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Quantum Spin Liquid Emerging from Antiferromagnetic Order by Introducing Disorder
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Quantum spin liquids, which are spin versions of quantum matter, have been sought after in systems with
geometrical frustration. We show that disorder drives a classical magnet into a quantum spin liquid through
conducting NMR experiments on an organic Mott insulator, x-(ET),Cu[N(CN),]Cl. Antiferromagnetic
ordering in the pristine crystal, when irradiated by x rays, disappears. Spin freezing, spin gap, and critical
slowing down are not observed, but gapless spin excitations emerge, suggesting a novel role of disorder that
brings forth a quantum spin liquid from a classical ordered state.
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Quantum-disordered states in mutually interacting
many-body systems are intriguing ground states that show
no long-range order (LRO), even at absolute zero, owing to
quantum fluctuations. The quest for such states is one of the
most intensively studied issues in modern physics, because
the states show a macroscopic quantum-entangled nature or
emergent fractional excitations distinct from the constituent
particles. Among quantum-disordered spin states are the
quantum spin liquid (QSL) in Mott insulators with tri-
angular, kagome, and hyperkagome lattices [1]. In these
systems, geometrical frustration coming from the non-
bipartite nature of lattices and/or charge fluctuations due
to the vicinity of the Mott metal-insulator instability
enhance the quantum fluctuations against antiferromag-
netic LRO and are considered to hold a key for stabilizing
the QSL states. In addition to the frustration, interplay
between mutual interaction and quenched disorder, which
is a fundamental issue argued not only in condensed matter
physics [2—-6] but also in the physics of cold atoms [7], can
play a vital role in the quantum magnetism. In the present
work, we demonstrate that disorder drives a classical LRO
in a Mott insulator with a less frustrated lattice into a QSL.
This result indicates that introducing disorder into strongly
interacting electrons is a novel way to realize the quantum-
disordered ground states.

A material used in the present study,
k-(ET),Cu[N(CN),]|Cl (x-Cl), belongs to layered organic
materials that are abbreviated as «-(ET),X, where ET
denotes bis(ethylenedithio)tetrathiafulvalene and X is an
anion [Fig. 1(a)]. x-(ET),X are half-filled systems with
anisotropic triangular lattices [8—10], where the anisotropy
is defined by the ratio of transfer integrals, ¢/t [Fig. 1(b)].
The substitution of X causes variations in the transfer
integral (bandwidth) and the anisotropy of the triangular
lattice (geometrical frustration). Various exotic ground
states emerge: a Fermi liquid and an unconventional

0031-9007/15/115(7)/077001(5)

077001-1

PACS numbers: 74.70.Kn, 75.45.4j, 75.50.Lk, 76.60.-k

superconductor for X = Cu[N(CN),|Br [11] with 7'/t ~
0.4-0.5 [12,13]; a Mott insulator with a commensurate
antiferromagnetic LRO of § = 1/2 spins with an ordered
moment of 0.45up (up, Bohr magneton) for X =
Cu[N(CN),|Cl1 [14] with 7/t ~0.4-0.5 [12,13]; a QSL
without magnetic LRO [15] for X = Cu,(CN); with 7'/t ~
0.8-1.0 [12,13]. These Mott insulating phases border on
metallic and superconducting phases in a generic pressure-
temperature phase diagram [16—18] [Fig. 1(c) for x-CIJ.

The effect of quenched disorder on the charge transport
near the Mott transition has been explored by recent
experiments using x-ray irradiation [19-21]. Optical stud-
ies sensitive to the chemical structure of the anion species
indicate that the x-ray irradiation produces molecular
defects in the anion layers, which are expected to cause
randomness in electronic potential and/or transfer integrals
in the ET layers [19]. For x-(ET),Cu[N(CN),|Br, the low-
temperature metallic resistivity increases with the irradi-
ation time, followed by an Anderson-type insulating
behavior [19,21]. For x-Cl, the low-temperature insulating
resistivity is decreased (for example, by 4 orders of
magnitude at 10 K by an approximately 400-h irradiation
[19]), and it is still insulating at low temperatures. The
effect of disorder induced by x-ray irradiation in x-(ET),X
increases with irradiation time and tends to become
saturated after several hundred hours (approximately
500 h for x-CI [19]). What occurs in the spin degrees of
freedom in this situation is an open question; more
specifically, what is the fate of the antiferromagnetic
LRO when the system suffers from quenched disorder?
We pursue this issue by examining the spin state of the
x-ray-irradiated x-Cl, which shows antiferromagnetic LRO
before being exposed to x rays, with '"H NMR, which
probes both the static and dynamic spin states through
NMR spectra and the nuclear spin-lattice relaxation rate,
respectively.
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FIG. 1 (color online). Structure and transport properties of
k-Cl. (a) Layered structure of x-Cl. (b) Structure of a conducting
layer of k-Cl. Transfer integrals between nearest-neighbor dimers
(next-nearest-neighbor dimers) are shown as 7 (). (c) Pressure-
temperature phase diagram of nonirradiated x-Cl [16,17]. SC
and AF denote superconductor and antiferromagnetic ordered
state, respectively. (d) Temperature dependence of resistivity of
the 500-h x-ray-irradiated (blue line) and nonirradiated (black
line) k-Cl crystals. The former crystal was used for the 'H
NMR study. The data for the latter were obtained in the previous
study [19].

A single crystal of x-Cl was grown by using the
electrochemical method. The sample was irradiated with
white x rays at room temperature using a nonfiltered
tungsten target at 40 kV and 20 mA [22]. The total
irradiation time was 500 h, for which the irradiation is
expected to induce a near-saturated amount of defects in
k-Cl [19]. We probed the spin state of the irradiated
sample by 'H NMR measurements under a magnetic field
of 3.7 T applied perpendicular to the conducting plane at
temperatures from 340 mK to 300 K [22]. We confirmed
that the resistivity of the irradiated crystal is insulating at
low temperatures, as shown in Fig. 1(d). The temperature
dependence of resistivity is between the activation type and
logarithmic type and is best approximated by the variable-
range hopping model [22]. Furthermore, x-ray irradiation
causes no appreciable Curie-like susceptibility [22].

Figures 2(a) and 2(b) show the temperature dependence
of the NMR spectra for the nonirradiated and irradiated
crystals. The line shape is the same in both cases at high
temperatures, and the line width is reasonably explained
by the nuclear dipole interaction between the protons in
the ethylene groups of ET molecules. A clear difference
appears below 30 K. In the nonirradiated crystal, the spectra
exhibit splitting at the Néel temperature (7 ~ 27 K [14])
owing to the generation of internal fields associated with
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FIG. 2 (color online). Disappearance of antiferromagnetic order
in the x-Cl crystal after 500-h x-ray irradiation. (a) The temper-
ature dependence of 'H NMR spectra of the 500-h x-ray-
irradiated and nonirradiated x-Cl crystals. Some of the data for
the latter are from our previous study [14]. (b) 'H NMR spectra of
the 500-h x-ray-irradiated x-ClI crystal normalized to the maxi-
mum values at temperatures between 340 mK and 100 K. feu is
the frequency at which the spectra have the maximum intensity.
(c) The temperature dependence of the square root of the second
moment of NMR spectra, (fsnq)'/2, for the 500-h x-ray-irradiated
crystal (blue circles) and the nonirradiated crystal (black trian-
gles); the latter is calculated from the spectra obtained in the
previous study [14]. The dashed line guides the eye. The slight
difference in the line shape and (f,,q)'/? above 30 K between the
two measurements is most likely due to a slight difference in the
field geometry against the crystal axes, to which the line shape is
sensitive.

the commensurate antiferromagnetic LRO. The temper-
ature dependence of the splitting is characterized by the
square root of the second moment of the NMR spectra in
Fig. 2(c). The irradiated crystal, however, shows neither
splitting nor broadening down to the lowest temperature
measured, 340 mK, which is approximately 2 orders of
magnitude lower than the Néel temperature of the non-
irradiated crystal (Fig. 2). As shown in Fig. 2(b), the line
shape is preserved over a wide temperature range, from
100 K down to 340 mK, providing unambiguous evidence
for the absence of the spontaneous generation of the
internal field. Thus, the results indicate that the antiferro-
magnetic LRO disappears after 500 h of x-ray irradiation,
yet we rule out spin glass states, in which internal fields are
generated.

The absence of the antiferromagnetic LRO and spin
freezing is also shown by the nuclear spin-lattice relaxation
rate 77!, which is proportional to the local dynamic
structure factor characterizing spin excitations. As observed
in Fig. 3, T7! of the x-ray-irradiated x-Cl exhibits neither a
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FIG. 3 (color online). Temperature dependence of the 'H
nuclear spin-lattice relaxation rate of k-Cl. The main panel shows
the 'H nuclear spin-lattice relaxation rate Tl‘1 of 500-h x-ray-
irradiated and nonirradiated «-Cl crystals. The inset shows
(T,T)™', where T is temperature. The light blue circles and
dark blue diamonds correspond to the data acquired with the
use of *He and “He cryostats [22], respectively. The black
triangles are from the previous study of a nonirradiated x-Cl
crystal [14].

critical increase towards magnetic LRO nor a cusp structure
due to spin freezing over the entire temperature range. This
finding is in contrast to 77! of the nonirradiated crystal,
which shows a divergent peak at T, =27 K. A steep
increase in 77! above approximately 200 K is common to
both samples and is due to the thermally activated vibration
of ethylene groups located at the edges of the ET mole-
cules, which outweighs the electronic contribution to 77
As the motional contribution to 77! is diminished expo-
nentially at lower temperatures, the observed relaxation,
i.e., below 160 K, is electronic in origin. From 160 to 40 K,
T7! in the irradiated sample is nearly temperature inde-
pendent, and the magnitude is enhanced by a factor of 3—4
by irradiation. At approximately 30 K, 77! appears to cross
over to a power law, 77! o 7%, for temperatures down to
approximately 1 K. This may suggest that the original Néel
temperature 7y = 27 K may still be a characteristic tem-
perature even in the irradiated crystal. This issue needs to
be addressed in the future by studying the development
of this anomaly in 77! as a function of irradiation time.
It is interesting that, below 1 K, Tl‘1 shows a moderate

humplike structure, reminiscent of the anomaly observed at
approximately 6 K in the QSL state in x-(ET),Cu,(CN);
[25]. It is clear that the hump structure does not originate
from a magnetic LRO or freezing, because there is no
appreciable change in the NMR spectra.

The disappearance of magnetic LRO and the absence of
a spin glass state in the irradiated crystal suggest a spin state
that is markedly different from that of the nonirradiated
system. The temperature dependence of the NMR spin-
lattice relaxation rate gives insight into the nature of the
spin state, because (T, 7T)~! is proportional to the imaginary
part of the g-integrated dynamic susceptibility [to be exact,
>.x"(q, @y)/wy, where g is the wave vector and @ is the
resonant frequency]. The temperature dependence of 77! or
(T,T)™" provides evidence for gapless excitations that
persist down to the lowest temperature and clearly rules
out the possibility of nonmagnetic spin-gapped states, such
as a valence bond crystal or a spin Peierls state. One
possible gapless state conceivable in the present situation is
an Anderson-type weakly localized metal. If such a metallic
state were realized, (7,7)~! would obey the Korringa law,
(T,T)™" « const [of the order of 1073 s~! K~! for this type
of organic compound, for example, x-(ET),Cu(NCS),
[26]]. As shown in the inset in Fig. 3, (7,7)~' monoton-
ically increases at least down to 0.4 K and approaches a
value of 10! s~! K~!, which appears inconsistent with the
metallic state. Thus, we conclude that the present system is
in a QSL state.

According to theoretical studies on the Hubbard or
Heisenberg models, disorder-induced gapless states with-
out LRO can emerge on a square lattice (¢ /t = 0) [27,28].
Recently, it has been reported that the bond-random § =
1/2 Heisenberg model on a triangular lattice with a
spatially random exchange coupling exhibits a random
singlet state with gapless QSL features [29]. Noticeably,
the 120° Néel order transforms into the random singlet
without the emergence of a spin glass state as bond
randomness is increased. Considering that a singlet is a
purely quantum state, the theoretical result suggests that
the randomness makes the quantum nature of spins
emerge. As mentioned above, the present system is near
the Mott metal-insulator transition [16,17]; thus, the
localized wave function, if subject to external perturba-
tions, tends to be extended. We speculate that the random
singlets in the strong correlation limit become mutually
entangled and long ranged to yield a gapless nature near
the metal-insulator transition, such as a “spin liquid Bose
glass” or a “diffusive spinon metal,” as proposed in recent
theoretical studies [3,4].

Next, we discuss a possible macroscopic inhomogeneity
induced by the x-ray irradiation. In general, the relaxation
curve of nuclear magnetization, log[l — M(#)/M,] vs t
[where ¢ is the time of recovery, M () is the magnetization
of the nuclear spin, and M, is a saturated value of M(7)],
falls in a straight line characterized by a single spin-lattice
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FIG. 4 (color online). '"H NMR relaxation curves. The recovery
of nuclear magnetization M(r) is plotted in the form of
log[l — M(t)/ M) vs t for several temperatures. All of the data,
including those not shown here, are well fitted by straight
lines: 1 — M(7)/M  exp(—t/T,) with T| nuclear spin-lattice
relaxation time.

relaxation time 7' when the system is homogeneous. By
contrast, in the inhomogeneous case, the relaxation curve
is bent because of the distribution of the spin-lattice
relaxation rate. As shown in Fig. 4, the relaxation curves
in the present experiments are all straight lines for every
temperature down to 340 mK. Although it is likely that the
so-called T, process between 'H nuclear dipoles averages
the inhomogeneity in 77! on the order of the length scale
of the lattice constant, a macroscopic inhomogeneity is
ruled out.

Finally, we compare the present results with the behav-
iors of the QSLs in nearly isotropic triangular lattices,
k-(ET),Cu,(CN); [15,25] and EtMe;Sb[Pd(dmit),], [30].
These two compounds host gapless or marginally gapless
QSLs [31,32]. For probing the spin states, 'H and *C 77!
are available for k-(ET),Cu,(CN);, whereas only *C 77!
is available for EtMe;Sb[Pd(dmit),],, where 'H T7! is
dominated by the methyl rotational motion from 10 to
100 K. Regardless of materials and observed nucleus, the
temperature dependence of 77! of the original QSLs shows
three characteristic behaviors: namely, 77! o 7% at high
temperatures [7 > 10 K for x-(ET),Cu,(CN);, T > 5 K
for EtMe; Sb[Pd(dmit),],], a plateau or a moderate increase
in 77! on cooling at intermediate temperatures of 1-5 K,
and gapless behaviors, 77! « 7% [a = 1-2 ('H), 1.5 (*C)
for k-(ET),Cu,(CN),, a = 2 for EtMe;Sb[Pd(dmit),},] at
low temperatures below 0.5 K accompanied by inhomo-
geneous nature in the spectra and the NMR relaxations. The
x-ray-irradiated x-Cl even shows the common 77! o« 792
behavior down to 1 K in a different temperature range from
the original QSL cases. Although T7! deviates from the
T3 dependence below 1 K, it is much more moderate than

in the two QSLs. The change of the behavior to different
power laws at lower temperatures in the two original QSLs
is accompanied by inhomogeneity, although in different
ways between the two. This inhomogeneity is missing in
the present case, making a crucial difference from the
original QSL cases. In general, disorder induces inhomo-
geneity in an electronic state; thus, the original QSLs
exhibiting inhomogeneity can be a disorder-driven QSL
suggested in Ref. [29]. However, this viewpoint contradicts
the fact that x-(ET),Cu,(CN); under pressure is a good
metal with a residual resistivity ratio of several hundreds and
exhibits superconductivity [18]; that is, the extent of dis-
orderink-(ET),Cu,(CN)j, if any, is less by far than required
for the disorder-driven QSL in Ref. [29] (distribution in
exchange interaction by several tens percent). Yet, the fact
that the present system with more disorder is more homo-
geneous is inconsistent with this picture. Alternatively, the
inhomogeneity in the original QSLs is associated with
anomalies in 77!, which can be manifestations of possible
instabilities in QSLs as suggested theoretically, e.g., the
instabilities of spinon Fermi surfaces [33,34] reminiscent
of the pairing instabilities in metals. It may be the case that
such instabilities are suppressed by disorder. As another
origin of the difference between the original QSL and the
present one, different degrees of frustration are conceiv-
able. QSLs emerge from degenerate or competing phases,
which should be different for different values of #'/¢. For
the present QSL (/t~0.5), a competing phase is a
collinear Néel state, while for x-(ET),Cu,(CN); and
EtMe;Sb[Pd(dmit),], with 7/t~ 1, a likely competing
phase is a 120° Néel state. Thus, the nature of the QSLs
can differ for different values of 7/r, and the possible
emergence of instabilities associated with the observed
inhomogeneity is expected to depend on #'/1.

We emphasize that the disappearance of antiferromag-
netic order in response to x-ray irradiation is accompanied
by a disorder effect on the charge degrees of freedom, as
shown by the resistivity behavior after x-ray irradiation.
The emerging spin state, however, exhibits no spin freez-
ing, no spin gap, and no critical slowing down toward
ordering. Instead, this state shows some properties common
to the original QSLs, in which deconfined mobile spinons
would be responsible for low-energy excitations [31,32].
This implies that mobile spinons would appear in the
present QSL in the irradiated x-Cl as well. Considering the
fact that the irradiated x-Cl is a disordered Mott insulator
close to the metal-insulator transition, the present QSL
might be consistent with a theoretical suggestion that, near
the Mott-Anderson transition, a QSL with mobile spinons
is hosted by a spinon-deconfined chargon-glass insulator
[3]. The present results provide the perspective that spinon-
deconfined states are ubiquitous in situations where inter-
actions and randomness induced by disorder both play vital
roles in electron localization, even if geometrical frustration
1S not prominent.
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