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The nature of the magnetic ground state of highly frustrated systems remains puzzling to this day. Here,
we have performed multifrequency electron spin resonance (ESR) measurements on a putative quantum spin
liquid compound κ-(BEDT-TTF)2Ag2(CN)3, which is a rare example of S = 1/2 spins on a triangular lattice.
At high temperatures, the spin susceptibility exhibits a weak temperature dependence which can be described
by the Heisenberg model with an antiferromagnetic exchange interaction of strength J/kB ≈ 175 K. At low
temperatures, however, the rapid drop of the static spin susceptibility, together with monotonic decrease of the
ESR linewidth, indicates that strong singlet correlations develop below a pairing energy scale T ∗ accompanied by
a spin gap. On the other hand, a weak Curie-like spin susceptibility and the angular dependence of the linewidth
suggest additional contributions from impurity spins. We propose the gradual formation of spin singlets with an
inhomogeneous spin gap at low temperatures.

DOI: 10.1103/PhysRevB.111.L220404

The so-called quantum spin liquid state (QSL) is an il-
lusive magnetic phase [1,2] and its fundamental properties
are extensively discussed in condensed matter physics at
present. Initiated by the proposal of a resonating valence-
bond state and its subsequent connection to high-temperature
superconductivity [3,4], different classes of materials have
been scrutinized in search of QSL states, starting from the
organic Mott insulators to various inorganic materials such as
Yb3+ based compounds [5], Ba3CoSb2O9 [6,7], and Cu-based
kagome-lattice systems such as Herbersmithite and related
compounds [8]. In this context, the ground state of the or-
ganic compounds κ-(BEDT-TTF)2Cu2(CN)3 (abbreviated as
κ-CuCN in the following) and β ′-EtMe3Sb[Pd(dmit)2]2 were
studied in depth over the past decade [9–14]. In the case of
κ-CuCN, below a characteristic temperature T ∗ ≈ 6 K, signif-
icant lattice and sound-velocity anomalies have been observed
[15,16]. The spin susceptibility exhibits a rapid decay, which
unambiguously indicates the opening of an energy gap in the
spin excitation spectrum below T ∗ [17–19]. The low-entropy
nature of the ground state has been further corroborated by
the negative slope of the insulator-metal boundary in the T -p
phase diagram and negative magnetoresistance around the
Mott transition [20–22]. Despite these compelling experimen-
tal evidences that κ-CuCN forms a valence-bond solid ground
state below T ∗, the debate is not completely deceased [23–26].

The present study is devoted to κ-(BEDT-TTF)2Ag2(CN)3

(called κ-AgCN), a sibling compound to κ-CuCN. These
quasi-two-dimensional organic charge-transfer salts possess
a rather similar crystal structure displayed in Fig. 1. Layers
of charge-donating organic BEDT-TTF [bis(ethylenedithio)-
tetrathiafulvalene] molecules alternate with inorganic anion
layers. The (BEDT-TTF)2 dimers form triangles with a high
degree of geometrical frustration. For κ-CuCN the ratio of
the transfer integrals in the bc plane t ′/t ≈ 0.83, whereas
in κ-AgCN is even closer to unity, t ′/t ≈ 0.97 [13,27–29].
Since electron-electron interactions are more pronounced in
κ-AgCN compared to the Cu analog [20], the title compound
constitutes a rare model of a strongly correlated Mott insulator
with S = 1

2 spins arranged on an almost perfect triangular
lattice. We have investigated the magnetic state of κ-AgCN by
using broadband electron spin resonance spectroscopy down
to T = 0.56 K. In addition, the electrochemical stability of
silver ions prevents the oxidation of nonmagnetic Ag(I) to
paramagnetic Ag(II) [30]; hence κ-AgCN contains one po-
tential source of disorder less than the κ-CuCN, where Cu2+

impurity ions become a serious nuisance [17–19]. In the
context of QSL, understanding the ground state of κ-AgCN
provides a crucial piece of information.

Unfortunately, the experimental basis for κ-AgCN is not
as broad as it is for κ-CuCN [14,19]. Thermal expansion
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FIG. 1. Crystal structure of κ-(BEDT − TTF)2Ag2(CN)3.
(a) The organic (BEDT-TTF) layers and inorganic anion sheets
alternate along the a axis with the BEDT-TTF molecules tilted in
the c direction. (b) In the bc plane, the (BEDT-TTF)2 dimers form
an almost perfect triangular lattice with the nearest-neighbor and
next-nearest-neighbor transfer integrals t and t ′, while td denotes the
intradimer coupling.

measurements do not reveal any sharp lattice anomaly down
to T = 1.5 K; albeit there is a broad extremum of the ex-
pansion coefficient around 12 K with anomalous contraction
up to 18–20 K [29]. On the other hand, results of nuclear
magnetic resonance (NMR) and specific heat were interpreted
in terms of a gapless magnetic ground state [13]. Recently
the emergence of a low-entropy state has been inferred below
around 11 K based on ac-transport measurements [31]. Here,
we present electron spin resonance (ESR) investigations of κ-
AgCN single crystals. This method is known to be crucial for
any deeper understanding of the magnetic ground state [18].
We show that at high temperatures the magnetic response of
κ-AgCN can be approximated by the susceptibility expected
from a two-dimensional spin- 1

2 Heisenberg antiferromagnet
with an exchange interaction J/kB ≈ 175 K on a triangular
lattice; most important, the rapid drop in spin susceptibility
at low temperatures suggests a gapped magnetic ground state.

The single crystals of κ-AgCN were grown by
electrochemical-oxidation method [13] in different labo-
ratories. For sample characterization crystals were checked
by resistivity and magnetic susceptibility measurements using
standard methods. The crystals were oriented according to
morphology supplemented by infrared optical reflectivity
[18,20,32,33]. Our ESR spectra were collected in a Bruker
X-band spectrometer (ν = 9.47 GHz) equipped with a
continuous flow He-cryostat working down to T = 1.8 K
when pumped. In addition, we have also employed a Q-band
spectrometer (Bruker Elexsys 500) at 34 GHz operating
down to 4 K. As a complementary method, superconducting
coplanar resonators were used to obtain the ESR spectra
at ν = 11.5 and 18.7 GHz (K band); for more details see
the Supplemental Material [34] (see also Refs. [23–26]
therein).

At room temperature, while for Hdc ‖ a∗ the ESR absorp-
tion can be modeled by a single Lorentzian line shape, along
the b and c directions the ESR line shape is Dysonian in
nature (Fig. S2) [34]. The conductivity within the bc plane
is considerable at room temperature, although κ-AgCN is a
correlated insulator far away from the Mott metal-insulator
boundary. This is in accord with dc, ac, and optical con-
ductivity measurements [13,20,31,33]. For each temperature
the ESR spectra are analyzed to obtain the center frequency

FIG. 2. Temperature dependence of (a) g factor and (b) linewidth
for Hdc parallel to the a∗, b, and c axes, as indicated, recorded in the
X band. The magenta down-pointing triangles in (b) correspond to
data taken at 34 GHz (Q band) along the c axis. (c) ESR intensity
of κ-(BEDT-TTF)2Ag2(CN)3 as a function of temperature. Upon
cooling a maximum occurs around 50 K before susceptibility (χ )
drops to less than half of its value. The red solid line corresponds to
calculations of a two-dimensional S = 1

2 Heisenberg antiferromag-
net on a triangular lattice with a coupling of J/kB = 175 K. Below
T = 4 K the spin susceptibility exhibits a small rise, as magnified in
the inset. Besides the data (open circles) and the Heisenberg model
(red line), we show a fit (blue line) of the low-T susceptibility by a
Curie contribution (purple line) and resultant spin susceptibility of a
gapped system (green line).

hν = gμBHdc, the linewidth �H , and the intensity of the
signal IESR. In Fig. 2(a) g(T ) is plotted for each orientation a∗,
b, and c; no considerable temperature dependence is observed.
The linewidth �H , on the other hand, significantly varies with
temperature, as presented in panel (b). As the temperature
decreases, the lines become broader and �H (T ) reaches a
maximum around T ≈ 50 K. Subsequently, �H (T ) starts to
decrease rapidly down to the lowest measured temperature of
T = 1.8 K. We also show the linewidth obtained from Q-band
data along the c axis, which matches the values derived from
X-band data.

In Fig. 2(c) the temperature dependence of the spin sus-
ceptibility χs(T ) ∝ IESR normalized to its room-temperature
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value is plotted. As the temperature is reduced, the
susceptibility increases slightly and exhibits a maximum
around T ≈ 50 K. At lower temperatures, it starts to decrease
rapidly but does not vanish. Below approximately 4 K, the
spin susceptibility rises slightly resembling a Curie tail. Over-
all, the temperature dependence of χs(T ) does not reveal
any signature of a phase transition to a long-range magneti-
cally ordered state. The solid red line in panel (c) represents
the theoretical curve for a two-dimensional S = 1

2 Heisen-
berg antiferromagnet on a triangular lattice (T-AFM) with
nearest-neighbor exchange interaction J/kB = 175 K [35]. In
this model, which is based on the high-temperature series
expansion method, the magnetic susceptibility exhibits a max-
imum around 0.35J that matches well with the experiment.
For T < 30 K, however, the spin susceptibility of κ-AgCN
deviates from the model. In this context, comparison of the
experimental susceptibility with other theoretical models such
as the Lancoz method, the Monte Carlo method, etc., may also
be useful.

Nonetheless, χs(T ) shows an upturn below T ≈ 4 K,
which is quite dependent on the sample quality [34]. Such an
enhancement is frequently observed in QSL systems at low
temperatures [17,18]. Commonly this behavior is assigned to
a Curie-type low-temperature T −1 response of paramagnetic
impurity spins. However, there are other scenarios to be con-
sidered here, too [36]. In a system with random disorder, one
possible ground state is the random singlet phase of a spin
liquid, where the susceptibility shows a power law χs(T ) ∝
T −γ (γ < 1). Such a phase is observed in systems with a
considerable amount of disorder like doped Si, YbMgGaO4,
1T -TaS2, etc. [37–40]. The emergence of an inhomogeneous
energy gap was also shown as a possible scenario in materials,
where spin singlets gradually appear with a spatially varying
energy gap [41].

Therefore, to better understand the rapid drop of the spin
susceptibility at low T , we model χs(T ) with a combination
of two contributions: a Curie term and an exponential decay
with a fixed energy gap �. The fit is shown in the inset of
Fig. 2(c), which matches the experimental only approximately
assuming � ≈ 10 K. In addition, comparing IESR with the
magnetic susceptibility obtained by standard SQUID magne-
tometry, we estimate an impurity concentration of N ≈ 0.002
per unit cell, which matches quite well with the previous
estimation [13,42]. We found considerable sample-to-sample
variation of the Curie contribution (Fig. S6 in [34]). Inter-
estingly, the first derivative of the susceptibility dχs(T )/dT
indeed shows a broad feature around T ≈ 12 K (Fig. S4 in
[34]), indicative of a distribution of the energy gap with an
average of � ≈ 10 K. Interestingly, this temperature scale
agrees with the temperature range where the 13C NMR spectra
starts broadening, stretched-exponential relaxation sets in, and
T −1

1 steeply reduces towards a local minimum, below which a
field-dependent maximum arises indicative of impurity spins
[13,42].

Note that the linewidth also reduces rapidly at low tempera-
tures. A similar tendency is often observed in one-dimensional
spin-chain systems exhibiting a spin gap [43–45], where the
decrease in �H (T ) points towards the formation of spin sin-
glets at lower temperatures. As a result, the relaxation time
of the remaining orphan spins increases, yielding a reduc-

tion of the ESR linewidth. For a complete description we
have first to consider the magnitude of the �H at elevated
temperature, which provides additional information about the
magnetic state of κ-AgCN. For this compound, the electrical
conductivity strongly decreases on lowering the temperatures;
thus we can neglect electron-phonon scattering and consider
only sources of inhomogeneous broadening due to anisotropic
interactions in the presence of strong isotropic exchange
following the theory of exchange narrowing by Kubo and
Tomita [46]. In the case of spin S = 1/2, dipole-dipole in-
teraction, symmetric anisotropic exchange, and antisymmetric
Dzyaloshinsky-Moriya (DM) interactions are the dominant
sources of broadening [47]. In the present compound, only the
DM interaction yields a significant linewidth with negligible
contributions due to the other two types of interactions [34].
Indeed the existence of the DM interaction and its proper
magnitude in κ salts has been discussed earlier [48,49]. Based
on the identification of the DM interaction as a dominant
source of line broadening at temperatures above the spin
gap formation, the strong reduction of the linewidth at low
temperatures clearly results from spin dimerization and cor-
responding singlet formation [50]. For the residual spins the
DM interaction and symmetric anisotropic exchange practi-
cally vanish because of the lack of direct neighbors and the
contribution of dipolar interactions reduces by 1/r6, where r
denotes their mutual distance. Although the direct isotropic
exchange does not connect the residual spins, fluctuations of
the valence bonds work as a narrowing source and hence the
line shape remains Lorentzian.

For more detailed discussion at low temperatures, Fig. 3
shows the low-temperature results obtained on κ-AgCN along
the b axis at ν = 9.47 and 18.7 GHz. In both cases the ESR
intensity and absorption reveal a single Lorentzian line shape.
The K-band linewidth (FWHM) increases by more than a
factor of 2 when the temperature increases from 0.56 to 4 K.
This is consistent with the behavior of �H (T ) observed in
the X band and Q band at high temperatures, as displayed
in Fig. 2(b). The decrease in the linewidth discards the pos-
sibility of any long-range antiferromagnetic order down to
T = 0.56 K because this would lead to divergences of �H
and FWHM. Also the g factor remains unchanged.

Although the low-temperature ESR absorption at X and
K band can be modeled assuming a single Lorentzian line,
the angular variation of the g factor and �H displayed
in Figs. 3(e) and 3(f) provides a crucial information. The
linewidth at T = 2 K exhibits asymmetric angular variation
along b and c axes and this asymmetry is highly sample de-
pendent [34]. This gives a hint that there is indeed additional
ESR absorption at low temperatures with similar anisotropy
as indicated by the angular variation of the g factor. Here,
we recall the broadened characteristic temperature of T ∗ =
10−20 K, which is quite different from the sister compound
κ-CuCN where the exponential decay is relatively rapid. We
believe that the ground state of κ-AgCN consists of finite-
size domains of valence bond solids with inhomogeneous
energy gaps. This explains the approximate match between
experimental susceptibility and model curve assuming only a
single energy gap in Fig. 2(c). In such a case, the additional
ESR absorption and the Curie-like contribution may originate
from the orphan spins lying as point or line defects across the
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FIG. 3. Low-temperature ESR investigations on
κ-(BEDT-TTF)2Ag2(CN)3. (a) X-band data and (b) integrated
ESR spectra along the b axis below T = 4 K. (c) K-band
absorption measured along b-axis by a parallel-plane resonator at
ν = 18.7 GHz down to T = 0.56 K. (d) Temperature dependence
of the corresponding full width at half maximum (FWHM). (e),(f)
Angular variation of the g factor and linewidth �H recorded in the
X band at T = 2 K.

domain wall. Defects may have strong influence on the ground
state of the frustrated system, which is discussed theoretically.
The random singlet state has been proposed to be the most
possible ground state, however, only above a certain critical
concentration of intrinsic or extrinsic disorder [51]. Also, the
random singlet state is gapless and does not have any char-
acteristic energy scale other than the exchange interaction J .
In our case, the defect concentration is small. In the presence
of weak randomness/disorder, the long-range valence bond
solid phase (VBS) state spontaneously breaks up into finite
size domains of different VBS patterns [38,52]. In such a case,

orphan spins form in the form of point defects and near the
domain walls.

At this point, we emphasize the angular dependence of
the g-factor anisotropy in κ-CuCN and κ-AgCN around T �

shown in Fig. S10 [34]. We see that the g factor is reversed in
κ-CuCN around T ∗, as seen in Fig. S10(c) in [34], which is
absent in κ-AgCN. A reversal of the g factor has also been ob-
served for the spin liquid candidates Herbertsmithite [53] and
α-RuCl3 monolayers [54], which are proposed to be driven
by lattice distortion. One possible explanation may be the less
pronounced lattice effects in κ-AgCN compared to κ-CuCN
[15,19,24]; albeit also for κ-AgCN there is a broad extremum
in thermal expansion coefficient around 12 K [29] coinci-
dent with low-entropy signatures below this temperature in
pressure-dependent dielectric measurements [31]. Overall, the
different situation in κ-AgCN compared to κ-CuCN may be
the result of distinct lattice properties.

On the theoretical side, although many models yield the
presence of a quantum-spin-liquid state, the precise nature of
the ground state, whether it is gapped or not, remains incon-
clusive so far [55–61]. Indeed, S = 1

2 J1-J2 Heisenberg models
on the triangular lattice predict gapped spin liquid states in the
presence of weak next-nearest-neighbor exchange [62–64]. In
this respect, unlike κ-CuCN the strongly correlated compound
κ-AgCN without significant lattice anomaly can serve as a
model system.

In conclusion, we have investigated the magnetic state
of the spin liquid candidate κ-AgCN down to T = 0.56 K
using ESR spectroscopy at different frequencies. Although
the system with S = 1

2 on a triangular lattice behaves as a
two-dimensional Heisenberg antiferromagnet at high temper-
atures, the rapid drop of magnetic susceptibility and a weak
Curie tail at low T can be explained by assuming a gapped
ground state with a small amount of impurity spins. An en-
ergy gap of � ≈ 10 K in magnetic susceptibility along with
broad features observed in complementary experiments is
taken as an indication of a relevant characteristic temperature
scale T ∗ ≈ 10−20 K. The difference between the two prime
spin-liquid candidates κ-CuCN and κ-AgCN might lie in the
distinct involvement of the lattice degrees of freedom as well
as other types and quantity of impurities.
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