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Evidence of random spin-singlet state in the three-dimensional
quantum spin liquid candidate Sr;CuNb,Oy
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Disorder is ubiquitous in any quantum many-body system and is usually considered to be an obstacle to the
elucidation of the underlying physics of complex systems, but its presence can often introduce exotic phases of
matter that cannot generally be realized in a clean system. We report here a detailed experimental and theoretical
study of the magnetic properties of the highly disordered material Sr3CuNb,Oy, which exhibits random site
mixing between Cu and Nb. The magnetic moments (Cu**) are arranged in a quasicubic (three-dimensional)
manner, leading to a high degree of frustration with a Curie-Weiss temperature 6cw of about —60 K without
any long-range magnetic ordering down to 466 mK. These observations suggest that Sr;CuNb, Oy is a candidate
for a quantum spin liquid (QSL). More interestingly, the susceptibility (x = M/uoH) and C,,/T (C, is the
magnetic part of the heat capacity) follow a power-law behavior with decreasing temperature. In addition,
M(T, noH) and C,, (T, uoH)/T show scaling relationships over a wide range of temperatures and fields. This
unusual behavior with respect to the conventional behavior of a QSL can be discussed qualitatively as the
coexistence of a disorder-induced random spin-singlet (RSS) state and a QSL state. A quantitative description is
given by numerical calculations considering a power-law probability distribution P(J) oc J~7 (J is the exchange
interaction) of random spin singlets. The parameters extracted from the numerical calculations are in excellent
agreement with the experimental data. Furthermore, the analytical results are also consistent with the power-law
and scaling behavior of x and C,,(T, uoH)/T as a whole. Thus, our comprehensive experimental and theoretical

analysis provides evidence of the stabilization of the RSS state in a three-dimensional lattice.
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Introduction. The presence of disorder is inevitable in any
real-life quantum many-body system, and it hinders us from
elucidating the actual physics of a system. More specifically,
the effects of disorder on the phases or phase transitions in
quantum many-body systems are reflected by the disappear-
ance of spontaneous symmetry breaking or the smearing out
of the singularities associated with phase transitions and crit-
ical phases [1]. On the contrary, there are also examples of
exotic ground states and new phenomena driven by disorder
which cannot be realized in a clean or disorder-free system.
Thus, discovering and characterizing those ground states in a
quantum many-body system where the interplay of disorder
and quantum fluctuations exists are a current field of study in
condensed matter physics [1,2]. These systems are also crucial
for several application purposes; e.g., they can be the key
elements for memories and state transfer channels in quan-
tum computing [3—6]. One of the first prominent examples
of disorder-driven states is Anderson localization, where the
wave function of noninteracting quantum particles is highly
localized near a point in space due to a strong random po-
tential [7,8]. Recently, disorder-driven topological Anderson
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localization was also observed [9,10]. Quasiparticle interfer-
ence is a powerful experimental tool, and it originates because
of the presence of disorder and helps us to explore the mo-
mentum space information in a two-dimensional (2D) system
[11]. Disorder-driven phenomena are also often observed in
correlated many-body systems, e.g., the Kondo disorder state
and quantum Griffiths phase, which shows exotic non-Fermi-
liquid behaviors [1,12—14]. Experimentally and theoretically,
it was also observed that the presence of strong disorder can
turn the first-order magnetic phase transition into a second-
order phase transition near the quantum critical point, and
thus, a disorder-induced quantum critical point can be ob-
tained [2,15].

The effects of disorder in frustrated magnets is currently a
focus area. Frustration may lead to huge accidental degener-
acy of different spin configurations, and the ground state is the
superposition of the degenerate states, known as the quantum
spin liquid (QSL) state. In the QSL state, due to the absence
of spontaneous symmetry breaking, the spins are dynamic
even at T =0 K, and one can expect exotic fractionalized
excitations [16—18]. The presence of disorder in a frustrated
system gives rise to a glassy state, the spin glass state [19].
The superlattice structure produced by site disorder may also
give rise to a frustrated triangular lattice and, further, may
lead to the observation of a QSL state [20]. Very recently,
Kimchi et al. pointed out that in some disordered frustrated
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systems, peculiar features of the heat capacity and magne-
tization can be qualitatively explained as the presence of a
“random spin-singlet” (RSS) state admixed with a QSL state
[21]. The RSS state was first discussed for doped semiconduc-
tors in which the antiferromagnetic exchange energies follow
a power-law probability distribution due to the presence of
disorder [22-24]. Further, this idea of a RSS state was also
extended to two and three dimensions [25-28] for doped
semiconductors. However, only a handful of the 2D frustrated
systems show such exotic states where the RSS state and QSL
coexist [29-32], and so far, the presence of such a state has
not been observed in any three-dimensional (3D) frustrated
system experimentally. Note that in some 3D pyrochlore sys-
tems, the signature of a QSL-like state was interpreted to
be due to a RSS state, but the probability distribution of
exchange energies was not a power-law probability distribu-
tion [33]. Thus, discovering new three-dimensional systems
with strong frustration along with disorder and elucidating
the complex ground state qualitatively and quantitatively is
a primary goal in this field. Needless to say, stabilizing such
a state in a 3D lattice is inherently more challenging than
in low-dimensional systems, primarily because the enhanced
dimensionality reduces quantum fluctuations and hence there
is a greater tendency to order magnetically.

In this Letter, we report a detailed study of the three-
dimensional quasicubic system Sr3CulNb,Oy. Magnetization
and heat capacity measurements down to 466 mK indicate
the absence of long-range magnetic ordering (LRO) despite
strong exchange interactions (of the order of —60 K) between
Cu?t moments and thus establish Sr;CuNb,Oq as a 3D QSL
candidate. Furthermore, the power-law divergence of suscep-
tibility and heat capacity, along with the scaling behaviors of
magnetization and heat capacity, indicate the presence of a
RSS state admixed with a QSL due to the presence of strong
Cu/Nb site disorder. Furthermore, numerical and analytical
calculations describe the experimental data quantitatively.

Crystal structure. Sr3CuNb, Qg9 was synthesized via a con-
ventional solid-state reaction technique (details are discussed
in the Supplemental Material [34]; see also Ref. [35] therein).
Sr3CuNb,Og belongs to a family of triple-perovskite crys-
tal structures with the general formula A3B309, as shown
in Fig. 1(a). The compound stabilizes in a tetragonal crys-
tal structure of space group P4/mmm (space group number
123), with lattice parameters a = b &~ 3.953 A, c =4.089 A,
and @ = B = y = 90° obtained from powder x-ray diffrac-
tion (PXRD) Rietveld refinement [Fig. 1(c)]. No extra peaks
represent the existence of single-phase formation. Most im-
portantly, no superlattice peaks have been detected, indicating
a random distribution of Cu and Nb atoms, in contrast to
Sr3CuSb,0g [20]. Thus, the magnetic skeleton is formed by
Cu atoms randomly distributed over Nb sites, with occupancy
ratios of 1/3 and 2/3, respectively, and the in-plane distance
between magnetic ions is & 3.95 A, whereas the out-of-plane
distance is ~ 4.07 A, making it an almost cubic magnetic
lattice structure, as shown in Fig. 1(b). Such a quasicubic 3D
structure, if one considers the next-nearest-neighbor interac-
tions along with nearest-neighbor ones, may give rise to a
3D frustrated lattice. Thus, the present compound, on the one
hand, may provide a 3D frustrated lattice and, on the other
hand, provides strong disorder (random site disorder of Cu
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FIG. 1. (a) Magnetic sites forming an octahedral environment
with the oxygen atoms (red) and the green spheres, showing stron-
tium atoms intercalated in between. (b) Arrangement of the magnetic
Cu?* (blue) sharing the same site with the nonmagnetic Nb>* (ma-
genta). (c) A clean XRD pattern shows the absence of any impurity
and was analyzed with the Rietveld refinement method.

and Nb), which may then be favorable for realizing a RSS
state. In order to verify our expectation from the structural
analysis, we explore the ground state by performing detailed
magnetization and heat capacity measurements in a broad
temperature-field region.

Magnetization. Magnetic susceptibility (x = M/uoH) was
measured as a function of temperature at different applied
magnetic fields. No anomaly associated with LRO was
observed down to 1.85 K, as seen from Fig. 2(a). The suscep-
tibility data between 100 and 300 K, measured at an applied
magnetic field of 1 T, were fitted with the Curie-Weiss law
(x = Tf%cw + X0), shown as a solid line in Fig. 2(a). The
Curie-Weiss temperature 6cw obtained is &~ —60 K, with a
Curie constant C = 0.49 cm?® K mol~!. The negative sign in-
dicates the nature of exchanges is antiferromagnetic with a
high degree of frustration, defined as f = 6cw/Ty. For any
magnetic system, Ocw indicates the strength of exchange in-
teractions between magnetic moments, and Ty is the ordering
temperature. In the present systems, even though the moments
are highly correlated with high Ocw, the system cannot go to
an LRO state at least down to 1.85 K due to strong frustra-
tion. The effective moment was calculated using the formula
Meff = V8C gives 1.98up, where C is the Curie constant
obtained from the 1/x vs T fitting shown in Fig. 2(a). This
indicates that the magnetic ions are in the Cu’*" (S = 1/2)
state. Furthermore, the absence of branching in y between
the zero-field cooling and field cooling measured at 50 Oe
rules out the possibility of a spin freezing state (e.g., a spin
glass), at least down to 1.85 K [Fig. 2(b)]. Thus, magnetization
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FIG. 2. (a) x versus temperature at an applied magnetic field of 1 T (ZFC) and extrapolation of the Curie-Wiess fit (ranging from 100
to 300 K) in the inverse susceptibility data. (b) ZFC and FC data at 50 Oe applied magnetic field; the inset shows the power-law behavior
with the exponent y = 0.63. (c) Scaling behavior of the magnetization data with respect to field at different temperatures with an exponent of
y — 1 = 0.35. (d) Scaling of the magnetization with respect to the temperature, showing excellent data collapse in a wide applied magnetic

field range from 50 Oe to 8 T.

measurements ensure that Sr3CuNb,Og can be considered a
highly frustrated magnetic system promising to have a QSL
ground state.

More interestingly, if one closely observes the temperature
dependence of x, then one can see that x follows a power-law
behavior (T~7) between 20 and 1.85 K, with y being 0.63.
Such a power-law behavior was predicted to be a signature of
a RSS state in a frustrated system [21]. Along with the power
law in x, the M versus uoH data at different temperatures also
collapse in one curve following a scaling behavior, as shown
in Fig. 2(c) as MT?~! against uoH/T. A scaling has even
been observed in (dM/dT) x (uoH)? versus T/uoH. All
these power-law and scaling behaviors support the presence
of the predicted RSS state admixed with a QSL state.

Heat capacity. Heat capacity C,(T, uoH) measurements
were performed from 300 K down to 466 mK at vari-
ous applied magnetic fields to explore the ground state of
Sr3CuNb,Og. Figure 3(a) shows C, versus T at different
applied magnetic fields. The absence of any A-like anomaly
indicates that Sr3;CulNb,0Oy avoids any LRO down to 466 mK
even though there is a strong correlation between magnetic
moments, thus establishing that Sr;CuNb,Qy is a 3D QSL
candidate with a high degree of frustration (f = Ocw/Tiin =
120, where Ty, represents the lowest temperature for which

heat capacity has been measured). In general, C,/T follows
either exponential behavior or a power law (77) for gapped
and gapless QSLs, respectively [36,37]. In contrast to this
expectation, C,/T follows the power-law behavior of 777
in the present system at zero applied magnetic field. To get
a qualitative description of the C, data, we modeled it by
considering three contributions:

Cp(Ts /’LOH) = Cph + Csen + Cpower—laWs (1)

where Cpowerlaw = Apowerlaw 7 [29]. The other two terms,
Cpon and Csp, represent the phonon contribution and two-level
Schottky contribution (representing the hump), respectively.
At sufficiently low temperatures, the phonon contribution be-
haves as Con = Bpn T, where Sy is the Debye coefficient, and
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where é represents the energy gap.

Cn(uoH = 0)/T at zero field is plotted as a function
of temperature in Fig. 3(b), estimated by subtracting the
phonon (Cyp) and Schottky contributions (because of the 1.8%
weakly coupled impurities; for details see the Supplemental
Material [34] and Refs. [20,30,38—42] therein) from the total
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FIG. 3. (a) Temperature dependence of C(T, uoH ) at different applied magnetic fields. Solid lines show the fit considering three different
contributions described in the text. (b) Power-law fit of C,,/T (at 0 T) as a function of temperature with an exponent of 0.58. (c) Scaling of

Cm(Ta /’LOH)/T
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Cy. C(uoH = 0)/T shows a power-law divergence with an
exponent y = 0.58 with decreasing temperature. Also, note
that the exponent y is in agreement with the obtained y from
magnetization measurements.

From the qualitative analysis of C,, it is now clear that the
spins are correlated (as seen from high Ocw) and may form
random singlets by a power-law distribution of exchange in-
teractions due to the presence of strong site disorder. Because
of the power-law distribution of the exchange interactions
(responsible for forming singlets), the excitations are gapless
overall, giving rise to the power-law behavior in the magneti-
zation or heat capacity and, eventually, the scaling behaviors.
These correlated spins (which form the singlets) may also
form a resonating state due to the presence of strong frustra-
tion, which may give rise to a QSL behavior.

Kimchi et al. [21] pointed out that the magnetic contribu-
tion of the total heat capacity at finite fields [represented by
Cn(noH ) = C, — Cyp; see the Supplemental Material [34] for
details and also see Ref. [29] therein] for this disorder-induced
state collapses into a single curve of the form

~ Fq
T (noH)" "L ol

3

where Fq(X) is a scaling function which is determined by the
energy distribution of the singlets,

X1 X «1,

X7(1+g) X>1, @

F[X]~ {

where ¢ = 1 and g = O represent the cases with and with-
out Dzyaloshinskii-Moriya (DM) interactions in the effective
low-energy theory coupling the orphan spins, respectively.
Figure 3(b) represents (uoH)*> x C,/T as a function of
T / woH in which all the C,, data points fall on top of each other
and thus validates the scaling relationship as proposed by the
theory. In the range where X « 1, the data saturate, indicating
the absence of DM interactions, whereas in the limit of X >
1, the data agree reasonably well with the predicted scaling
function [Fig. 3(c)]. It should be pointed out that the scaling
behavior still holds for the total heat capacity (see Fig. 6 of the
Supplemental Material [34]), except for the high-temperature
region where the lattice contribution dominates.

Thus, the detailed magnetization and heat capacity mea-
surements in a broad range of temperatures and fields indicate
the coexistence of a RSS state and a QSL state in three-
dimensional Sr3;CuNb,QOg. Even though the experimental
data represented here qualitatively match the theoretical pre-
diction, a more quantitative description will be crucial to
elucidate the underlying complex physics.

Theory. We further carried out numerical calculations to
get a quantitative description of the temperature and field
dependence of magnetization and heat capacity to confirm the
possibility of the presence of a RSS state in Sr3CulNb;Og.
To understand the magnetic properties of the material we
first analyzed the percentage distribution of Cu in various
clusters with a size of up to a 30 x 30 x 30 cubic lattice for
the compound Sr3;CuNb,Og with only 33% Cu. The distance
between the two Cu atoms sitting in the two nearest octahedra
of the present compound is approximately 4 A; therefore,
a spin is part of the cluster if the distance of the spin is
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FIG. 4. Top: Temperature dependence of x (obtained experimen-
tally), represented by the scattered points; the solid lines indicate the
data obtained numerically. Bottom: The solid lines and the scattered
points represent experimentally and numerically obtained data of
Cn/T.

less than or equal to 4 A from any other spin in the cluster,
and with this criterion the percentage distribution of the Cu
atoms decays exponentially with cluster size L, as shown
in the Supplemental Material, which gives the details of the
calculation [34]. The most dominating spin clusters are free
spins, and some of these spins may form weakly interacting
Cu structures with random exchange as the distances among
the spins are larger than 4 A and random. These spins can
have comparable nearest and next-nearest exchanges due to
their distribution in three-dimensional space. Therefore, these
weakly interacting frustrated spins can be treated as random
dimer singlets with a broad distribution of exchanges. Other
spin clusters bigger than the dimer are very small in number
and may have a negligible effect on the magnetic properties of
the material. Hence, we adopt an isotropic dimer Heisenberg
spin-1/2 model Hamiltonian, incorporating the distribution
of exchanges. This idea is inspired by the spin-1/2 model
proposed by Dasgupta and Ma [22] for highly disordered one-
dimensional systems, as well as the model presented by Bhatt
and Lee [25] for highly disordered two- and three-dimensional
systems. The dimer model can be written as

H = ZJiSi*]Si'z = ZHi, (5)

where H; is the ith isolated dimer Hamiltonian for spins 1
and 2 and J; is the isotropic exchange interaction of the ith
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dimer. We assume J; can take any continuous value (between
0 and 1 in the reduced unit), and it follows the distribution
P(J)=J77;i.e., asmaller J has a higher probability distribu-
tion. A detailed description of the calculation is given in the
Supplemental Material [34].

We use g = 2.22, the average J = (J;) ® 72K, and y =
0.6 to fit the experimental curve of C, (T, uoH)/T and x(T).
% for four different fields are shown in the top panel of

Fig. 4, and the (= %’) curves show a power-law decay
as a function of temperature. The experimental curve of
Cu(T, noH)/T is shown as points, and the theoretical curve
is shown as lines for six different magnetic fields; all the
experimental curves can be fitted well with the theoretical
curves, as shown in bottom panel of Fig. 4. In the bottom
panel of Fig. 4, the linear behavior of the C, /T plot clearly
shows the power-law behavior for zero field, but the finite-
field data show criticality as a function of 7 and H. This
behavior is well known as data collapse in % for the resonat-
ing limit |J — H| < kgT. We notice that both C,,(T, uoH)/T
and x can be fitted well with the experimental data with the
same exponent, which is 0.6 in this case. We analyze these
results for different limits of temperature and field in the
Supplemental Material [34].

Thus, our numerical calculations quantitatively establish
that the temperature and field dependence of the magne-
tization and heat capacity are due to the presence of a
disorder-driven RSS state.

Conclusion. We studied a novel disorder-induced state in
great detail. We reported a comprehensive experimental and
theoretical investigation of the compound Sr3CuNb,Og. The
disorder introduced by site mixing between Cu and Nb and
the frustration due to competing nearest neighbors and next-
nearest neighbors of the three-dimensional quasicubic lattice
gives rise to an exotic state in which the RSS state coexists
with a QSL. Numerical calculations further gave a quantitative
description of the experimental results and provided evidence
of the realization of the RSS state in a three-dimensional
lattice. Analytical calculations again confirmed the experi-
mentally observed behaviors of x and C,,(T, uoH)/T. These
observations established Sr;CuNb, Qg as one of the rare com-
pounds in which such a RSS occurs in a 3D lattice.
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