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Emergence of inhomogeneous moments from spin liquid in the triangular-lattice
Mott insulator x-(ET),Cu,(CN);
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The static and dynamic local spin susceptibility of the organic Mott insulator x-(ET),Cu,(CN);, a model
material of the spin-1/2 triangular lattice, is studied by 3¢ NMR spectroscopy from room temperature down
to 20 mK. We observe an anomalous field-dependent spectral broadening with the continuous and bipolar shift
distribution, appearing without the critical spin fluctuations. It is attributable to spatially nonuniform magne-
tizations induced in the spin liquid under magnetic fields. The amplitude of the magnetization levels off below
1 K, while the low-lying spin fluctuations survive toward the ground state, as indicated by the temperature

profile of the relaxation rates.
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Intensive research for exotic and unconventional super-
conductivity in layered cuprates and organic conductors has
fertilized the physics of quantum antiferromagnets, which
may be a key to elucidate the mechanism of the electron
pairing in the neighboring superconducting state and to find
novel quantum states. Of great interest is the realization of
quantum spin liquids in two dimensions without any symme-
try breaking, since the proposal of the spin-1/2 triangular-
lattice antiferromagnet (TLA).! The succeeding theoretical
studies of TLA, however, prefer a long-range spiral order at
least in the Heisenberg model with nearest-neighbor ex-
change interactions,” while the quantum disordered states
with broken symmetry in translation,® chirality,* and
rotation® have been proposed. The model including the
higher-order exchanges®’ or the Hubbard model® has pre-
dicted a quantum disordered ground state. In contrast to the
significant theoretical progress, a few model materials of the
spin-1/2 TLA have been discovered to exhibit quantum dis-
ordered states only recently, including the ’He monolayer,’
Cs,CuCl, (Ref. 10), and organic conductors.'-1?

The organic Mott insulator k-(ET),Cu,(CN); is a prom-
ising system of the triangular-lattice spin liquid,!' where ET
denotes the organic molecule, bis(ethylenedithio)tetrathi-
afulvalene. The quasi-two-dimensional crystal structure con-
sists of a conducting ET layer and an insulating Cu,(CN);
layer. In the conduction layer, strongly dimerized ET mol-
ecules are arranged in a checkerboard pattern, and the trans-
fer integrals between the dimers form a triangular lattice with
a half-filled band. In fact, the magnetic susceptibility be-
haves as the TLA Heisenberg model with an exchange inter-
action energy J of 250 K.!!* Nevertheless, the long-range
magnetic order was not observed down to 32 mK (~107%/)
in the '"H NMR measurements.!! Moreover, the residual spin
susceptibility and the power-law temperature dependence in
the spin-lattice relaxation rate at low temperatures imply the
low-energy spin excitations. Under a relatively low pressure,
this material exhibits the Mott transition and the supercon-
ductivity without passing through the magnetically ordered
state.'>!> The positive slope of the Mott transition phase
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boundary in the pressure-temperature phase diagram shows
the large residual spin entropy in the insulating state.”!
These results suggest that the novel quantum liquid with spin
entropy not less than in Fermi liquid is realized near the Mott
transition due to the significant spin frustration and higher-
order or multiparticle exchange,” and attracts great theoreti-
cal interest.'®!” However, the nature of the spin liquid re-
mains to be revealed experimentally, since the previously
performed 'H NMR measurements could not resolve the lo-
cal spin susceptibility due to the small electron density at the
'H sites.

In this paper, we report the '°C NMR measurements on
k-(ET),Cu,(CN);, which have revealed the unusual inhomo-
geneous staggered fields emerging at low temperatures under
external fields without an indication of the ordinary long-
range order. The inhomogeneous field develops with an in-
creasing external field, but saturates to a small value of mo-
ment at low temperatures under a fixed field, while the slow
spin fluctuations are persistent. The results show the partial
breaking of the spin liquid by the external field and/or a
possible local disorder.

The '*C NMR experiments were performed for a single
crystal where '°C was enriched for the doubly bonded car-
bon sites at the center of ET. The hyperfine coupling constant
at these sites is several tens times larger than at the 'H sites.
The NMR spectra were obtained by Fourier transformation
(FT) of spin-echo signals refocused after the pulse sequence
of 7/2-7-m, where 7 was the rf pulse interval. The spin-
lattice relaxation time 7'; was obtained from the recovery of
the integrated spin-echo intensity / after the saturation. We
evaluated the spin-echo decay rate 1/7, from the width of
the FT spectrum of I(27), which oscillates due to the dipolar
coupling between the neighboring '*C spins in the ET mol-
ecule. The experiments below 2 K were performed by utiliz-
ing a top-loading type of dilution refrigerator, where the
sample was soaked into a liquid *He-*He mixture to avoid
the rf heating.

The crystal structure of «-(ET),Cu,(CN); belongs to
P2,/C in which all ET’s are crystallographically equivalent.
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FIG. 1. 3C NMR spectra of «-(ET),Cu,(CN); at Hy = 8 T
applied perpendicular to the conducting plane.

When the magnetic field is applied perpendicular to the ET
layer (parallel to the a” axis), all ET’s are also magnetically
equivalent. In fact, the observed four resonance lines, shown
in Fig. 1, at high temperatures are assigned to two neighbor-
ing and inequivalent '°C sites with the nuclear dipolar cou-
pling in one molecule. The two sets of doublets called the
inner and outer "°C lines (see Fig. 1) have hyperfine coupling
constants A, of —=0.07 and 0.21 T/ug dimer evaluated from
the coefficient of the linearity between the Knight-shift K
and the spin susceptibility x, in Ref. 11. On decreasing tem-
perature, the spectra are gradually broadened. The similar
behavior was also observed in the aligned polycrystal mea-
surement of the singly '*C-enriched sample.'® The broaden-
ing is attributed to the hyperfine field of electron spins, since
the outer line with the larger A, is broader than the inner one.
Below 10 K, the inner and outer lines are merged due to a
considerable decrease in the Knight shift. In fact, it coincides
with a decrease in ). Nevertheless, the line broadening is
still gradually developed, and the tail edges reach £0.15% in
shift from the line center at 1.75 K, which corresponds to a
maximum internal field of 12 mT. At further low tempera-
tures, however, the width and shape do not change signifi-
cantly down to 20 mK. The profile of the line broadening is
quite unusual and distinct from that of the Néel order in
k-(ET),Cu[N(CN),]Cl, which shows a clear line splitting by
a huge internal field of 70 mT corresponding to the magnetic
moment of a 0.45-0.5 ug/dimer."

The spectral broadening generally indicates that the
nuclear spins experience a static inhomogeneous field and/or
a slowly fluctuating field from electron spins. The latter is
probed by the spin-echo decay rate 1/7,, which characterizes
field fluctuations causing irreversible dephasing of the
nuclear spin polarization. Figure 2(a) shows 1/T, and the
spectral width v, defined by the full width at half maximum
of the outer '*C lines in the four-Lorentzian fitting of the
spectra. The v, grows far larger than 1/7, particularly at
low temperatures, indicating that the spectral broadening is
ascribed primarily to the inhomogeneous broadening. How-
ever, it is noted that 1/7, does not show a peak to be ob-
served in the case of a magnetic transition, but exhibits a
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FIG. 2. (a) Temperature dependence of the NMR linewidth v/,
and 1/T, measured at 8 T. (b) 1/7; for the inner (triangle), outer
(circle) and total '3C cites (diamond). The inset shows the exponent
« in the stretched exponential fit.

small increase, followed by a saturation below 0.1 K. It sug-
gests that the slow spin fluctuations persist toward 7=0.

The spin-lattice relaxation rate, 1/T), [<TZ,x"(q)] probes
the low-energy spin excitation at the NMR frequency, where
X(q) is the imaginary part of the dynamic susceptibility at a
wave vector q. We could evaluate 1/7, from the single-
exponential recoveries for the inner and outer lines sepa-
rately, or a sum of the two exponentials for the whole spec-
trum above 6 K. As shown in Fig. 2(b), 1/T} for the two *C
sites monotonously decreases with temperature, roughly fol-
lowing T"? down to 10 K. Since the uniform component
x(q=0) only weakly depends on temperature above 10 K,!!
the temperature dependence of 1/T,T (~T'?) reflects the
development of q#0 components in x’(q). However, the
growth of x”(q) is unusually smooth compared with the
square-lattice antiferromagnet La,CuO, (Ref. 20) and the
one-dimensional (1D) antiferromagnet Sr,CuO; (Ref. 21) in
which 1/T,T develops following 1/T on cooling as expected
in the quantum critical regime.?> The distinct feature in the
present case is considered as the consequence of the spin
frustration that suppresses the growth of the long-range spin
correlation at a finite q.

Below 10 K, the decrease in 1/7; gets steep, coinciding
with a rapid decrease in ), (Ref. 11). This is a possible
signature of the further growing of spin correlations toward
the quantum disordered ground state or a precursor of the
valence-bond solid formation. Just after that, the nuclear
magnetization recovery becomes nonexponential below 5 K,
but is well described by the stretched exponential, 1
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FIG. 3. (Color online) The '*C NMR spectra of k-
(ET),Cu,(CN);5 under the external field of 8 T applied at the magic
angle. The red line is the model simulation of the spectrum. As for
the model, see the text.

—M(t)/ M()=exp[—(¢/T;)*], that would be applied to
impurity-doped spin systems. The exponent a would be
unity for the uniform spin system, but would decrease with
increasing inhomogeneity in 7). As seen in the inset of Fig.
2(b), « deviates from unity even above 6 K. This is because
the magnetization M(¢) is evaluated as the overall integral of
the outer and inner lines with the different 7', values. What is
remarkable is a further decrease from 4 K, manifesting the
emergence of inhomogeneity in this temperature region,
where the spectral width is enhanced. At the same time, 1/7;
becomes nearly constant and then decreases again steeply
well below 1 K, followed by a power decay (~7°?) at the
ultralow temperatures. Noticeably, the small « despite the
long 7, below 0.1 K represents that the inhomogeneity
spreads much larger than molecular scale, otherwise o would
again approach unity, since the T, process averages out the
different T,’s as seen in the charge-ordered state.”’

To explore the nature of the inhomogeneity, the external
field was applied in a direction that makes all A_’s positive
and diminishes the nuclear dipole splitting. Figure 3 displays
the spectral profile and the K-y, plots of the three lines
coming from the four inequivalent 1>C sites in two ET’s with
different configurations against the external field; the two
inner '°C lines are overlapped on the left line with the
doubled intensity. The K-y, plots show that all the three
sites have positive A, and the Knight-shift origins (x,=0) are
around 50(=50) ppm. These lines are broadened and merged
into a single line on cooling due to the y, decrease. Remark-
ably, the tails of the line are nearly symmetrical to the line
center (at ~80 ppm) below 3.9 K. The bipolar broadening
points to the emergence of both the positive and the negative
spin polarizations, namely, a staggered inhomogeneous field,
instead of the paramagnetic inhomogeneity giving only a
positive shift distribution. The value of the magnetization is
much smaller (less than 0.1ug) than the local moment in
long-range order. The Lorentzian-like spectral shape with
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FIG. 4. External field dependence of the linewidth at various
temperatures (Hylla").

long tails suggests that the larger magnetization is distributed
in a far smaller volume fraction and the majority of electron
spins carry almost uniform and small susceptibility. The
peak position of the spectra seems to have no resolved
Knight shift below 4 K but the shape is slightly asymmetric,
implying that a small but finite spin susceptibility (~2
X 10™* emu/mol) has remained at least at 1.6 K.

The magnetic-field dependence of the linewidth is dis-
played in Fig. 4. The v, increases linearly with H, up to
8 T. The extrapolation of the v, value to Hy=0 tends to
about 5 kHz, which is nearly equal to the nuclear dipole field
and indicates the vanishing internal field. This agrees with
the SR measurements at Hy,=0.>* These results show that
the inhomogeneous magnetization appears under the external
magnetic field, in contrast to the field-independent moment
in the typical magnets.

The spatially inhomogeneous magnetization at low tem-
perature is, thus, quite anomalous in the sense that (i) the
moments appear without a critical slowing down of the spin
fluctuations, (ii) the magnetization grows linearly with the
external field, (iii) the value of the moments saturates to a
much smaller value than that of the classical value at low
temperatures, and (iv) the slow spin fluctuations persist to-
ward 7=0. A conceivable origin of the inhomogeneous field
is a spin-glass state sometimes encountered in frustrated spin
systems such as SrCrgGa,0,9.> In x-(ET),Cu,(CN);, how-
ever, the hysteresis of the magnetization against magnetic
field and temperature, commonly seen in spin glass, was not
observed down to 1.9 K above 0.3 T.!!

An alternative and likely origin that gives the above fea-
tures is the magnetization nucleated around locally
symmetry-broken sites, such as impurites or grain bound-
aries, as seen in 1D quantum antiferromagnets.’® In this case,
the spatial distribution and the temperature dependence of
the induced moment reflect the correlation function of the
underlying spin liquid. For an attempt to characterize the
spatial variation of the moments, we made a simple model
simulation for the NMR line shape f(w) by a sum of the
signals g(w) with the internal fields from the staggered mo-
ments S; on the ith concentric circles: f(w)=22miglw
—(wo+A.gugpS;)]. We assumed A,~0.2 T/ g, the concen-
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tration of the moment core of 0.01%, the Lorentian g(w)
with the linewidth of 90 ppm and an exponential decay S;
=(=1)iS, exp(=i/ &) with the correlation length £ Then we
obtained the successful reproduction of the line shape by
adopting Sy=0.05 wpp/electron and £=10 lattices, as shown
in Fig. 3. The invariant line shape down to 20 mK suggests
that the finite spin correlation is maintained in the underlying
spin liquid, which will be compatible with the fully gapped
state such as the chiral and dimer orders, or the nodally
gapped one like the d-wave resonating valence bond (RVB).
The low-temperature saturation of 1/7, is consistent with the
finite spin correlation in the 7=0 limit. It is noted, however,
that 1/7, reflects x(q) perturbed by the symmetry-breaking
sites, while the spatial moment distribution reflects y(q) be-
fore the perturbation. This explains the different temperature
dependences of the spectral width and 1/T75. It is not ruled
out that the fully gapless nature underlies in the spin liquid as
suggested theoretically,”!® because the finite correlation of
the moments can be deduced by the spin frustration and the
screening effect analogous to the Friedel (or Ruderman-
Kittel-Yoshida) oscillation in metals, even when the RVB
spreads in a long range.

A recent study of the Heisenberg model with the ring-
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exchange interaction on the triangular lattice predicted that
the inhomogeneous staggered magnetization appears even in
a pure spin liquid with a spinon Fermi surface when the
external field couples to the spin chirality through the orbital
motion.?” The detailed angular-dependent experiments
against the magnetic field are needed to confirm this pro-
posal.

In conclusion, 13C NMR detected the anomalous field-
induced inhomogeneous moments emerging on the
triangular-lattice antiferromagnet «-(ET),Cu,(CN); below
4 K. The spin correlation of the inhomogeneous moments
was likely saturated at low temperatures, while the slow spin
fluctuations persisted toward 7=0.
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