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Pressure-induced superconductivity and Mott transition in spin-liquid «-(ET),Cu,(CN);
probed by 3C NMR
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Pressure-induced superconductivity and Mott transition in the spin-liquid Mott insulator k-(ET),Cu,(CN);
have been investigated by 3C NMR measurements. The Mott transition from the spin liquid to the Fermi
liquid is observed as a sudden decrease in 1/7T, where T, is the nuclear-spin-lattice relaxation time.
Pseudogap behavior is absent in the Fermi-liquid state, unlike in the metallic phase adjacent to the antiferro-
magnetic Mott insulator. In the superconducting state, 1/7; have a cubic temperature dependence with no
Hebel-Slichter peak, which is consistent with non-s-wave superconducting pairing.
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I. INTRODUCTION

Superconductivity in correlated electron systems usually
appears near the long-range magnetic order, as observed in
the copper oxide superconductors' and heavy-fermion
systems.? On the other hand, the superconductivity emerging
from a quantum spin liquid has been sought since the pro-
posal of a resonating valence bond state by Anderson.®> The
candidates have been geometrically frustrated systems, in-
cluding triangular lattices, in which the superconducting
pairing is theoretically nontrivial because of the depressed
magnetic correlation and the absence of the electron scatter-
ing at preferential wave vectors on the circular Fermi
surface.*

One model material is the layered organic superconductor
k-(ET),X, which has a half-filled triangular lattice. In the
distorted triangular lattice, the ground state of the Mott insu-
lator has antiferromagnetic long-range order, as observed in
k-(d8-ET),Cu[N(CN),]Br [d8 denotes the full deuteration of
ET] and «-(ET),Cu[N(CN),]Cl. These materials have a Mott
transition at low temperatures and a superconducting transi-
tion at 7.~ 13 K under pressure.’ For the ambient-pressure
superconductor x-(ET),Cu[N(CN),]Br, the superconducting
order parameter is likely a spin-singlet d wave or an aniso-
tropic s wave, according to the majority of experiments.®
Near the Mott boundary, the normal metallic state exhibits
the pseudogapped behavior in the '*C nuclear-spin-lattice re-
laxation rate 1/T;, demonstrating a possible precursor of
superconductivity.” In clear contrast, another Mott insulator
k-(ET),Cu,(CN);, which has a more triangular lattice, ex-
hibits no long-range magnetic order down to 20 mK despite
an antiferromagnetic exchange interaction J~250 K.%° The
power-law temperature (7) dependence of 1/7T; at low tem-
peratures is indicative of low-lying spin excitations.” A finite
residual density of states has been observed by a specific-
heat measurement,'® whereas thermal-conductivity measure-
ments support the opening of a spin gap.'' The presence or
absence of a spinon Fermi surface is currently under active
debate.'>1¢

Besides the nature of the spin-liquid state, the supercon-
ducting and metallic states emerging across the Mott transi-
tion are not well understood, since the only known example
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is k-(ET),Cu,(CN);s. In a pressure-temperature phase dia-
gram based on resistivity and 'H NMR studies, a supercon-
ducting phase (T,~4 K) abuts the spin-liquid phase.'” The
slope of the first-order Mott transition line in the phase dia-
gram remains positive down to low temperatures,'” in con-
trast to the behavior of k-(ET),Cu[N(CN),]CL'® This im-
plies a larger spin entropy in the spin-liquid state than in the
neighboring Fermi liquid. The superconducting pairing sym-
metry in «-(ET),Cu,(CN); has been extensively theoretically
investigated.'*3° The suppression of spin fluctuations dimin-
ishes superconductivity in a regular triangular lattice but the
dyo_ 2 pairing becomes favorable when the lattice is
distorted.'~?2 Even if a superconducting state appears, d,2_2,
de_p+id,, do_p+is, or p-wave pairings are proposed for
the triangular lattice.”>">® An exotic superconducting state
due to Amperean or triplet pairing may emerge from the spin
liquid.?*3°

The previous '"H NMR study under pressure could not
detect a superconducting state because the random orienta-
tion of the polycrystalline sample suppressed the upper criti-
cal field H,,."7 Even in a superconducting state, "H NMR is
usually susceptible to vortex dynamics in layered
superconductors.’! In this paper, we report 3C NMR mea-
surements of a °C-enriched single crystal of
#-(ET),Cu,(CN); under hydrostatic pressure. A large hyper-
fine coupling at '*C sites and a precise alignment of the
magnetic field allowed us to observe quasiparticle excitations
of the superconducting state. We observed the 7° behavior of
1/T, in the superconducting state, as expected for an aniso-
tropic order parameter, and analogous to the other x-(ET),X
members, whereas the Knight shift underwent a small but
finite decrease. The dynamic and static spin susceptibilities
in the normal metallic state are also presented.

II. EXPERIMENTAL

To conduct Bc NMR measurements of
k-(ET),Cu,(CN)s;, the double-bonded carbon sites at the cen-
ter of the ET were selectively enriched with '*C isotope to
98% concentration.’> A single crystal 1 mmX 1.5 mm
X 0.05 mm in size was soaked into a pressure medium of
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Daphne 7373 and placed in a BeCu pressure cell. A pressure
of 0.4 GPa was applied at room temperature, slightly exceed-
ing the critical pressure of the Mott transition.!” The pressure
cell was uniaxially rotated in the magnetic field with a pre-
cision of 0.1°. The spin-echo signal was measured using a
m/2-7-7 pulse sequence under a static magnetic field H,,
=2.0 or 3.5 T parallel to the conducting layer. The typical
length of the 7/2 pulse was 1 us and the interval between
the 7/2 and 7 pulses, 7, was 20 us (<T)). T, was obtained
from the saturation recovery of the nuclear magnetization,
which was well fitted by the single-exponential function, 1
—M(t)/ M()=exp(~t/T;), where M is the spin-echo inten-
sity integrated over all '*C resonance lines to provide a suf-
ficient signal-to-noise ratio. The analysis did not qualitatively
affect the T dependence of 1/7 since T averaging due to
spectral broadening and nuclear-spin-spin relaxation did not
allow an independent determination of 7'} of each constituent
line. The intensity of the spin-echo signal was much lower
than that of the extrinsic ringing signal after the 7 pulse at
the low frequency of 21 MHz. We employed the time spec-
trum soon after the saturation comb pulses (comb 2 ms
7/2-7-1) as a background, which was effective in the
present experiments with 7 of longer than 50 ms. The fre-
quency spectrum was obtained by Fourier transformation of
the time spectrum. The *C Knight shift K was defined as the
relative shift from the resonance frequency of the tetrameth-
ylsilane reference sample.

III. RESULTS AND DISCUSSION

To probe the superconducting state by NMR, one should
align the magnetic field precisely parallel to conducting
layer, in order to minimize orbital pair breaking and maxi-
mize H,,. In weakly coupled superconducting layers, vorti-
ces are locked into the anion layer as Josephson vortices
without fluctuations of in-plane pancake vortices, which
would cause an additional spin-lattice relaxation.’! We deter-
mined the parallel-field geometry in the superconducting
state by measuring the resonance frequency of the NMR tank
circuit, v ¢, at Hy=0.2 and 2 T. Figure 1(a) shows v ¢ plot-
ted against the angle between the magnetic field and the su-
perconducting layer at 1.5 and 10 K, well below and above
T., respectively. While ;¢ is insensitive to the H, direction
at 10 K, a decrease in v ¢ is observed in a narrow angle
range (~0.2° bottom width) at 1.5 K. Such a dip structure is
expected to appear in a parallel-field geometry [the right
panel in Fig. 1(a)].%3

v c was measured on cooling the sample at various H,
parallel to the layers as shown in Fig. 1(b). In the absence of
a static magnetic field, the sudden increase in v below 3.8
K signifies a superconducting transition, in good agreement
with the resistivity measurement of T.=4 K.!” The applica-
tion of a magnetic field lowers 7. and reduces the v in-
crease due to easier penetration of vortices.>*3* The H|, de-
pendence of the onset T, marked by arrows in Fig. 1(b) gives
the 7-H, diagram for the in-plane magnetic field as shown
in the inset. An extrapolation of H,, to T=0 yields H.,(0)
=10-12 T, somewhat exceeding the Pauli limiting field of
7.5 T. NMR measurements were conducted at Hy=2 T and
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FIG. 1. (Color online) (a) Angular dependence of the resonance
frequency of the NMR tank circuit, v; ¢, and a schematics configu-
ration of magnetic field. (b) Temperature dependence of v at vari-
ous magnetic fields parallel to the layer. Inset: H., vs T, as indi-
cated by the arrows in the main figure.

3.5 T, where 7,=3.5 K and 3.3 K, respectively.

Figure 2 shows the T dependence of 'C NMR spectra
measured at Hy=3.5 T (T.=3.3 K). There are four in-
equivalent °C sites: two ET (labeled A and B in the right
panel of Fig. 2) are inequivalent against the applied field and
each ET contains two inequivalent >C (labeled 1 and 2) with

Spin echo intensity (arb. units)
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FIG. 2. (Color online) *C NMR spectra at 0.4 GPa with H,
=3.5 T parallel to the conducting layer. The colored vertical lines
are the centers of the fitting spectra (the shaded spectra and solid
lines are the fit for each line and the sum, respectively). Bold ver-
tical lines indicate the xp,=0 positions evaluated from the K-xpin
plots in Fig. 3. Right figure: corresponding BC sites in ET
molecules.
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FIG. 3. (Color online) K Vs Xqyin plots for three 1BC sites, de-
fined in Fig. 2, at ambient pressure. The magnetic field was applied
in the same direction as in the experiments at 0.4 GPa.

different hyperfine couplings to electron spin. Each line
splits into a doublet due to nuclear dipole-dipole interaction
(Pake doublet), resulting in a total of eight lines. We ob-
served three doublets in the 40 K spectrum and the intensity
of the middle doublet was twice as high as those of the other
doublets because of accidental superposition of the A2 and
B1 lines.

As T is lowered from 40 to 10 K, the A2+B1 and B2
lines shift appreciably toward lower frequencies, reflecting
the 7" dependence of the spin susceptibility X, in the nor-
mal state. Below 10 K, the spectra broadened, making the
definition of K ambiguous. We defined K by fitting the spec-
tra to a superposition of six Lorentzians (colored solid and
dotted lines in Fig. 2) with minimum parameters, assuming
that the spectral weights and nuclear dipole splitting are in-
dependent of 7. Spectrum analysis indicates that K decreases
for A2+B1 and B2 but slightly increases for A1, as shown in
Fig. 2. Therefore, the hyperfine coupling constant A;; in-
creases in the order: Al, A2+B1, and B2.

Since the orbital contributions to K are negligible in or-
ganic conductors that have well-separated orbital energy lev-
els and negligible spin-orbit coupling, K can be expressed as
K=AweXspin! Npug + Ky, where K is the T-invariant component
including the chemical shift and the Pake doublet. To evalu-
ate Xspin» We determined Ay for each B¢ site from K- Xspin
plots at ambient pressure with the same field direction as at
0.4 GPa, as shown in Fig. 3, using the known X, values.?
We assumed that A is nearly independent of pressure, as
expected from the small lattice contraction of less than 4% at
1.2 GPa in «-(ET),Cu(NCS),,* and from the absence of
symmetry breaking across the Mott transition. The linearity
in the K-xgi, plot gives Ap=0.3(+0.03) T/ug and
0.5(*£0.05) T/ug for A2+B1 and B2, respectively, while
the intercept of the vertical axis gives chemical shifts of the
Pake doublet of 1010 and 95+ 10 ppm, as marked by the
bold vertical lines in Fig. 2.

Using Ay, we transformed K at 0.4 GPa into xpin, as
shown in Fig. 4(a). For comparison, xqy, of the Mott insula-
tors k-(ET),Cu,(CN); and «-(d8-ET),Cu[N(CN),]|Br at am-
bient pressure are also displayed in Fig. 4(a) with the core
diamagnetic susceptibility already subtracted.”® In the Mott
insulating  phase at ambient pressure,  Xgin Of
k-(ET),Cu,(CN); decreases smoothly with T below 50 K.®
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FIG. 4. (Color online) Temperature dependence of (a) spin sus-
ceptibility xqpin and (b) 1/T,T, for x-(ET),Cu,(CN); at 0.4 GPa and
ambient pressure, and k-(d8-ET),Cu[N(CN),|Br (Ref. 7). T} at am-
bient pressure was obtained for the A site in a field normal to the
layer (Ref. 9). The inset in (a) shows i, Vs T normalized at 7.

although the values are much larger than those of
k-(d8-ET),Cu[N(CN),|Br, which exhibits macroscopic
phase separation below 30 K into an antiferromagnetic insu-
lating phase (Ty=18 K) and a metallic phase. At 0.4 GPa,
Xspin Of #-(ET),Cu,(CN); is remarkably insensitive to tem-
perature but continuously decreases across the Mott transi-
tion at 10-20 K. Once x,i, becomes constant below 10 K, an
appreciable decrease is observed below T,.. While this could
be a signature of spin-singlet pairing, the decrease seems
insufficient for conventional singlet pairing as shown in the
inset of Fig. 4(a). Note that the site-dependent K shown in
Fig. 2 rules out the effect of superconducting diamagnetic
shielding on the shift below T..

One possible reason for the insufficient decrease in K is
the presence of triplet Cooper pairing. However, one must
consider the rf heating problem that is sometimes encoun-
tered in pulse NMR measurements of good conductors at low
temperatures. In the superconducting state, the inelastic mo-
tion of vortices can produce Joule heating. Although 7'; mea-
surements would be unaffected by this heating due to the
long T; (>2 s below 4 K), the spin echo reflects the elec-
tronic temperature several tens to hundreds of microsecond
after the rf pulses, which is much shorter than 7', and there-
fore could suffer from the heating problem. However, it was
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difficult to determine the electronic temperature soon after
the rf pulse in the present experimental setup. One method of
minimizing rf heating is to measure, instead of the spin echo,
the free-induction decay (FID) at low rf power to obtain
NMR spectra. Unfortunately, this method was difficult to ap-
ply to the present measurements because the extrinsic rf ring-
ing signal obscured the weak FID signals with short 75, on
the order of several tens of microsecond. By separate experi-
ments, however, we observed the rf power dependence
of the shift decrease below 7. in superconducting
k-(ET),Cu(NCS), under pressure. Thus, the rf heating effect
was not ruled out even in the present measurements. Confir-
mation of the possible mixing of triplet pairing requires fur-
ther experiments at lower temperatures using lower rf power,
which has not yet been accessible due to the small crystal
size. Another possible origin for the small change in Knight
shift is sample inhomogeneity due to metal-insulator phase
separation near the critical pressure of the Mott transition, as
observed in k-(d8-ET),Cu[N(CN),|Br below 30 K. As de-
scribed below, however, the profile of the nuclear relaxation
curve, which would reflect the phase mixture, remained
single exponential and unchanged across T, indicating no
appreciable phase separation.

The T dependence of 1/7T,T, which measures the wave-
vector summation of the dynamical spin susceptibility, is dis-
played in Fig. 4(b). In the Mott insulating state, 1/7,T in-
creases with decreasing 7, indicating the growth of
antiferromagnetic correlations. At 0.4 GPa, 1/T,T decreases
abruptly at 15 K, where the (first-order) insulator-metal tran-
sition was observed in the resistivity.!” Hence the suppres-
sion of magnetic correlation coincides with the Mott transi-
tion from a paramagnetic Mott insulator to a metal. Similar
behavior was observed in k-(d8-ET),Cu[N(CN),|Br at 30 K,
as also shown in Fig. 4(b).” Once the system gets into the
metallic state, the Korringa’s relation, 1/7,T=constant, is
preserved in the 7 range between 4 and 10 K. This is in
contrast to a depression of 1/7;T in the metallic phase
of k-(d8-ET),Cu[N(CN),]Br below 22 K.” Note that,
in the metallic state, the 1/7\T and X, values of
k-(ET),Cu,(CN)s; are  larger  than  those  of
k-(d8-ET),Cu[N(CN),]Br. This can be attributed to a higher
density of states due to strong electron correlations and the
absence of a pseudogap. Nevertheless, the superconducting
transition temperature of k-(ET),Cu,(CN); is much
lower than those of «-(d8-ET),Cu[N(CN),|Br and
k-(ET),Cu[N(CN),]CI under pressure. If the pseudogap be-
havior is related to short-range spin correlation in the neigh-
boring Mott insulating phase, the absence of the pseudogap
may arise from frustrated spin correlation in the triangular
lattice.

The low-temperature region of 1/7 is shown in Fig. 5,
where the upper inset shows the exponent £ in the stretched
exponential fit, exp[—(¢/T,)?], to the recovery curve of the
nuclear magnetization. 83 is close to unity and independent of
temperature across 7,, which rules out macroscopic phase
separation across the first-order Mott transition under the
present pressure and magnetic fields. A slight deviation from
B=1 stems from averaging of inequivalent BC lines with
differing 7', values. With decreasing 7, 1/T; decreases lin-
early at high temperatures, as shown in the lower inset, but
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FIG. 5. (Color online) Log plot of °C 1/} at 0.4 GPa at H,
=2.0 T (closed circle) and 3.5 T (open circles) applied parallel to
the conducting layer. Broken and dotted lines are calculated results
for A/T,=2.2 and 4.0 in the d-wave pairing. Lower inset: a linear
plot of 1/T. Upper inset: the exponent S of the stretched exponen-
tial fit to the recovery curve at 3.5 T. Circles and squares are ob-
tained for A1 and all "*C lines.

begins to decrease more steeply below 7. of 3.5 K. A coher-
ence peak just below T,, which would indicate a full-gap
superconductor, is not corroborated within the current ex-
perimental resolution. Instead, 7° behavior is seen below 7.
down to 1.5 K. The 1/T; behavior is consistent with a
non-s-wave anisotropic superconducting gap with line nodes.
This feature, the 7° dependence persisting up to 7., was also
observed in Celrlns (Ref. 36) and (TMTSF),Cl0, (Ref. 37),
while 1/T; of k-(ET),Cu[N(CN),|Br (Refs. 5 and 38) and
YBa,Cu;0; had a steep drop just below T,.. The difference
may be attributed to the superconducting coupling strength,
A/kgT,, where A and kg denote the superconducting order
parameter and the Boltzmann constant, respectively. Assum-
ing d-wave pairing, for example, the present data are close to
the calculations for A/kgT,.=2.2, while A/kgT,=4.0 gives a
sharp drop in 1/T; near T, and T° behavior for 7/7,<0.5.*

IV. CONCLUSION

We reported *C NMR investigations of the Mott transi-
tion and superconducting state in x-(ET),Cu,(CN); under
pressure, which is at ambient pressure the spin-liquid Mott
insulator with a half-filled triangular lattice. The Mott tran-
sition from the spin-liquid state to the Fermi-liquid state was
accompanied by a strong suppression of the dynamical spin
susceptibility probed by the nuclear-spin-lattice relaxation
rate, but the static spin susceptibility was less affected, and
maintained a high value above the superconducting transition
temperature. The Fermi-liquid metallic state followed Pauli
paramagnetic behavior and Korringa’s law, without opening
a pseudogap, unlike the metallic phase neighboring the anti-
ferromagnetic insulator. In the superconducting state, the
nuclear-spin-lattice relaxation rate followed a 73 depen-
dence, as expected for a nodal order parameter. The finite
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decrease in spin susceptibility below T, may indicate spin-
singlet Cooper pairing While the possibility of mixed triplet
pairing is intriguing, a possible extrinsic effect due to rf heat-
ing should be ruled out by further experiments.
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