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A weird electronic state accompanied with an anomalous superconducting precursor and/or exotic orders,
called the pseudogap state, arises prior to a superconducting condensate in underdoped cuprates that are situated
near Mott transition. Another way to make the system approach the Mott transition is the variation of bandwidth
or correlation strength, which gives a new dimension to exploring this exotic state. Here we report nuclear
magnetic resonance (NMR) studies on layered organic superconductors with half-filled bands whose widths
are pressure tuned near the Mott transition. The system situated on the verge of the Mott transition shows
a pseudogap-like anomalous suppression of spin excitations on cooling from well above the superconducting
critical temperature 7,. The pressure variation of the NMR relaxation rate shows that the pseudogap-like behavior
is rapidly suppressed by applying pressure. The NMR experiments under various magnetic fields varied up to
18 T proves the absence of symmetry breaking orders that compete with superconductivity, such as charge orders,
in the metallic phase. Remarkably, the pseudogap-like behavior above 7. and the superconducting condensate
fade out in parallel under ascending magnetic fields with similar field-orientation dependence, indicating a
superconducting precursor is the predominant origin of the pseudogap. Our further investigation of different
materials, which take different “distances” from the Mott transition by chemical pressure, confirms that the
superconducting precursor is not the conventional amplitude fluctuations arising from low dimensionality but
unconventional preformation of Cooper pairs enhanced near the Mott transition. These findings conclude that
preformed Cooper pairs persist up to twice as high as 7, on the verge of the bandwidth-controlled Mott transition.
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I. INTRODUCTION

Lightly doped copper oxides show anomalous electronic
and magnetic behaviors prior to the superconducting transi-
tion [1-4], a phenomenon called pseudogap that has been
discussed in terms of superconducting precursors [5,6],
momentum-dependent quasiparticle coherence (Fermi-arc)
[2,7,8], and the emergence of various exotic orders. Although
the issue is still under debate, reconstruction of Fermi sur-
faces [9-12] and the emergence of complex orders such as
charge density wave [4,13—15], a time-reversal-symmetry-
broken state [16], a nematic state [17—19], a topological order
[10,20], and pair density wave [21,22] in lightly doped sys-
tems are among the recent advances related to this issue. The
pseudogap has been addressed as an issue of doped Mott
insulators, where the density of doped carriers is a controlling
parameter. More broadly, however, not only the density of
doped carriers but also the strength of interactions among
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electrons is another key parameter that dominates the behavior
of correlated electrons; the behavior should be explored in the
parameter plane spanned by doping level and the interaction
strength [Fig. 1(a)]. Thus, to look into a situation contrasting
to that of the copper oxides, namely, without doping but with
varying strength of the interactions is expected to open a new
dimension to this issue.

A layered organic superconductor (SC), k-(ET),X, where
ET represents bis(ethylenedithio)-tetrathiafulvalene, with a
half-filled band is in the desired situation; unconventional
superconductivity (d-wave) [23-30] emerges from Mott insu-
lators without doping but by varying the bandwidth [31,32],
which controls the relative strength of the interactions to
the kinetic energy [Fig. 1(a)]. It is well recognized that the
application of physical pressure and/or chemical pressure
by anion X substitution finely tunes the interaction strength,
which is a primary factor that dominates the electronic
properties near the Mott transition [31-35]. In particular,
k-(ET),Cu[N(CN),]Br with all protons in ET substituted
by deuterons (abbreviated to «-dBr) is on the verge of the
bandwidth-controlled Mott transition (BCMT) [Figs. 1(b) and
1(c)] from a Mott insulator with an antiferromagnetic (AF)
order of a wave vector, Q = (, m) [Fig. 1(d)], to a metal
with a cylindrical Fermi surface [36-38] [Fig. 1(e)]. As
has been revealed in the study of copper oxides [14,15,39—
441, iron pnictides [45,46], iron chalcogenides [47], and
the fullerides [48,49], nuclear magnetic resonance (NMR)
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FIG. 1. Basic properties of the organic superconductor k-(ET),X. (a) Comparison of «-(ET),X and copper oxides on the parameter plane
spanned by doping level and the interaction strength. (b) Pressure-temperature phase diagram of «-dBr. The red line represents the first-order
BCMT line. The solid arrows indicate the temperature scans covered by NMR measurements under pressure. The pressure medium, helium,
solidifies at the broken line, the region below which was inaccessible in the present experiments. The black, blue, and pink circles respectively
indicate pressures at which the metallic volume fraction is approximately 99%, 90%, and 70%. The green area inside the black dotted line
indicate a phase-coexistence region known from the volume fraction of the metallic phase [see Fig. 2(c)]. (c) Layered structure of x-dBr
and schematic of ET molecules enriched with '3C isotopes. The ¥, #, and 7 axes here are principal axes of an ET molecule. (d) Magnetic
structure of AF long-range ordered S = 1/2 spins with a Q@ = (7, 7 ) ordering vector in the Mott insulating state of k-dBr. Each ET dimer,
which corresponds to the lattice site of an anisotropic triangular lattice, accommodates one hole. The yellow diamond and the green rectangle
correspond to a primitive and an enlarged unit cell of an anisotropic triangular lattice, respectively. () Schematic Fermi surfaces of the metallic
state of «-dBr. The yellow diamond and the green rectangle are the first Brillouin zones of the unit cells with the corresponding colors in (d). The
black arrows indicate a wave vector Q = (Qx, Qy) = (7, ). The gray circled area corresponds to the region around which a superconducting

gap of d,, (=dy2_y2) symmetry opens.

is a useful microscopic probe to elucidate unconventional
electronic states at temperatures above 7. In ordinary metals,
nuclear spin-lattice relaxation rate divided by temperature,
(T;T)~', is independent of temperature and magnetic field be-
cause the dynamic spin susceptibility of conduction electrons
does not sensitively vary with those parameters. However,
the metallic phase of x-dBr shows an anomalous decrease in
(T:T)~! on cooling from above 7, [36], which is compared
to the pseudogap in the cuprates. It is noted that the transport
properties such as the Nernst coefficient [50] and the mag-
netic susceptibility [51] suggest superconducting fluctuations
enhanced near BCMT.

The present work explores the anomalous suppression of
spin excitations in k-dBr through '3C NMR under tuning
interaction strength by He-gas pressure and systematically
suppressing superconductivity by magnetic fields over a 20-
fold range (0.9 to 18 T). We found that in the nondoped

case the anomalous decrease in spin excitations on cooling
occurs mainly in the channel of AF fluctuations very probably
with Q@ = (7, m), which is enhanced near the BCMT, and
the anomaly fades out along with superconductivity under in-
creasing magnetic field. Our further investigation of different
materials, which are located in different “distances” from the
Mott transition by chemical pressure, suggests that the phe-
nomena cannot be explained by conventional superconducting
amplitude fluctuations but is an indication of unconventional
superconducting phase fluctuations due to preformation of
Cooper pairs. We note that this observation is free from the
intricate issue of competing or coexisting orders as observed
in doped copper oxides, because in the measured temperates,
pressures, and magnetic fields, the NMR spectra do not show
any splitting, broadening or complicated structures indicative
of symmetry breaking such as charge order in a metallic phase
[52]. We also note that fluctuations of nematic order, which
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FIG. 2. 3C NMR spectra of «-dBr under pressures. (a) at 15.5 K and (b) at 23 K. A magnetic field of 7.4 T is applied parallel to the
conducting layers. (c) Pressure dependence of the volume fraction of the metallic phase and the insulating phase at 15.5 K and 23 K in «-dBr.
(Inset) Pressure-temperature phase diagram of x-dBr [see Fig. 1(b)]. The solid arrows indicate the pressure scans covered by NMR spectral

measurements.

breaks rotational symmetry and occurs in the pseudogap phase
in cuprates, does not pertain to the present system, which has
an orthorhombic or monoclinic crystal structure and no room
for nematic order.

II. EXPERIMENTAL PROCEDURE

The '3C NMR experiments were performed on a single
crystal of k-dBr, in which the central double-bonded carbon
sites of ET molecules had been enriched with '3C isotopes
with nuclear spin / =1/2 and gyromagnetic ratio y /27 =
10.705 MHz/T [Fig. 1(c)]. When an external magnetic field
is applied to x-dBr with an arbitrary orientation to the crystal
axes, the 'C NMR spectra generally consist of 16 (2 x 2 x
4 as explained below) resonance lines, which have three dif-
ferent origins of the line splitting: (i) the shifted face-to-face
dimerization of ET molecules makes the two central carbon
sites in ET inequivalent (called “inner” and “outer” sites, as
depicted in Fig. 1(c), giving two lines with different shifts; (ii)
each line further splits into two, owing to the nuclear dipolar
fields from the adjacent B nuclei, which is called the “Pake
doublet”; (iii) the unit cell contains four dimers (two in a
layer), which are all inequivalent with respect to the magnetic
field direction except for high-symmetry magnetic field orien-
tations (woH || a, | b,or| c)[see Fig. 1(c)]. In the present
study, magnetic fields, noH, were applied parallel to the a axis
(in-plane) or the b axis (out-of-plane) [see Fig. 1(c)]. In these
situations, all of the dimers are equivalent, so the splitting of
the origin (iii) does not occur; thus, the number of NMR lines
is reduced to four. In particular, in the case uoH | a, the
splitting from the origin (ii) is negligible because the angle
between the !*C - 1*C bonding direction and the magnetic field
direction is close to the special angle called the magic angle,
at which the dipolar splitting vanishes. Thus, only two lines
are observed, and these correspond to the inner- and outer-site
spectra, owing to splitting origin (i) (see Fig. 2). As explained
in detail later, the metallic phase was clearly separated from
the insulating phase in spectrum even when they coexist on
the verge of the Mott transition around ambient pressure.

The nuclear spin-lattice relaxation rate, Tl’l, was determined
from the recovery curves of nuclear magnetization following
the saturation comb pulses: i.e., 1-1(¢)/I(c0) = Aexp(—t/T}),
where ¢ is the recovery time, A is the fitting constant, and
I(t) is the integrated intensity of NMR spectra at time ¢. The
pressure was finely tuned near the BCMT by using He gas as
the pressure medium. The details of the sample preparation,
NMR experiments, and pressurizing techniques are available
in Appendix A.

III. PRESSURE STUDY OF *C NMR

In this section, we first show variation of the NMR spectra
across the Mott transition induced by applying pressure and
also demonstrate that the metallic phase can be separated from
the insulating phase in spectrum on the verge of the first-order
Mott transition. We next show how, in the metallic phase, the
AF fluctuations and the pseudogap-like behavior evolve while
approaching the Mott transition by pressure variation. Com-
paring pressure dependencies of (7;T)~! and Knight shift
K, we conclude that the pseudogap-like anomalous suppres-
sion of spin excitations on cooling occurs at the channel of

Q= (m,m).

A. NMR spectra under pressure variation

First, we show pressure dependence of NMR spectra. A
magnetic field of 7.4 T was applied parallel to the a axis (in-
plane); hence, two lines were observed, as shown in Figs. 2(a)
and 2(b), which indicates the pressure evolution of the NMR
spectra at 15.5 K and 23 K under pressure [also see the inset
of Fig. 2(c)]. The two lines at 15.5 K arise from a metallic
phase [upper panel in Fig. 2(a)]; the line at the lower (higher)
frequency is from the inner (outer) site [see also Fig. 1(c)].
At 2 MPa, a broad line appearing at a higher frequency of ap-
proximately 79.280 MHz in the lower panel of Fig. 2(a) arises
from an antiferromagnetic Mott insulating phase, because
the metallic and insulating phases coexist around the critical
pressure of the Mott transition owing to its first-order na-
ture; however, they are clearly separated in the NMR spectra.
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The pressure evolution of the volume fraction of the metallic
phase, which is evaluated from the intensity of the inner-site
line (approximately 79.227 MHz) of the metallic phase, is
shown in Fig. 2(c). We also plot the pressure dependence of
the volume fraction of the insulating phase in Fig. 2(c) (see
Appendix F). At 23 K, the double-peaked spectrum [the upper
panel of Fig. 2(b)] is similarly from the metallic phase. As
seen in the lower panel, the spectral component of the Mott-
insulating phase comes close to the metallic phase. As a result,
the outer line of the metallic phase possibly overlaps with
the inner line of the insulating component because the inner
line at 79.227 MHz rapidly develops with pressure, indicating
the growth of the metallic-phase volume fraction as shown
in Fig. 2(c), whereas the outer-line at 79.235 MHz appears
unchanged in intensity with slight variation in shape; this is
possibly because an increase in the intensity of the outer-site
line in the metallic phase is compensated by the decrease in
the inner-site line intensity in the Mott-insulating phase. To
avoid the contamination of the Mott insulating phase albeit
cautious only at low pressures, we deduced the Knight shift
and the relaxation rate in the metallic and superconducting
phases from the inner-site spectra in the present study.

B. Pressure dependence of AF fluctuations

Here we show how the AF fluctuations evolve while
approaching the Mott transition by applying pressure. Fig-
ure 3(a), which is one of the main results of the present study,
shows the temperature dependence of (7;7)~! at the pressures
indicated in Fig. 1(b). The lowest temperatures available,
5.2, 9.2, and 14.1 K for 20, 50, and 100 MPa, respectively,
are limited by helium solidification [see Fig. 1(b)]. As men-
tioned above, the inner line of the metallic phase [Fig. 2(a)]
is investigated to perfectly exclude the possible admixture
of the insulating phase in the line investigated. Indeed, the
relaxation curves for the inner lines for the metallic phase
were single-exponential functions of time even at low pres-
sures, confirming the single-phase (metallic-phase) nature of
the lines investigated; for example, the data of 4 MPa are
shown in Fig. 3(c) and the Supplemental Material [53]. Sharp
decreases in (7;7)~! at approximately 11 K in Fig. 3(a)
are due to the superconducting transition. It is evident that
(T;T)~" is sensitive to pressure. The level of (7;7)~! in the
normal state above approximately 11 K increases while ap-
proaching the BCMT as the pressure decreases from 100 to
4 MPa. Concerning the temperature dependence, (7;7)~" at
4 MPa, which is very close to the BCMT, clearly decreases on
cooling toward 7.. When the system is driven away from the
BCMT by pressure, the feature becomes less prominent and,
at 100 MPa, (T;T)~" is nearly temperature-independent, as
expected in conventional paramagnetic metals. The pressure
and temperature profiles of (7;7)~! show that the anomalous
suppression of spin excitations on cooling emerges near the
Mott transition, where AF fluctuations develop, as visualized
in Fig. 3(d).

We emphasize that the anomalous behavior of (7;7)!
does not result from the admixture of the insulating phase
because the behavior qualitatively differs from that of the
insulating phase [36] and persists up to 50 MPa without
the phase coexistence (see Appendix H). Note that (7;T)~!

rapidly increases with temperature above 25 K (Appendix G),
as previously observed in «-dBr and other «-(ET),X salts
[36,54—56]. The rapid increase in (7;T)~! is attributed to the
metal-insulator crossover.

Compared with the remarkable temperature and pressure
dependencies of (T;7)~', the Knight shift, K, which measures
the uniform spin susceptibility x’(g = 0), exhibits only mod-
erate decreases with temperature and less prominent pressure
dependence in the normal state, as shown in Fig. 3(b). The
Knight shifts in Fig. 3(b) correspond to the peak frequencies
of the inner-site spectra at each temperature, and the origin
of the Knight shift was determined by extrapolating the peak
frequencies at 4 MPa to absolute zero [57]. This behavior
of Knight shift indicates that x'(g = 0) is less coupled to
the anomalous spin excitations than is the finite-g spin sus-
ceptibility probed by (7;7)~!. Note that the form factor of
the '3C sites in the present system is nearly g independent
and the so-called Korringa ratio 1, o (K 2Ty T)~" estimated
from the (7;7)~! and K values yields 812, which is much
greater than unity, indicating that (T;7)~! is dominated by
finite-q spin fluctuations (Appendix B). The antiferromagnetic
order with Q@ = (7, 7) in the adjacent Mott insulating phase
and a numerical study showing the enhancement of the Q
= (mw, m) fluctuations on approaching the BCMT [58-60]
suggest that the spin fluctuations probed by (T;7)~! are
highly weighted at Q = (7, 7) near the Mott transition.
These features suggest that the suppression of the spin exci-
tations on cooling occurs mainly at the channel of Q = (r,
1), which connects the k points around the crossing points
of the Fermi surface and the zone boundary, as shown in
Fig. 1(e). This notion is in accordance with the fact that the
pseudogap-like behavior as observed here is absent in the
pressure-driven metallic phase of the nearly triangular-lattice
spin-liquid system «-(ET),Cu,(CN);s [56], which does not
show AF ordering in its insulating state [61]. Interestingly,
at 50 MPa, where the pseudogap-like behavior of (7;7)~! is
less remarkable, the Korringa ratio increases by 24% upon
cooling from 25 K to T, indicating an enhancement of the
background antiferromagnetic correlation at lower tempera-
tures. At 20 and 4 MPa, the increase in the Korringa ratio
on cooling from 25 K to T, is suppressed to 19% and 10%,
respectively; namely it becomes suppressed as the system
approaches the Mott transition. (We show the temperature
dependence of the Korringa ratio at various pressures in the
Supplemental Material [53].) The suppression is not so huge,
but it is reasonable, considering that, as we discuss later, the
present pseudogap-like behavior in (7;7)~! originates from
superconducting fluctuations instead of competing orders as
observed in cuprates.

To characterize the suppression of spin excitations on cool-
ing, we plot the slope of the (I;7)~! vs T curve in the
temperature range between 7, and 20 K at each pressure in
Fig. 4(a). The temperature slope of (7;7)~! increases rapidly
towards the BCMT, suggesting that the suppression of spin
excitations on cooling is strongly connected with Mott local-
ization. To illustrate the enhancement of the pseudogap-like
behavior of (737)~!, we also provide the contour plot of
AT '=@1T)~' = (TIT);l:25K at each pressure in the
P-T plane. Whereas only a tiny reduction of (7;7)~! occurs
at 100 MPa as indicated by the extended blue region, the
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FIG. 3. Pressure variation of the temperature dependencies of (a) (7;7)~" and (b) the Knight shift, K. The data for 20, 50, and 100 MPa
at lower temperatures are absent below 5.2 K, 9.1 K, and 14.1 K, respectively, because the area below the He solidification line in Fig. 1(b) is
experimentally inaccessible. The vertical lines indicate the T’s at each pressure, as determined from the kinks in the Knight shift. (c) '*C NMR
relaxation curves of x-dBr at a pressure of 4 MPa. The recovery of nuclear magnetization /(¢) is plotted in the form of log 1-1(¢)/I(c0) vs
t for several temperatures, where ¢ is the time of recovery and /(00) is the saturated value of I(¢). All of the data are well fitted by straight
lines: 1-1(¢t)/I(00) o< exp(—t/T;) with T} nuclear spin-lattice relaxation time. (d) A contour plot of (7;7)~" as a function of temperature and

pressure.

reduction becomes remarkable on approaching the Mott tran-
sition as seen by the appearance of green-yellow-orange
colors.

IV. MAGNETIC FIELD STUDY OF 3C NMR

In this section, we first show variation of the NMR spectra
at ambient pressure on the verge of the Mott transition un-

der magnetic fields ranging from 0.9 to 18 T perpendicular
to conducting planes. We successfully separated the metallic
phase from the insulating phase in spectra, which confirms the
absence of symmetry breaking phases that competes with su-
perconductivity, such as charge orders. Next we demonstrate
the psuedogap-like anomalous suppression of spin excitations
on cooling fades out in parallel with superconductivity with
increasing magnetic field, indicating the “pseudogap” is a
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(IL,T)™! —(TIT);IZZSK at each pressure in the P-T plane. The symbols
are corresponding to those in Fig. 1(b).

precursor of the superconductivity. Our further investigation
of different materials sees that the precursor is not amplitude
fluctuations arising from low dimensionality but Cooper pair
preformation promoted by electron correlations.

A. NMR spectra under field variation

In 3C NMR measurements with magnetic-field variation,
we applied fields ranging from 0.9 to 18 T parallel to the b
axis (out-of-plane) across the upper critical field of H.», (0 K)
~ 10 T [62]. To avoid experimental difficulty in tuning the
resonant circuit (parts of which are inside the pressure cell) in
frequencies over a 20-fold range, the measurements were per-
formed without a pressure cell at ambient pressure. In pwoH ||
b, four lines emerge owing to the two splitting mechanisms, (i)
the inner-outer doublet and (ii) the Pake doublet, as explained
above. The splitting of (i) is proportional to the magnetic field,
whereas the splitting of (ii) is independent of the magnetic
field; so the spectral profile is largely varied by the magnetic
field. In low magnetic fields, the splitting of (ii) is dominant
or (i) can be comparable with (ii) so that the spectrum forms a
quartet with two inner lines of small intensities [63,64]. This
is the case for the spectrum at 0.9 T as shown in Fig. 5(a)
although two inner lines have merged into a central line in
this particular magnetic field. In this case, each line has an
indistinguishable relaxation rate owing to the admixture of the
inner-site and outer-site relaxation rates, which are severalfold
different. As a magnetic field is increased, the splitting of
(i) becomes comparable to or larger than that of (ii); thus,
the quartet comes to consist of an inner-site doublet and an
outer-site doublet. At much higher magnetic fields (11, 15.5,
and 18 T in the present case), each of the inner- and outer-site
doublets loses the two-peak structure because the linewidth

Frequency (MHz) Frequency (MHz)

FIG. 5. Typical '*C NMR spectra of «-dBr under perpendicular
magnetic fields at ambient pressure. (a) 0.9 T (24 K) and (b) 11 T
(26 K). Temperature dependence of the NMR spectra of k-dBr at am-
bient pressure under a magnetic field of 11 T applied perpendicular
to the conducting layers: (c) a narrow frequency region, in which the
metallic-phase spectra reside, and (d) a wide frequency range, which
covers the insulating-phase spectra as well as the metallic-phase one.

increases in proportion to the magnetic field (in other words,
the splitting of the doublet decreases in ppm in inverse propor-
tion to magnetic field), resulting in two lines that come from
the inner and outer sites separately without mixture and thus
have different relaxation rates (7;)""’s [see Fig. 5(b) for the
spectrum at 11 T]. From the spectral profiles, the difference
between the inner- and outer-site shifts [splitting (i)] is found
to be in a range of 200—300 ppm, and the splitting of the Pake
doublet [splitting (ii)] is approximately 3 kHz.

At ambient pressure, the volume fraction of the metallic
phase in the sample used is smaller (5—15% at 5 K) than
under pressure; however, the spectral separation is clear. Fig-
ures 5(c) and 5(d) show the temperature dependence of B¢
NMR spectra of x-dBr under a perpendicular field of 11 T
at ambient pressure. The sharp double-peaked spectra coming
from the metallic phase staying around 117.79 MHz and the
broad double lines from the insulating phase that move toward
higher frequencies on cooling are well separated without any
continuous distribution. The domain sizes of the metallic and
insulating phases are macroscopic (of the order of 100 pm)
according to the scanning micro-region infrared spectroscopy
[65]. Thus, the superconducting domains hold bulk proper-
ties in nature. Actually, the AC susceptibility measurements
show a sharp superconducting transition at 11.6 K (see
Appendix C).

As shown in Fig. 5(c), the NMR spectra of the metallic
phase in «-dBr do not show any splitting, broadening, or
complicated structures indicative of “competing orders,” such
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FIG. 6. Material variation of (7;7)~! under parallel and perpendicular magnetic-field configurations. The temperature dependence of
(T;T)~" with different magnitudes and directions [|| b (out-of-plane) or || a (in-plane)] of the magnetic field are shown for three «-type
superconductors with half-filled bands, (a) «-dBr, (b) k-hBr, and (c) k-NCS, which are located further from the Mott transition in this order
by chemical pressure. The values of (7,7 )" are normalized to the values at 50 K (Appendix D).

as charge orders [52], charge density waves, or time-reversal
symmetry breaking orders, on the verge of the Mott transi-
tion. We note that the absence of the competing order was
confirmed at low temperatures well below 7.(0 T) or under an
extremely high magnetic field of 18 T, which corresponds to a
magnetic field above tens of tesla in cuprate superconductors,
considering the difference between the energy scales of the
organics and the cuprates. Thus, the present observation of
the anomalous suppression of spin excitations is free from the
intricate issue of competing or coexisting orders as observed
in doped copper oxides.

B. Magnetic field dependence of (7,7T)~!

Here we show the magnetic field dependence of (7,7)~".
As mentioned above, just near ambient pressure, k-dBr con-
tains both metallic and insulating phases and the inner-site
line of the insulating phase tends to near the outer-site line
of the metallic phase at high temperatures. In addition, in
high magnetic fields of 15.5 and 18 T, the whole spectra from
the metallic phase were extended, respectively, over 150 and
200 kHz, which were not covered by the present NMR pulses.
For these reasons, we used the inner-site lines for the evalua-
tion of Tfl in a high field and whole lines only for thatin 0.9 T
(see Appendix D). As explained in the previous subsection,
the spectral profile under the field | b axis largely changes
against field variation over the 20-fold range. This causes a
spurious field dependence of the absolute value of (7;7)~!
due to the field-dependent mixing of inner-line Tl_1 and
outer-line Tl_l. Thus, (T;7)~" is normalized to the values at
50 K, higher than the metal-insulator crossover temperature,
where (T,T)~! is expected not to depend on magnetic field
(Appendix D).

The normalized (T;7)~! is clearly field dependent at low
temperatures [Fig. 6(a)]. For a low perpendicular magnetic
field, 0.9 T, a steep decrease in (7;7)~! on cooling from
well above T, is evident. As the magnetic field is increased,

however, that becomes less prominent at 11 T and largely
suppressed at 15.5 and 18 T, which exceeds H,,, although
there remains a weak T linearity. Thus, the recovery of the
suppressed spin excitations above T, proceeds in parallel with
the destruction of the superconductivity. In addition, both
of the superconductivity and the suppressed spin excitations
are hardly affected by a parallel field of 8 T (|| a axis)
as observed in Fig. 6(a). In the parallel magnetic field, the
superconductivity is robust against the magnetic field because
of the absence of the orbital depairing. The field-anisotropy
common to the superconductivity and the anomalous spin
excitations indicate their inseparable connection; namely the
latter is the manifestation of a superconducting precursor
that persists up to twice as high as T, [Fig. 6(a)]. The weak
T-linear dependence under 18 T may suggest the presence
of another pseudogap opened in incoherent carriers different
from the preformed pairs [59,66,67]. As described below, the
Knight shift also shows a decrease on cooling under 18 T. Al-
though evaluation and comparison of Knight shifts in different
magnetic fields are not straightforward because of strongly
field-dependent spectral shape as mentioned above, we show
the normalized Knight shift for different magnetic fields in
Fig. 7 (see Appendix E). Above T, the Knight shift under
the parallel field of 8 T is not remarkably suppressed from
that under the perpendicular field of 18 T, compared with the
case of (I,T)~" (Fig. 7). For example, at 14 K (11.5 K), the
reduction in the Knight shift is only ~1% (~14%), whereas
the reduction in (7,7)! is ~21% (~44%). Therefore, the
present anomalous suppression of spin excitations should be
ascribed to superconducting fluctuations with remarkable ¢
dependence. We note that the magnetic anisotropy of the
present organic systems is negligibly small due to very small
spin-orbit interactions, as is evident from nearly isotropic spin
susceptibility and the g factors of approximately 2.0. Thus,
the field direction sensitivity of the anomalous decrease in
(T;T)~" is not explained by spin fluctuations separate from
superconducting fluctuations. We note that the apparent
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FIG. 7. Temperature dependence of the normalized Knight shift
for various magnetic fields. The procedure of the normalization is
explained in Appendix E.

temperature dependence of the Knight shift at 18 T, coin-
ciding with the behavior of (7;T)~!, may suggest a strange
metal with a pseudogap due to partially incoherent carriers
[59,66,67].

C. Material dependence of (7,T)~!

To further look into the origin of the anomalous behavior
of (T;T)~! in «-dBr, we investigated the material dependence
of the phenomenon in question. Figure 6(b) shows nT)!
for nondeuterated «-(ET),Cu[N(CN),]Br (x-hBr), which is
situated further from the BCMT than «-dBr is, at perpendic-
ular magnetic fields of 0.9 and 11 T. The results reproduce
the essential features in previous reports [63,68]. A decrease
in (\T)"" on cooling toward T, is recognizable; however, it
is less prominent than in «-dBr. Figure 6(c) shows (T;T)~!
of k-(ET),Cu(NCS), («-NCS, T. = 10K), located further
away from the Mott boundary than «-hBr, under parallel and
perpendicular fields of 9 T. No anomalous behavior above
T, is evident, as also reported in Ref. [68]. These results,
in conjunction with the pressure dependence of (7;T)~" of
k-dBr described above, indicate that the enhanced precursor
to the superconductivity in k-dBr originates from the electron
correlations that are enhanced near the BCMT. The conven-
tional low-dimensionality-driven fluctuations [69] composed
of the Aslamasov-Larkin, Maki-Thomson, and density-of-
states effects are ruled out by the absence of its signature in
k-NCS, which is the most highly two-dimensional among the
three [70]; actually, the former two effects are shown not to
affect (7;7)~" in d-wave superconductivity [71,72]. Thus, the
superconducting precursor is most likely the preformation of
phase-incoherent Cooper pairs.

V. DISCUSSION
A. Origin of the pseudogap in «-(ET), X

Here we explain step by step why the observed NMR
behaviors indicate the preformed Cooper pairing above T..
Possible origins of the anomalous suppression of (7;7)!
(and Knight shift) for metallic phase on cooling are following:

(1) SC precursor, (2) magnetic fluctuations, (3) partial gap
opening due to symmetry-braking order, and (4) k-dependent
incoherence of quasiparticles due to proximity to the Mott
transition. The first scenario (SC precursor effect) is con-
sistent with the magnetic-field dependence of (7,7)~!; that
is, the pseudogap-like behavior of (7;T)~! above T, and the
superconducting condensate fade out in parallel under ascend-
ing magnetic fields with similar field-orientation dependence.
As for the second scenario, the magnetic anisotropy of the
present system is negligibly small due to very small spin-orbit
coupling and this fact is inconsistent with remarkable mag-
netic field-orientation dependence of the pseudogap behavior
of (T,T)~". Thus, the scenario of magnetic fluctuations is
unlikely. The third scenario needs symmetry-breaking order,
such as charge order, density wave, or bond order. Such orders
with finite ¢ have to cause the inequivalence of the '3C nucleus
in different sites and results in NMR spectral splitting and/or
broadening. However, there is no such indication as seen in
the result section. The d-wave bond order, which has been
recently suggested theoretically [73], is also inconsistent with
the present results, which show no indication of the kink
structure in (7;T)~" predicted by the theory. The nematic
order is also unlikely because the built-in orthorhombic struc-
ture of the system already breaks the rotational symmetry.
Regarding the loop-current order or its fluctuations, although
the absence of splitting or broadening of NMR spectra and
enhancement of (7;7)~! on cooling appears to exclude that
case in k-(ET),X, polarized neutron diffraction or muon spin
spectroscopy studies as performed for cuprates [74] might be
informative. We note that the present organic system has a
single-band (nondegenerate) nature and has low crystal sym-
metry (orthorhombic); thus, the symmetry-breaking hidden
order is less likely to occur than in inorganic systems. As
regards the fourth scenario, some theoretical studies suggest
the formation of partial gap and Fermi arc near Mott transi-
tion [59,66,67]. However, this mechanism is not predominant
origin of the anomalous behavior in (7;T)~' because the
pseudogap due to this scenario should be insensitive to the
direction of a magnetic field. We nevertheless note that the
field-independent residual linear temperature dependence of
(T;T)~" of k-dBr at high magnetic fields [Fig. 6(a)] might
imply the opening a small partial gap causing k-dependent
incoherence of quasiparticles. Thus, the origin of the anoma-
lous behavior of (7;7)! is ascribable to SC precursor. In
addition, the material dependence of (7,7 )" clearly excludes
the case of conventional amplitude fluctuations arising from
low dimensionality and points to unconventional supercon-
ducting phase fluctuations meaning preformation of Cooper
pairs enhanced near Mott transition.

The present observation that the AF correlations and the
preformation of Cooper pairs are simultaneously enhanced
near the BCMT (Figs. 3 and 4) has a consistent expla-
nation. As the system approaches the Mott metal-insulator
transition, double occupancy on a site is strongly prohibited.
Consequently, spins take on the localized nature, which leads
to the enhancement of the (;r, w) AF correlations. On the
other hand, the increasing single-occupancy probability sup-
presses particle-density fluctuations and enhances the phase
fluctuations due to the uncertainty principle so that the
incoherent Cooper pairs are easily preformed [75]. Interest-
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FIG. 8. Schematic pressure-temperature phase diagrams of the
doped [76] and the present nondoped Mott systems. FL. and nFL
denote Fermi liquid and non-Fermi liquid, respectively. Red solid
and dotted lines indicate the lines of the first-order Mott transition
and the sharp crossover from FL to nFL, respectively. The orange
color depicts the region of the Cooper pair preformation.

ingly, recent Nernst effect study [76] for an organic doped
Mott insulator «-(ET)4Hg, ¢oBrs indicates that bandwidth-
controlled Bose-Einstein condensation—-to—Bardeen-Cooper-
Schrieffer (BEC-BCS) crossover can occur around the exotic
critical point (near the apex of the 7. dome) where the Fermi
liquid sharply crosses over to the non-Fermi liquid and the
double occupancy is prohibited [77]. Considering that this
critical point can be regarded as a doped-system counterpart
of the BCMT, it is reasonable to expect that «-dBr is also on
the verge of the BEC-BCS crossover, around which bosonic
Cooper pairs are preformed at temperatures much higher than
T.. Moreover, comparing the pressure-temperature phase di-
agrams of the doped [76] and present nondoped systems, it
is reasonable that the preformation of the Cooper pairs are
immediately suppressed just after the Mott transition by pres-
sure while 7, is not so, as illustrated in Fig. 8. Interestingly,
photo-induced effects related to superconducting fluctuations
have been observed near the Mott transition [78-81], and the
photo-induced superconductivity is very sensitive to the dis-
tance of the system from the Mott transition [80,81]. Note that
cluster dynamical mean field theory suggests that the onset
temperature of local pair-formation monotonically increases
on approaching the BCMT [82].

We consider how the preformed Cooper pairs reduce the
AF fluctuations on cooling and its relation to the pairing sym-
metry. The d-wave symmetry of Cooper pairs in k-(ET),X
is widely accepted but nodal (or antinodal) positions on the
Fermi surfaces are under debate. [The gap symmetries of
dyy (= dx>_y> [83]) and d,>_» + 5 (= dxy + s) have been
argued [23-30,84—89] as a subtle problem quite sensitive to
the Fermi surface topology and/or the degree of dimerization
of ET molecules [30,85,87-89], where (x, y) and (X, Y) refer
to the coordinates shown in Fig. 1(e).] If the symmetry of the
preformed pairs in the present system is d,, and has antinodes
on the gray-colored spots on the Fermi surfaces shown in

Fig. 1(e), then a pseudogap of the single-particle spectral
function opens on those positions. This formation particularly
suppresses spin excitations at Q = (7, m) connecting the
gray spots; however, it only causes a small reduction in spin
excitations at the ¢ = 0 channel, which sums spin fluctuations
over the entire wave vectors. Namely, if the AF fluctuations
mediate the electron pairing, then it in turn works to suppress
the AF fluctuations through the Cooper pair preformation.
This is an intriguing mechanism between AF fluctuations,
pseudogap, and paring symmetry and is an issue to be the-
oretically investigated (no such theoretical studies to date to
our knowledge). If such self-feedback of the AF fluctuations
through preformed pairs is not physically allowed, then it
turns out that the superconductivity is likely mediated by other
than the AF fluctuations such as charge fluctuations, which
are expected to be enhanced as well as AF fluctuations on
approaching the Mott transition.

B. Comparison of the pseudogaps in «-(ET),X, cuprates,
and fullerides

The present pseudogap behavior of spin excitations is
contrasting with the case of underdoped cuprates, which is
in a doped Mott insulator regime. In underdoped cuprates,
the pseudogap of the single-particle spectral function, which
forms well above T, involves a sizable portion of the
Fermi surfaces, as revealed by angle-resolved photoemis-
sion spectroscopy [2], and complex orders [4,10,13-22]. This
formation results in the pseudogap of spin excitations (two-
particle excitations) with ¢ = 0. The latter pseudogap is
observed in Knight shift and '”Q-NMR spin-lattice relaxation
rate, which is not particularly sensitive to dynamic spin sus-
ceptibility x”(Q = (;r, 7)), whereas >Cu-NMR spin-lattice
relaxation rate, which is dominated by x”(Q), shows less
prominent pseudogap behavior because of the absence of the
pseudogap behavior of x”(Q) [90]. In contrast, k-(ET),X
with a half-filled band exhibits the spin-excitation pseudo-
gap that is more prominent at the spin excitations with ¢ =
Q than those with ¢ = 0, as we explained above. We con-
sider that two factors possibly cause the difference between
k-(ET),X and underdoped cuprates. One is the prohibition of
double occupancies in doped Mott insulators like cuprates,
which causes anomalous properties in the underdoped sys-
tems. In particular, the effectively reduced carrier density from
1 —x to x with the doping level of x inevitably alters the
character of the Fermi surfaces and should affect the k depen-
dence of magnetic excitations. Therefore, the issue is different
magnetic excitations between the intermediately correlated
metallic phase, just before the Mott transition, where dou-
ble occupancy is somewhat allowed and the doping-induced
metallic state with double occupancies strongly prohibited.
The other is competing order(s) emerging in cuprates, which
substantially alters magnetism including the k dependence
of magnetic excitations. Doping, which introduces vacan-
cies, makes the charge degrees of freedom vital, whereas
a half-filled band has no such room; in fact, the NMR
spectra of x-dBr show no signature of charge ordering at
measured pressures, temperatures, and magnetic fields. If the
remarkable suppression of the Knight shift in cuprates is due
to the competing order(s), then the absence of such suppres-
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sion in k-(ET),X is reasonably understood because there have
never been observed such orders in the metallic phase. Thus,
the present observation of preformed pairs is addressed as an
emergence under a moderate correlation, prohibited charge
redistribution, and/or prohibited competing orders. When the
latter two restrictions are relaxed as a result of doping, the
pseudogap behavior as observed in copper oxides might be
induced. Doped organic Mott systems [76,77,91,92] and or-
ganic Mott field-effect-transistor systems [93-97] are useful
to elucidate the issue in future.

Next, we compare the present results in «-(ET),X with the
NMR properties in another bandwidth-controlled Mott sys-
tem, trivalent fullerides A3Cg. First, we note that «-(ET),X is
a single-band (quasi-)two-dimensional d-wave superconduc-
tor, whereas A3Cgp is a multiband three-dimensional s-wave
superconductor; thus, the electronic structures of the two sys-
tems have dissimilarities. However, similarly to «-(ET),X, in
the fullerides, (7;T)~' anomalously decreases on cooling in
the metallic phase near the bandwidth-controlled Mott tran-
sition. Although the origin of this behavior in the fullerides
is still under debate, the NMR study [48] suggests that the
decrease is not attributable to a k-dependent pseudogap as
observed in the cuprates. In particular, the two features sup-
port the claim: an increase in Knight shift, K, toward the Mott
boundary and irrelevance of the fluctuations of Q = (m, 7)
to the (T;7)~! behavior revealed by the site-selective NMR
measurements. We note that these properties of the fullerides
are distinct from the present NMR results in x-(ET),X; the
Knight shift does not show a rapid increase toward the Mott
transition and the Korringa ratio, K, o (K*T;T)~!, which
characterizes k-dependent fluctuations, grows toward the Mott
transition in «-(ET), X . Interestingly, A3Cgo has an anomalous
metallic phase owing to the Jahn-Teller instability, so-called a
Jahn-Teller metal, on the verge of the Mott transition, and this
phase likely causes the anomalous behavior in (TT)~" [49].
Thus, the anomalous behaviors in (7;7)~" in «-(ET),X and
A3Cq likely have different origins, related to dimensionality,
orbital degrees of freedom, and structural instability of the
molecule as keys to determining the behavior of (7} T)~! near
the Mott transition.

VI. SUMMARY

In summary, the NMR experiments of quasi-two-
dimensional organic superconductors under pressure control
revealed that, above T,., the NMR relaxation rate is anoma-
lously suppressed on cooling near the Mott transition.
Experiments under the variation of mgnetic field in magnitude
and orientation indicates that a superconducting precursor
is responsible for the suppression of the relaxation rate on
cooling. By investigating three materials, which take dif-
ferent distance from the Mott transition, we could rule
out the conventional amplitude fluctuations due to the low-
dimensionality and confirmed the view of the relaxation
suppression by preformed Cooper pairs with enhanced phase
fluctuations. The present work that exploited physical and
chemical pressures clarified that the Cooper pair preformation
is saliently enhanced on the verge of Mott localization. NMR
is a particularly advantageous microscopic probe for detecting
incoherent precursory phenomena as revealed here.
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APPENDIX A: MATERIALS AND METHODS

1. Sample preparation

Single crystals of «-(ET),Cu[N(CN),]Br (x-hBr), its
deuterated version (k-dBr), and «-(ET),Cu(NCS), were
grown using the conventional electrochemical method, in
which two central carbon atoms in ET and deuterated (98%)
ET molecules are enriched with '3C isotope by 99%, as shown
in Fig. 1(c). At the central carbons, the HOMO (highest occu-
pied molecular orbital) has a high population; hence, through
the large hyperfine coupling, the '*C nuclei probe the states
of conduction electrons with high sensitivity, for example,
compared with the 'H nuclei located on the edges of the ET.

2. NMR measurements

The '3C NMR spectra were obtained by Fourier transfor-
mation of the quadrature-detected echo signals. Two types
of pulse sequences were employed: the spin-echo pulse se-
quences of (r/2)x-(m)x and the solid-echo pulse sequences
of (7 /2)x-(r /2)y, where X and Y denote the axes in the rota-
tional frame. For the pressure-dependence study, a coil wound
around a sample was inserted in a pressure cell. Alternatively,
for the magnetic-field-dependence study, the measurements
were performed at ambient pressure without a pressure cell to
avoid the experimental difficulty in tuning the resonant circuit,
parts of which are inside the pressure cell, in frequencies over
a 20-fold range.

3. He-gas pressure

To achieve fine control of the bandwidth of k-dBr, we used
the He-gas pressure technique. The NMR coil containing the
sample was inserted into a pressure cell made of nonmag-
netic BeCu and compressed hydrostatically in a He pressure
medium, which was directly compressed through a capillary
tube by a gas-compressing system outside the cryostat. This
technique allowed us to perform a continuous pressure-sweep
while maintaining a nearly constant temperature, even at low
temperatures, unless the He medium solidified.

APPENDIX B: EVALUATION OF NMR
RELAXATION-RATE ENHANCEMENT FACTOR
(THE KORRINGA RATIO)

NMR relaxation rate measures the wave vector (q)-
summation of spin fluctuations weighted with the squared
form factor |A(q)|> over the first Brillouin zone, as
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expressed by (7)™ o 3, IA@)I X" (g, OxMR)/@ONMR
where x”(q, ®) is the imaginary part of the dynamic spin
susceptibility and wnmr 1S the resonance frequency of NMR
measurement. In the present case, the form factor A(g) of
the 13C site located at the midst of the molecular orbital
in the ET molecule is ¢ independent and thus (T;7)~'
> g x" (g, onmr)- In such a case, the Korringa ratio /C,, eval-

uated from the experimental values of (7;7)~! and Knight
shift K provides information on the g profile of x”(q, ®). In
case of the isotropic hyperfine coupling, it is well known that
K, is given by Ko = (h/4mkp)(ye/yn)*(T\T) 'K =2, where
h is Plank’s constant, kz Boltzmann’s constant, and y, and
. are the gyromagnetic ratios of nuclear spin and electron
spin, respectively. In the present case, however, the hyper-
fine coupling is anisotropic and expressed by a tensor; the
principal values of the hyperfine coupling tensor of the in-
ner BC are azz = —1.4kOe/us, ayy = —3.3kOe/up, and
az = 10kOe/up with X, 3, and Z axes indicated in Fig. 1(c)
according to Refs. [37,98], where up is the Bohr magne-
ton. In this case, the Korringa ratio is expressed by /C, =
B, m)(h/4mkp)(ve/va)*(TIT)" K2, where B(¢, ) is given
by

B¢, n) =2[az sin® ¢ cos” n + agg sin® ¢ sin®
+ az: cos’ 5]2/[a§i(sin2 n + cos ¢ cos’ 1)
+ a)%y(cos2 n 4 cos® ¢ sin® ) + az; sin® ¢ .

¢ is the angle between the external field and the Z-principal
axis and 7 is the polar angle measured from the X-principal
axis in the ¥y plane of Fig. 1(c). The substitution of the
experimental data in Figs. 3(a) and 3(b), and the experimen-
tal angles, ¢ = 55° and n = 43° to the form of I, yields
Ky ~ 8-12 in the metallic phase (e.g., K, = 8.1 for P =
100MPa and T = 15K), which greatly exceeds unity. It
means that (177)~" o x”(q, wnmr) is overwhelmingly con-
tributed by components with ¢ # 0, namely antiferromagnetic
fluctuations.

APPENDIX C: CHARACTERIZATION OF
SUPERCONDUCTIVITY IN «-dBr AT AMBIENT PRESSURE

In the present study, the field dependence of '3C NMR
measurements was performed at ambient pressure, where su-
perconducting and Mott-insulating phases are coexistent due
to the first-order Mott transition. From the NMR spectral
profile, the volume fraction of the superconducting phase is
approximately 15%. To examine the homogeneity of 7. in the
superconducting domains, we measured the AC susceptibility
of the k-dBr crystal used in the NMR measurements. Figure 9
shows the AC susceptibility measured with the AC field of
17 Hz in frequency and 0.005 G in amplitude applied perpen-
dicular to the conducting plane. The demagnetizing effect is
corrected with the demagnetization factor of 0.58, which was
determined by the measurements of Sn shaped into the same
geometry as the «-dBr crystal. A sharp transition at 11 K is
evident and there is no feature indicative of distribution of 7.
The diamagnetic susceptibility is nominally 85% in shielding
diamagnetism, which largely overestimates the superconduct-
ing volume fraction as expected.
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FIG. 9. Temperature dependence of the AC susceptibility of
k-dBr at ambient pressure. Demagnetizing field was corrected (see
Appendix C).

APPENDIX D: SPURIOUS FIELD DEPENDENCE OF 7;!

As explained in detail in the main text, the NMR spec-
trum under the field perpendicular to the layers (|| b axis)
is composed of a quartet that comes from the nuclear-dipole
coupling of two adjacent '3C sites (“inner” and “outer” sites)
with different Knight shifts in the ET molecule. At high
fields (11, 15.5, 18 T), the dipolar coupling is secondary
compared with the difference of the Knight shift so that the
“inner” doublet and “outer” doublet are well separated; thus,
the relaxation rate of the inner site is investigated as in the
parallel-field case. At low fields (0.9 T), however, the two
doublets are mixed up and the relaxation rates for the inner
and outer sites get inseparable; therefore, the relaxation rate
measured at low fields yields an average of the rates for
the two sites. This situation gives a spurious field dependence
of the (T;T)~! values. Figure 10(a) shows the temperature
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FIG. 10. Temperature dependence of (7;7)~! for various mag-
netic fields. (a) Raw values of (7;7)~!. (b) (7;T)~! normalized to
the values at 50 K.
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dependence of (7;T)~' for various magnetic fields. Except
at low temperatures (below 20 K), where the system ex-
hibits superconductivity and anomalous spin excitations, the
(T,T7)~" values at 11, 15.5, and 18 T are nearly coincident
with each other in magnitude, because they correspond to the
values for the inner-site. At 0.9 T, the magnitude of (7;7)~!
becomes greater because of the averaging of the inner- and
outer-site values, as described above. To remove this spurious
magnetic field dependence, the values of (7;7)~! should be
normalized to the values at a temperature where the electronic
and magnetic states are independent on a magnetic field. A
normalization temperature should be sufficiently higher than
25 K because of the following reasons. First, we cannot rule
out the possible persistence of the superconducting fluctua-
tions up to as high as 25 K below which the good metallic
state forms. Second, the electronic state is generally less field
dependent at higher temperatures, where the thermal energy
greatly exceeds the magnetic energy. Indeed, if the (7;7)~!
data are normalized at 50 K, where x-dBr is in a paramagnetic
Mott insulating phase, then they indeed collapse into a single
curve for temperatures above 30 K as shown in Fig. 10(b).
The steep decreases at approximately 30 K reflect a sharp
crossover from the high-temperature Mott insulating phase
to the low-temperature metallic phase, confirming that the
metallic phase at low temperatures is properly captured by
the present measurements and analyses. We also note that
by using the so-called solid-echo pulse sequence, which is
effective (ineffective) for refocusing the dipole-split (spin-
shifted) lines, the quartet coming from the metallic phase
with small spin shift is selectively picked up at low magnetic
fields.

APPENDIX E: MAGNETIC FIELD DEPENDENCE OF THE
KNIGHT SHIFT FOR k-dBr

It is not straightforward to reveal the field dependence
of the Knight shift because of the following reasons: (1) an
anisotropic hyperfine coupling tensor makes it difficult to
compare the absolute values of the Knight shift measured
under parallel and perpendicular fields; (2) the spectral profile
under perpendicular fields is very field sensitive and some-
what complicated, because the relative strength of nuclear
dipole coupling and the shift difference between the adjacent
3¢ nuclei is varied under field variation, making the determi-
nation of shift not straightforward; (3) for a low perpendicular
field of 0.9 T, poor signal-to-noise ratio as well as (1) and (2)
makes it further ambiguous to determine the Knight shift; and
(4) the origin of the Knight shift under perpendicular mag-
netic fields is not known because the nearly complete singlet
ground state, which is realized in parallel fields, is not attained
in this field configuration. Notwithstanding these difficulties,
however, we have tried to reveal the field dependence of the
Knight shift under the following restrictions. First, we could
not discuss the Knight shift under the low perpendicular field
of 0.9 T by the reasons (1), (2), and (3). At much higher fields
(=11 T), the nuclear dipole coupling is not influential for ex-
tracting the Knight shift and thus we focus on the Knight shift
under a parallel field of 8 T and high perpendicular fields of 11
and 18 T. Note that the behavior of (7;7)~! at the parallel field
of 8 T is nearly the same as that at the perpendicular field of
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FIG. 11. Temperature dependence of the inner-site and outer-site
spectral shifts from tetramethylsilane (TMS) under the perpendicular
field of 11 T.

0.9 T, indicating the negligible field effect in both cases; thus,
the Knight shift is expected to behave similarly in the two
cases. To compare the Knight shift values under perpendicular
and parallel fields, we need to take into consideration the
anisotropy of the hyperfine coupling tensor [the issue of (1)]
and make a reasonable assumption on the shift origin under
perpendicular fields [the issue of (4)]. For this purpose, we
converted the measured shift under the perpendicular field,
S, to the normalized Knight shift, K;, = o« x S, 4+ 8 which
is to be compared with the shift under parallel fields. The
parameter § is equal to the ratio of the hyperfine coupling
constants for the two field geometries, A4 outer /A |1b,0uter> Which
is calculated to be 1.47 &£ 0.10 using the data in Ref. [98]. The
parameter 8, which corresponds to the chemical shift (or the
origin of the Knight shift), is determined such that the Knight
shift averaged over 20-23 K under a perpendicular field is
equal to the corresponding value of the Knight shift under the
parallel field of 8 T. Note that the hyperfine coupling constant
of the inner site for a perpendicular field is much smaller
than that of the outer site. Indeed, the measured shift of the
inner-site spectrum for a perpendicular field is too small to
be discussed (Fig. 11); hence, we focused on the outer-site
spectral shift. Furthermore, the outer line is well separated
from the lines of the insulating phase only below 25 K; thus,
we discuss the Knight shift of the metallic phase below 25 K.
Also note that, at 18 T, the data on the measured spectral shift
were scattered owing to the instability of the applied field.
To remove this scattering, we investigated the difference be-
tween the inner-site and outer-site shifts at each temperature.
As mentioned above, for a perpendicular field, the hyperfine
coupling constant of the inner sites is much less than that of
the outer sites; thus, the difference between the two values is
approximately equal to the outer-site Knight shift and, even
if the inner shift has a temperature-dependent finite value, the
inner-outer shift difference, which should proportional to the
shift itself, is normalized at 20-23 K, making no influence on
the present discussion. As a result, we found that the Knight
shift under a parallel field of 8 T is much less suppressed from
that under high perpendicular fields than (7;T)~! is, as shown
in Fig. 7.
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FIG. 12. Temperature dependence of (7;T)~" of k-dBr in a wide
temperature range.

APPENDIX F: ESTIMATION OF THE VOLUME FRACTION
OF THE INSULATING PHASE

We estimate the volume fraction of the insulating phase,
Fins(P), from the frequency-integrated NMR spectral inten-
sity, I(P), between 79.26 and 79.33 MHz at 15.5 K and
between 79.25 and 79.28 MHz at 23 K. To subtract the contri-
butions of background signal and noise from I(P), we define
the effective integrated intensity I.g(P) as Ig(P) = I(P) —
I(P =30MPa at 15.5 K and 20 MPa at 23 K). Assuming
that Fi,s(P = 2.0 MPa) equals 1 — Fpeta1 (P = 2.0 MPa) where
Fineta (P) is the volume fraction of the metallic phase, we es-
timate F,s(P) from the formula of Fj(P) = [1 — Fea (P =
2.0MPa)] X [Lg(P)/Ig (P = 2 MPa)].

APPENDIX G: PRESSURE DEPENDENCE OF (T;T)™!
atT > 25K

Figure 12 shows the temperature dependence of (7;7)~!
of x-dBr in a wide temperature range up to 60 K under

pressures of 4, 20, 50, and 100 MPa. (T; T)! steeply increases
with temperature above 25 K at 4 MPa. Such an accelerated
increase in (7;T)~! has also been observed in «-dBr at am-
bient pressure [36] and other x-(ET),X salts [54-56], and
is attributed to the Mott metal-insulator crossover. Thus, the
rapid increases above 25 K should be distinguished from the
pseudogap opening; good metallic phase is realized only be-
low 25 K. The rapid increase in (T} T)~! above 25 K becomes
moderate as the system goes away from the Mott boundary
by applying pressure. This is consistent with the conventional
wisdom that the metal-insulator crossover becomes less sharp
as pressure increases [34,35,55].

APPENDIX H: THE RELATION BETWEEN THE
ANOMALOUS BEHAVIOR OF (T;T7)~! AND THE
PHASE COEXISTENCE

As seen in Fig. 3(a), the decrease in (7;7)~! on cooling is
observed not only at ambient pressure and 4 MPa, where the
phases coexist, but also at 20 and 50 MPa without the phase
coexistence [see Figs. 1(b) and 2(c)]. We emphasize that the
decrease in (7;7)~! has a similar temperature dependence at
these pressures albeit differently in magnitude. Additionally,
(T;T)~" of k-hBr free from the phase coexistence also shows
a similar decrease in (7;T)~" on cooling. Thus, we can rule
out the scenario that the origin of the anomalous behavior
in (T;T)~! is the admixture of the insulating phase. We also
note that (I;7)~" of the insulating phase increases on cooling
toward the Néel temperature of 15 K due to critical slow-
ing down and forms a sharp peak at 15 K [36]. If (T;7T)~!
of the insulating phase affects the present data of (T37)!,
then they should take on the characteristic feature of the
insulating phase. However, such behavior is never observed
even at ambient pressure at which the volume fraction of
the metallic phase is less than that of the insulating phase.
Also, the possibility that internal stresses due to the presence
of the insulating phase can affect (7;7)~! of the metallic
phase is highly unlikely because the coexisting metallic and
insulating domains are known to have macroscopic sizes from
the infrared spectroscopy measurements which revealed that
the domain size is typically larger than 10 um [99]. Moreover,
the ac susceptibility that exhibits a sharp transition at 7, and a
rapid saturation at lower temperatures (Fig. 9) at ambient pres-
sure evidences that the size of the superconducting domains is
more than an order of magnitude larger than the penetration
depth of 0.5 wm, consistently with the infrared results.
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