magnetic ground state. Reference [24] has reported on
the dielectric properties of Sr;CuNb,Oy while SCSO is
largely unexplored. These triple perovskites crystallize in
the tetragonal crystal system which is different from that
of Ba3;CuSb,0q. Significantly different ionic sizes and
charges of Sb3* (0.60 A) and Nb>* (0.64 A) compared to
Cu?* (0.73 A) should favor atomic site ordering at the B
sites. This has also been seen in homologous compounds
Sr;Calr,Og [25] and Sr3CaRu,0q [26]). With 1:2 ordering
at the B site, the (111) planes (pertinent to the pseudocubic
lattice) will have successive Cu planes with an edge-shared
triangular geometry separated by two Sb/Nb planes (see
Fig. 1 for a schematic). X-ray diffraction indeed shows
superlattice peaks supporting this site ordering in SCSO.

Our experiments on SCSO have shown the following
salient results: (1) The bulk susceptibility of SCSO shows
no sign of long-range order (LRO) down to 1.8 K. It shows
Curie-Weiss behavior with a Curie-Weiss temperature
Ocw ~ —143 K. There is no bifurcation in the zero-field

© 2020 American Physical Society
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FIG. 1. (a) A schematic of the SCSO crystal structure is shown
highlighting the individual planes of Cu (red) and Sb (blue)
atoms. The Sr atoms are omitted for visual clarity. (b) The paths
corresponding to different exchange couplings.

cooled (ZFC) and field cooled (FC) magnetization in low
field either. (2) Zero-field muon spin relaxation (ZF-uSR)
data reconfirm the absence of any magnetic ordering down
to 65 mK. Longitudinal-field uSR (LF-uSR) data show that
the moments remain dynamic down to very low temper-
atures. (3) Magnetic heat capacity data are also devoid of
any indications of a phase transition down to 0.35 K. A
yT + aT? form is seen in the low-T behavior.

An unequivocal presence of a T2 contribution in the
magnetic specific heat, in the absence of any evidence of
magnetic order, naturally suggests a phenomenology in
terms of a Dirac QSL. Density functional theory (DFT)
calculations for the B-site ordered structure also support
a model of SCSO as a triangular lattice quantum anti-
ferromagnet with small further-neighbor frustrating anti-
ferromagnetic exchanges [in the (111) planes pertinent to
the pseudocubic cell] for which a Dirac QSL has been
predicted [11-13].

Results and discussion.—The Rietveld refinement of
XRD data on our polycrystalline SCSO sample by
FullProf suite software [27] is shown in Fig. 2. Fitting with
a body-centered tetragonal structure with space group
I4/mcem (140) [shown in Supplemental Material (SM)
[28]] does not account for a few peaks at low angles
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FIG. 2. Rietveld refinement of Srz;CuSb,0Og is shown along
with Bragg positions and corresponding Miller indices (hkl) with
K modulation (%, %, %) (referred to a pseudocubic cell) to fit the
superlattice peaks.

(region shown in the inset of Fig. 2). 1:2 atomic site
ordering refines the data well with a propagation vector

K = (4,1, 1). The obtained lattice parameters are a = b =

3'3°3 .
5.547 A, ¢ = 8.248 A.
Figure 3 shows the dc susceptibility, x(7){=

[M(T)/H]} of SCSO in H =1 kOe. No indications of
long-range order are seen down to 2 K. We fit the data
(in the high-temperature range of 150-300 K) to the
theoretical triangular lattice antiferromagnet (TLAF) model
for a 2D spin-1/2 system [33] using y = yo + ¥1LAF @S in
Refs. [34,35]. Here, y, is the temperature independent
susceptibility (arising from core diamagnetism and a van
Vleck contribution), C = N,g*u%/4ky is the Curie con-
stant, and J; is the nearest neighbour exchange coupling
[36]. Fixing C = 0.375 K cm?/mol Cu for our S :% Sys-
tem, this TLAF fit yields y, = —2.10 x 10~ c¢m?/mol Cu,
and |J;/kg| =70 K [37].

The inset of Fig. 3 shows the ZFC/FC susceptibility. No
bifurcation is seen down to 2 K. AC susceptibility data (see
SM [28]) show no anomaly either. This rules out the
existence of spin-glass behavior in the system [38].

Additional evidence for the absence of static magnetism
down to even lower temperatures (65 mK) was gathered
from pSR experiments. The ZF muon asymmetry was
measured as a function of 7" between 65 mK and 4 K.
Strong relaxation of the muon is seen at the lowest
temperature and we fit the time dependence of the
asymmetry to A(f) = AgGgr(A, 1)e 7" + A,,. Here,
Ggr(A, 1) is the static Kubo-Toyabe Gaussian function
coming from relaxation due to the nuclear moments
whereas the exponential decrease is from the relaxation
due to electron moments. A, is the constant background
signal (due to a small fraction of the muons missing the
sample and hitting the sample holder and cryostat wall) and
Ay is the initial muon asymmetry. The muon asymmetry
data at various T are shown in Fig. 4. The absence of
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FIG.3. The variation of y(7') for SCSO in H = 1 kOe is shown
in the main figure. The solid line is a theoretical TLAF fit for data
in the range 150-300 K and then extrapolated down to 2 K. In the
inset, no bifurcation is seen in the plot of y(T) vs T between ZFC
and FC data in H = 50 Oe.
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FIG. 4. The variation of the muon asymmetry with time is
shown at various temperatures in zero field for Sr3;CuSb,0y. On
fitting these data as described in the text, the muon relaxation rate
was obtained and is shown in the inset.

oscillations in the muon asymmetry data suggests the
absence of any short or long-range magnetic ordering
down to 65 mK. Further, the absence of the one-third tail
suggests the dynamic nature of the electronic spins. The
LF-uSR data will further validate the dynamic nature of the
moments.

As seen in Fig. 4, the relaxation curves are essentially
unchanged from 65 mK to about 1 K and at higher tem-
peratures, the muon depolarization rate decreases. From the
above analysis, the muon relaxation rate due to electron
moments is obtained as shown in the inset of Fig. 4. It is
seen that there is a gradually faster relaxation of muons
with a lowering of temperature. However, there is no large
increase or a critical divergence and the electron moments
remain dynamic till the lowest temperatures.

We have also monitored muon relaxation in longitudinal
fields and find that even in our highest field of 3200 Oe,
residual relaxation is still present (see SM [28]). The field
dependence is remarkably similar to that of YbMgGaO,
[39] with a local moment fluctuation frequency of about
18 MHz and the presence of long-time spin correlations.
The qualitative and quantitative outcomes of SR on SCSO
are typical of other QSL.

To further rule out LRO and to probe the nature of
low-energy excitations, we measured the heat capacity of
the sample C,(T) in different fields (0-90 kOe) in the T
range (0.35-200) K. As shown in Fig. 5, a hump is seen
in the heat capacity which moves to higher temperatures
with increasing field, and can be ascribed to the Schottky
anomaly commonly seen in many quantum magnets
[22,40,41]. This arises from a small fraction of free spins
(either of extrinsic origin or from edge spins of correlated
regions). In the low-T regime, the scaling is observed
to be close to T2. This already hints at the presence of
linearly dispersing excitations. We thus model the speci-
fic heat below 6 K as C,(T,H) = y(H)T + a(H)T* +
S Cschoteky (T H) motivated by a Dirac QSL phenomenol-
0gY. Csehouky 18 the standard Schottky contribution of a
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FIG. 5. The heat capacity of SCSO is plotted as a function of
temperature in various fields. The solid lines are fits as explained
in the text. Dashed lines represent power law variations 7' and
T2. Inset: The variation of the coefficients of the linear (blue
diamonds; left y-axis) and quadratic (red triangles; right y-axis)
terms is shown as a function of H.

wo-level system (see SM [28]) with f being the fraction of
1

free § =5 entities. Solid lines in Fig. 5 show fits
to the as-measured C,, with the parameter values y,,, =
18 mJ/mol K?, a,, = 15 mJ/molK?, and f = 2.5%. For
y and a, the quoted average is over the fits for H > 30 kOe.
The Schottky fraction f was obtained from the fit for
90 kOe data and kept fixed for other fields. A T3
contribution from the lattice can also be included in the
analysis, but it makes no essential difference to the fits.
Fits at high-T to the lattice heat capacity help us fix
B =3x10"* J/mol K* (see SM [28]). As the lattice con-
tribution in the low-T range is negligible, we get very
similar parameter values y,, = 16 mJ/mol K?, Aayg =
15 mJ/mol K3 with f = 2.5%. Most importantly, the fit-
ting significantly worsens without a T> component and can
not be considered as fitting the data (see SM [28]).

As far as § :% triangular lattice spin liquids are con-
cerned, a linear variation of the low-temperature specific
heat was observed in x-(BEDT-TTF),Cu,(CN); [18] and
Ba;CuSb,0y [22]. This was interpreted in terms of a spinon
Fermi surface. However, the T2 term in C,,(T) observed at
low-T in SCSO is perhaps the first such observation in
triangular S = % magnets. From this crucial presence of T2
contributions, we infer the presence of gapless excitations
with a linear dispersion [42]. Within a Dirac QSL phe-
nomenology that naturally gives such excitations, we
can estimate the magnetic exchange strength from low-
temperature specific heat data to compare with previous
estimates from high-temperature data. We take the follow-
ing effective mean-field Hamiltonian as our Dirac QSL
ansatz 'H = (‘]eff/Z) Z(i.j)EAlattice.a)(ijCj.aCjﬁ +H.c. such
that z flux is inserted in the up triangles [13,44]. Ju
is expected to be the same order as the dominant
exchange [Jor ~ O(J,)] Near the single Dirac cone in
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the Brillouin zone (see SM [28] for details), the effective
low-energy spectrum is ey = £++/3/2J k. Therefore
at low temperatures (7 — 0), we obtain [C(T)/kg] =
2.292[(kgT)?/J%]. In the presence of Zeeman coupling
to an external magnetic field, this gets modified to
[C(T)/ k) » 2.292[(kpT)? | T%] + 0.696{[(kpT)(gup|H|/
2)]/J%:} as (gup|H|/2kzT) > 1, which is indeed the
functional form used earlier for fits. From the coefficient
Uy Of the T? contribution, we estimate (J,/kg) ~ 36 K.
This completely independent low-7, macroscopic, or
thermodynamic estimate for J; is of the same order as
the previous estimate from high-7 susceptibility data
which we consider to be significant [45]. In fact, from
the low-field values of «, the estimate is (J;/kg) ~ 76 K.
Furthermore, these estimates also agree with microscopic
estimates based on a DFT study of the SCSO perovskite
system to be discussed soon.

We finally note an anomaly that is present in the heat
capacity data at low fields, seen as a “separation” between
the curves as we go from 10 to 30 kOe in Fig. 5. This is also
reflected in the fits based on our linearly dispersing Dirac
QSL ansatz as a jump in « and y at these fields as seen in the
inset of Fig. 5. Note that the Schottky gap is nonzero even
in the absence of a magnetic field for SCSO (see SM [28])
which is a feature seen in other QSLs as well [22,40,41] and
is ascribed to interaction of the orphan spins with the
correlated regions. We speculate this happens when the
orphan spins suddenly decouple from the correlated regions
as the applied field exceeds ~10 kOe (which might be the
effective internal field strength of their interaction). Since
this “separation” in the data sets at low field is observed in
the raw or as-measured C, data prior to any fitting, we
think that it has a distinct physical origin (leading to an
artificial jump in a, y parameters when using a fitting form
based on assuming only linear-dispersing excitations).
There could be other explanations for this observation
as well. Also for H > 30 kOe, a slight decrease of y with
field is found from the data whereas an increase is predicted
by our ansatz, while a remains roughly independent of
field as predicted by our ansatz. Nonetheless, another
supporting feature in the data is that the ratio of the
quadratic and linear components agrees with the theoretical
value quite well for H = 50 kOe and to within a factor of 3
for all H > 30 kOe data sets despite the anomalous field
dependence of y. The deviations suggest that something
else may also be contributing to the heat capacity in
addition to the linearly dispersing excitations. We remark
here that (1) (gug|H|/2kgT) > 1 is not strictly true for the
applied fields, and (2) that our ansatz is at a mean-field
level, though the 72 behavior is robust to beyond mean-
field effects for a Dirac QSL [46,47].

To check the viability of a Dirac QSL phenomenology
argued above as arising from a triangular quantum
magnet with further-neighbor frustrating antiferromagnetic
exchanges [11-13], we have carried out first principles

electronic structure calculations based on DFT for the
experimentally determined triple perovskite structure of
Sr;CuSb,0q. All the electronic structure calculations are
carried out using DFT in the pseudopotential plane-wave
basis within the generalized gradient approximation [48]
supplemented with Hubbard U [49] as encoded in the
Vienna ab initio simulation package (VAspP) [50,51] with
projector augmented wave potentials [52,53]. The calcu-
lations are done with standard values of Uy = U, — Jy =
6.5 eV [49] chosen for Cu. The non-spin-polarized total
and Cu d partial density of states (DOS) for SCSO (see
SM [28]) reveal that the Fermi level is dominated by
partially filled Cu e, states. The oxygen O p states are
completely occupied while Sb s and p states and Sr s states
are completely empty consistent with the nominal ionic
formula, Sr3"Cu?*Sb3703" of this compound. Spin polar-
ized calculations with ferromagnetic arrangement of
Cu spins yields total moment 1.0 up per formula unit,
which further supports the S :% moment of Cu and is
consistent with the experimentally determined effective
moment (u. = 1.72 ug). However, the calculated mag-
netic moment per Cu site is 0.80 pp, while the rest of the
moment is hosted on the ligand sites due to substantial
hybridization of Cu with ligands.

To estimate the exchange interactions, we consider the

following Hamiltonian H = J, Z‘m‘aS S;+J, Z?‘Ff»

S _i_JLtherS S +JLzlnterS S Here, J,, J,, Jl,

and J2 are, respectively, the nearest-neighbor, the next-
nearest-neighbor intralayer and (two distinct) interlayer
Heisenberg exchange parameters. We have calculated them
employing the “four state” method [54,55]. This is based
on a computation of the total energy of the system with
collinear spin alignment, where the spin configuration on
two chosen sites are modified while restricting rest of the
spins to a base configuration. Our calculations reveal that
the estimates of the exchange interactions change up to
15% depending on the chosen base configuration. We find
J1 ~3.92 meV (J,/kg ~45 K) to be the dominant anti-
ferromagnetic exchange in this system. This microscopic
estimate agrees well with the values extracted from the high-
temperature susceptibility data and low-temperature specific
heat data. J{ ~0.21 meV and J5 ~ 0.11 meV are found to
be subdominant and robustly antiferromagnetic, thus adding
to the frustration. J, ~ 0.05 meV was even smaller, and its
sign also depended on the chosen base configuration.
This last estimate is at the edge of the accuracy of our
DFT calculations (~0.05 meV). The strength of the
further-neighbor exchanges are relatively much smaller
because the Cu atoms are far apart, as well as the
intermediate Sb atoms are smaller in size. Our first principles
DFT results corroborates well with the experimental
results, and lends credence to the scenario of spin liquid
behavior induced by further-neighbor frustrating exchanges
[11-13].
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Summary.—Our comprehensive set of data on SCSO
show a 1:2 site ordering between Cu and Sb ions (giving
rise to nearly isolated S = % triangular planes) and a lack of
LRO together with the presence of dynamic moments down
to the lowest temperatures (65 mK, which is well below
Ocw = —143 K). In contrast to other kagome or pyrochlore
based QSL, here the magnetic heat capacity at low T
follows C,, = yT + aT?. The T? behavior of C,, evinces
the presence of gapless excitations with a linear dispersion,
and the dominant exchange extracted through such a
phenomenology agrees quantitatively with those from
high-temperature susceptibility data and DFT estimates.
We believe that the presence of further-neighbor antiferro-
magnetic exchanges induces Dirac QSL behavior in the
triangular lattice system of SCSO. Our work offers new
material directions to explore in the field of QSLs. Further
work to unravel the magnitude of the further-neighbor
couplings or possibly ring exchange terms [56,57] in
promoting the spin liquid state is clearly warranted.
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