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Transport anisotropy and electron correlations in the layered molecular compounds Z[Pd(dmit), ],
(Z = MeyN,Et,Me,As,EtMe;P) with different interlayer coupling
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In-plane resistivity p; and out-of-plane resistivity p, were investigated across the pressure-induced Mott
transition in molecular Mott insulators Z[Pd(dmit),], (Z = Et,Me,As, Me4N, and EtMe;P) having a triangular
lattice. All three compounds exhibit superconducting transition with 7, = 5.5-7.0 K in the metallic phase near
the Mott insulating phase. For the 8’-Et;Me,As salt, the anisotropy p, /p; exceeds 10° at low temperatures,
indicating a highly two-dimensional electronic state with incoherent interlayer hopping. The 8-Me4N salt has a
smaller p, /p exhibiting a weak interlayer coupling. The resistivity is dominated by electron-electron scattering
in the metallic state for these two compounds, as expected in a correlated Fermi liquid. On the other hand, the
EtMe;P salt with a valence bond order state becomes a nearly three-dimensional metal across the Mott transition,
in which the electron correlation is strongly suppressed. Instead, the electron-phonon scattering plays a significant
role in the resistivity. The different interlayer coherence is quantitatively explained by the calculated interlayer
transfer integrals between Pd(dmit), molecules. These results suggest that the dimensionality governs the nature

of electron correlations in the Fermi liquid state.
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I. INTRODUCTION

Dimensionality is one of the key factors that dominate phase
transitions and electron correlations in many body systems.
Quasi-two-dimensional (quasi-2D) electron systems including
cuprate and organic compounds have provided many emergent
phenomena such as unconventional Cooper pairing and non-
Fermi liquid behavior. The 2D confinement of conducting elec-
trons, which is manifested as, for example, the incoherent inter-
layer transport, results in heavily dressed quasiparticles beyond
the Fermi liquid regime [1-7]. Layered organic conductors,
such as k-(ET), X [ET = bis(ethylenedithio)tetrathiafulvalene,
X: anions], have been investigated as the quasi-2D Mott-
Hubbard system on a frustrated triangular lattice [8,9]. The
unconventional criticality of the pressure-driven Mott tran-
sition likely belongs to 2D universality [10,11], whereas the
interlayer transport is coherent in a low-temperature metallic
state, as observed in the angle dependence of magnetore-
sistance [12,13]. Systematic studies on ideal 2D and three-
dimenasionl (3D) materials are required for understanding the
Mott transition and superconductivity in strongly correlated
systems.

A series of anion radical salts Z[Pd(dmit);], (dmit =
1,3-dithiole-2-thione-4,5-dithiolate, Z = monovalent cations)
serve other triangular lattice Mott-Hubbard systems having
charge and orbital degrees of freedom. The Mott insulating
phases have various magnetic ground states such as Néel order,
spin liquid, and nonmagnetic charge order, as a function of the
transfer anisotropy #'/¢ in the triangular lattice of Pd(dmit),
dimers (Fig. 1) in the conducting layer [14,15]. Moreover, the
terminal S atoms on the Pd(dmit), molecule possess a high
electron density near the Fermi level, which potentially gives
rise to 3D coupling through the S-S contacts along the inter-
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planar direction [14-16]. However, the dimensionality of the
electronic states has not been investigated for Z[Pd(dmit);],.

Here we focus on the anisotropy of electronic transport
properties of Z[Pd(dmit),], with different packing patterns,
called the g/, B, and EtMe3P types (Et = C,Hs—, Me = CH3-),
as shown in Fig. 1. The 8’ and B systems possess a mon-
oclinic C2/c lattice with a solid-crossing column structure,
where Pd(dmit), molecules stack along the a — b and a + b
axes in two crystallographically equivalent layers [14]. Each
Pd(dmit), layer consists of a triangular lattice of Pd(dmit);
dimers with approximately two kinds of interdimer transfers, ¢
and ¢’. Most of Z[Pd(dmit),], including Z = Et,Me,As and
EtMe;Sb belong to the B’ type. With increasing ¢/t toward
unity, the geometrical frustration suppresses the Néel order
temperature Ty [17-19]. For instance, Ty is 18 K for the
Et,Me,As salt (¢'/t = 0.87) [15] and totally suppressed for
the EtMe;Sb salt with 7'/t = 0.91 [20]. A nonmagnetic charge
order state appears for the Et;Me,Sb salt with ¢/t = 1.01
because of the molecular orbital instability [21,22]. The B-type
compounds with a slightly different cation location have lower
Néel temperatures than the 8’ type; for example, Ty = 12 K for
the MeyN salt (#'/t = 0.83) [23]. EtMes;P[Pd(dmit);], (mon-
oclinic P2y/m, t'/t = 1.05) has a parallel column structure
with one stacking direction along the ¢ axis [24], as shown
in Fig. 1(c). A valence bond order (VBO) occurs through a
spin S = 1/2 dimerization along the stacking direction at 25 K
[25]. The thermal and field-driven Mott transitions occur at the
critical pressure P, ~ 0.4 GPa [26].

In this paper, we report the in-plane resistivity pj
and the out-of-plane resistivity p; on f-MesN[Pd(dmit);],,
B’-Et;Me, As[Pd(dmit),],, and EtMe;P[Pd(dmit),], (here-
after denoted as Me4N, Et,Me, As, and EtMe;P, respectively)
that demonstrate the different interlayer coupling. We construct
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FIG. 1. Crystal structures of (a) 8'-Et,Me,As[Pd(dmit),],, (b)
B-MeyN[Pd(dmit),],, and (c) EtMe;P[Pd(dmit),],, viewed from the
b axis for (a) and (b), and from the a axis for (c). Cation locations
are different between the 8’ and 8 structures. (d) Triangular lattice of
the Pd(dmit), dimer with interdimer transfer integrals 7 and ¢’ in the
conducting layer.

the pressure-temperature phase diagram of Et;Me,As and
revise those of Me4N and EtMe; P beyond the previous reports
[23,26]. We show that the electron correlation in the metallic
state strongly depends on the confinement of electrons in the
conducting layers. The variety of the interlayer coupling can
be characteristic to the series of compounds.

II. EXPERIMENT

Single crystals of Z[Pd(dmit),], (Z = Me4N, Et;Me,As,
EtMe;P) were prepared by aerial oxidation of Z,[Pd(dmit),]
in acetone containing acetic acid [15]. The typical sample
size was 0.5 x 0.5 x 0.Imm>. p; and p; were measured
using a six-probe dc method. The contact arrangement is
shown in Fig. 2(c). The Au leads were attached by carbon
paste. The distance of the in-plane voltage probes (V) were
~0.2 mm in Fig. 2(c). The current probes for o measurements
were attached to the sides of the crystal. We checked that
p. is independent of the contact positions by changing the
voltage and current probes. The resistivity data were taken
for two samples independently on each Pd(dmit), salt, which
were quantitatively reproducible. The hydrostatic pressure was
applied by using a BeCu-NiCrAl cramp cell and Daphne
7373 oil and monitored with the resistivity of a manganin
wire at room temperature. The applied pressure is known to
decrease because of the thermal contraction and solidification
of the oil by 0.15-0.17 GPa at low temperatures [27]. The
pressure values described below are those monitored at room
temperature.

III. EXPERIMENTAL RESULTS
A. p’-Et,Me,As[Pd(dmit),],

Figure 2(a) shows the temperature dependence of p for
Et;Me;As. On the Mott insulating phase at 0.3 GPa, p
exhibits an exponential increase with an activation gap of
45 meV at 100 K. With increasing pressure, p; becomes
metallic and shows an upturn due to the metal-insulator
crossover. The crossover temperature Ty defined by the
resistivity minimum is reduced at higher pressures, and the
crossover sharpens toward the critical pressure P, ~ 0.7 GPa.
Because Ty is abruptly suppressed in a narrow pressure range

of 0.6-0.7 GPa, a slight pressure inhomogeneity in the sample
may produce a fraction of metallic domains just below P..
Above P., p; becomes metallic down to low temperatures.
The superconducting transition is observed at 7, = 5.5 K for
0.71 GPa and is suppressed with pressure. In the metallic state,
oy is well below the upper limit of the Boltzmann transport,
called the Ioffe-Regel limit pjr = 3%a /62 ~ 3 mQcm [28],
corroborating the Fermi liquid regime and the negligible
admixture of the p; component.

The interlayer resistivity p, is an order of magnitude larger
than p) at 300 K [Fig. 2(b)]. It remains semiconducting with
increasing pressure to 0.71 GPa; however, p; becomes metallic
down to low temperatures. Even above 0.76 GPa, p, remains
nearly independent of temperature [Fig. 2(e)], indicating the
incoherent interlayer transport in sharp contrast to py. The 2D
confinement is clearer when we plot the resistivity anisotropy
p1/py against temperature T, as shown in Fig. 2(c). p./p
strongly depends on temperature with a maximum near Ty.
In the metallic region above 0.68 GPa, p,/p; continues to
increase down to low temperatures and reaches 3 x 10° at 10K.
Thus, Et,Me, As is well regarded as an ideal 2D Mott-Hubbard
system.

The nature of quasiparticles in the metallic state can be
featured by p| at low temperatures. p is plotted against 72 in
Fig. 2(d). The good linearity below 20 K shows that o follows a
relation pj = pg + A T? with constants py and A, character-
istic to a Fermi liquid metal with electron-electron scattering.
The T2 coefficient A is evaluated as 1.8-2.1 uQcm/K?,
which is enhanced by an order of magnitude compared to
weakly correlated metals such as 8-(ET),15 [29], and unusually
insensitive to pressure. On the other hand, p; does not show
the T2 behavior but maintains high at values exceeding pir
[Fig. 2(e)]. Therefore, the superconducting transition for p;
should occur through the intrinsic Josephson tunneling effect,
as known in high-7, cuprate superconductors [30].

These results are summarized in the pressure-temperature
(P-T)phase diagram in Fig. 2(f). The phase boundary between
the insulating and metallic phases is defined in the previous
discussion. Although we have not identified the resistivity jump
and hysteresis down to 20 K, the phase boundary between
the antiferromagnetic insulator and superconducting phases
should be the first-order transition. Across the Mott border
at P, = 0.7 GPa, the system becomes a 2D Fermi liquid in
the low-temperature region, which gradually extends at higher
pressures. The suppression of the critical end point of the
first-order Mott transition can arise from quantum fluctuations
for a 2D triangular lattice system [4,5,31,32]. In general, the
slope of the phase boundary dTy/dP is governed by the
entropy difference between the insulating and metallic phases.
The negative slope implies the presence of spin fluctuations and
long-range ordering that reduce the insulating phase entropy.
However, it is unlikely that spin fluctuations develop from
such high temperatures towards the antiferromagnetic ordering
at Ty = 18 K. Indeed, the EtMe;Sb salt without long-range
ordering has a similar phase diagram [33]. Considering the
system is located close to a charge order phase [21], the
negative slope from high temperatures implies significant
charge/orbital fluctuations in the insulating phase, otherwise
the slope should be positive as observed in k-(ET),Cu,(CN)3
[34] and EtMe;P at high temperatures [19].
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FIG. 2. Temperature dependence of (a) in-plane resistivity p; and (b) out-of-plane resistivity p, of B'-Et,Me,As[Pd(dmit),], under
hydrostatic pressures. (c) Resistivity anisotropy o, /p;. Inset shows the contact arrangement of the six-probe measurement. (d) 72 dependence
of in-plane py. (e) p, at low temperatures and high pressures. (f) Pressure-temperature phase diagram based on the resistivity measurements
in B'-Et;Me,As[Pd(dmit),],, where the metal-insulator transition temperature (open circles) is defined by the resistivity minimum. The
superconducting transition temperature (triangles) is defined by the onset of the resistivity drop. Open diamonds denote the onset temperature

for the 7% dependence of pj.

B. f-MeyN[Pd(dmit); ],

The profile of p; for Me4N behaves similar to Et;Me,As
under hydrostatic pressures, as shown in Fig. 3. The activation
gap is obtained as 39 meV at 100 K and 0.3 GPa. Above
0.45 GPa, a metallic state is stabilized from high temperatures
[Fig. 3(a)]. We obtained Ty from the p; upturn (e.g., 40 K
at 0.45 GPa) lowers with increasing pressure and is abruptly
suppressed toward P. ~ 0.6 GPa, above which the system
becomes totally metallic. The superconducting transition is
observed at 7. = 6.5 K for 0.54 GPa, which is still broad
because of the fractional superconducting volume. A bulk
superconducting transition appears above P, and is suppressed
at higher pressures. In contrast to Et;Me;As, a hump-like
anomaly appears near 70 K, and it is less sensitive to pressure.

The behavior of p, is remarkably different from that of
P|- o1 is enhanced by an order of magnitude across 70 K
[Fig. 3(b)]. It points to the reduction of the interlayer transfer
via a structural distortion at the transition temperature Ty =
70 K. The transition becomes sharp and Ty, gradually elevates
with increasing pressure. As a result, p, /o increases by an
order of magnitude [Fig. 3(c)]. At low temperatures, however,
o1 becomes metallic as observed in pj, which keeps p, /o) =
3-6 x 10%. Because we observed no structural transition at
ambient pressure, Ty must be present only under pressure.

A possible origin of the transition is the emergence of two
inequivalent Pd(dmit); layers, as observed in Et;Me,P under
pressure [35] and «—Me4N at ambient pressure [36] where one
of the two layers involves charge ordering [36]. Kobayashi et al.
also observed an anomaly at Ty, which showed strong sample
dependence [23]. Our results of the resistivity anisotropy
suggest that sample dependence arises from a different contact
arrangement. Indeed, we confirmed no sample dependence on
the pj and p; measurements.

The T2 dependencies of p; and p, are plotted for the
metallic state below 33 K in Figs. 3(d) and 3(e), respectively.
We found good linearity in both pj and p, for T < 25-35 K,
indicating a Fermi liquid metal with a weak interlayer coher-
ence. With increasing pressure, A is suppressed away from
the Mott boundary: A} changes from 4.2 to 2.0 £ Qcm/K? from
0.61 to 1.1 GPa. Simultaneously, po is suppressed from 0.85
to 0.40 mQ2cm. For p,, we obtained A; = 730 ,uchn/K2 at
0.61 GPa, which is suppressed with increasing pressure.

The phase diagram of Me4N [Fig. 3(f)] resembles that of
Et,Me, As except for the structural transition at Ty = 65-75 K.
The phase boundary between the insulating and superconduct-
ing phases should be first order because the insulating phase
has antiferromagnetic order. Across the Mott transition, the
metallic state becomes a quasi-2D Fermi liquid metal, and
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FIG. 3. Temperature dependence of (a) in-plane resistivity oy, (b) out-of-plane resistivity p,, and (c) resistivity anisotropy p,/p) in
B—MeyN[Pd(dmit),],. T* dependence of (d) py and (e) p, in the metallic state at low temperatures. () Pressure-temperature phase diagram of
B—-Me,N[Pd(dmit),], based on the resistivity measurements. The open circles represent the metal-insulator crossover or transition defined by
the resistivity minimum. The open squares denote the structural transition that changes the interlayer transfers. The insulating phase involves
antiferromagnetic (AF) order below 12 K at ambient pressure, which is expected to suppress toward 7, under pressure. Open diamonds denote

the onset temperature for the 7% dependence of py.

the region extends at higher pressures. Although a similar
diagram of Me4N was reported by Kobayashi er al. [23], they
incorrectly interpreted the insulating phase as a spin-density
wave state. If the charge order exists in one of the two layers
below T, the negative slope of the phase boundary is naturally
explained by the lower entropy on the insulating phase. The
microscopic evidence should be identified by further nuclear
magnetic resonance (NMR) measurements under pressure.

C. EtMe;P[Pd(dmit), ],

The phase diagram of EtMes;P was investigated in detail
by p; [26] and thermoelectric power measurements [37]. On
the critical pressure of the Mott transition, P. ~ 0.4 GPa, we
observed the metal-insulator and reentrant metal-to-insulator
transitions in o [Fig. 4(a)], as observed in the previous sample
[26]. The later involves a clear thermal hysteresis, indicating
a structure transition due to the VBO formation which van-
ishes under a high magnetic field [26]. The reentrant phase
disappears in a narrow pressure range, and the insulator-metal
transition becomes crossover above 0.41 GPa. Remarkably, p|
(< 0.1 mQ cm below 30 K) is an order of magnitude smaller
than that of the other two salts with 2D transport properties.

As shown in Fig. 4(b), the temperature dependence of p
behaves similarly to that of p; in the measured pressure range.

Surprisingly, o /p; is smaller than 5 in the metallic phase.
With increasing pressure, p /oy is further suppressed and
close to unity at 1.0 GPa [Fig. 4(c)]. The data are reproduced
for another sample within the difference by a factor of 2
(p1/p) < 4 for 1.0 GPa). Therefore, the system is regarded as
a 3D metal with the significant interlayer transfers. As a result,
the electron scattering contributing to o is strongly suppressed
in EtMesP.

In the metallic state, p and p; donot follow the 7% law buta
relation pg + AT" (n = 2.5). As shown in Figs. 4(d) and 4(e),
we find good linearity in both p; and p, plotted against 7>
below 15 K. The behavior persists for an extensive pressure
range, 0.5-1.0 GPa. Thus, the electron scattering mechanism
in EtMe;P differs from that of the correlated Fermi liquid. The
power n > 2 is typically observed in quasi-one-dimensional
(1D) systems such as Nb,Ses [38], (DI-DCNQI),Ag [39], and
KRu4Og, [40], where higher-order Umklapp scattering due to
charge density waves is dominant in the resistivity [41]. In
the present case, the insulating phase has VBO, where the
localized spin S = 1/2 is dimerized by the lattice distortion
along the molecular column. As shown in the P-T phase
diagram [Fig. 4(f)], the VBO phase persists until the Mott
transition terminates, where the VBO transition is determined
by the maximum of the charge gap and the reentrant Mott
transition [26]. In the 3D metallic phase, the temperature
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FIG. 4. Temperature dependence of (a) in-plane resistivity p;, (b) out-of-plane resistivity p,, and (c) resistivity anisotropy p,/p) in
EtMe;P[Pd(dmit),],. T3 dependence of (d) oy and (e) p, . (f) Pressure-temperature phase diagram of EtMe;P[Pd(dmit),],. The dotted line in
the insulating phase represents the valence bond order (VBO) transition showing the maximum activation gap in resistivity and the solid line
represents the first-order Mott transition [26]. The insulator-metal transition temperature is defined as the resistivity inflection. Open diamonds

denote the onset temperature for the 7> dependence of p.

range showing the 7' resistivity narrows away from the Mott
border. The significant higher-order Umklapp scattering in the
metallic state suggests that the VBO fluctuations due to strong
electron-phonon coupling can be highlighted owing to the
depressed electron-electron scattering for the 3D coherency.

IV. DISCUSSION

We show the characteristic in-plane and out-of-plane re-
sistivity data across the Mott transition for the three types of
Pd(dmit), compounds with different molecular packing. The
B’-type Et;Me,As salt has the largest resistivity anisotropy
p1/p| exceeding 10° and the semiconducting p,, featuring
incoherent interlayer transport as observed in the high-T,
cuprates [42—-44]. The B-type MeyN salt also shows the high
anisotropy o /p; ~ 300, while p is metallic at low temper-
atures. In stark contrast, the EtMes;P salt exhibits a nearly
isotropic metallic state. To gain insight into the difference
of the electronic state, we evaluate the bond length and the
interlayer transfer integral for the crystal structure at ambient
pressure. We find that the shortest interlayer S-S distances
between Pd(dmit), molecules are 5.31 A for Et,Me,As, 4.46 A
for MeyN, and 3.68 A for EtMesP at 300 K. This order is
different from that of the cation size, MesN < EtMes;P <
Et;Me;,As. Hence, the S-S contact strongly depends on the

type of molecular packing and the cation location. Because
the intermolecular distances are expected to shorten under
hydrostatic pressure, the interlayer S-S distance of EtMe3;P can
be even shorter than the Van der Waals distance 3.6 A at high
pressures, consistent with the coherent interlayer transport.

The interlayer transfer integrals between Pd(dmit);
molecules ¢, are calculated with the extended Hiickel method.
We obtain ¢, as 1.4, 0.16, and 0.01 meV for EtMe;P, MeyN,
and Et,Me;As, respectively, consistent with the order of the
interlayer S-S distance. Remarkably, ¢, of EtMesP is two
orders of magnitude greater than that of Et;Me;As. Such a
large ¢, is unique to the Pd(dmit), salt having terminal S
atoms with the sizable electron density near the Fermi level and
explains the 3D transport property. In the well-known quasi-2D
system «-(ET),Cu(NCS), with interlayer coherency [12], 7,
is experimentally evaluated as 0.065 meV [45], which is lower
than Me4N and higher than Et;Me,As. The cutoff 7, for the
coherent transport can be located between them.

For ideal 2D systems with triangular lattices, the critical
point is suppressed to low temperatures owing to quantum
fluctuations [4,5,31,32]. In a critical region, the resistivity
is predicted to approach the T'-invariant universal resistance
op = hi/e? x R =205k, R = 49.8 [32]. Indeed we find that
p) of EtoyMesAs becomes nearly independent of temperature
above 100 K around P,.. The saturated value p; ~ 0.015 Qcm
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gives the sheet resistance p;/d = 0.5 x 10° § for the sample
thickness d = 0.03 mm, in agreement with the order of the
universal resistance. For the determination of the critical
exponents, more accurate pressure control is required on
isothermal measurements. As for EtMe3P, the Mott transition
is recently interpreted as 2D Ising universality [37]. Our
results demonstrating the 3D transport property suggest the
reconsideration for universality.

Finally, we remark on the common feature on the P-T
phase diagram for the three compounds. We find that the
superconducting phases (7, = 5-7 K) commonly emerge
from Mott insulating phases with different magnetic ground
states and are suppressed away from the Mott border. It
might indicate a significant role of electron correlations in
the emergence of superconductivity. The electron-electron
interaction is highlighted for the quasi-2D compounds with
the neighboring antiferromagnetic insulator phase. Further
systematic studies on the g salts as a function of ¢'/t will
clarify the effect of spin fluctuations in unconventional super-
conductivity. In this respect, the superconductivity on EtMe; P
is quite unusual because the electron correlation is strongly
suppressed in the metallic phase. Rather, the electron-phonon
coupling may be important for driving Cooper pairing, as
is known in conventional superconductors. Our results pose
a fundamental question that the superconductivity appearing
near the Mott transition is not necessarily related to electron
correlations.

V. CONCLUSION

The resistivity anisotropy on the molecular Mott in-
sulators Z[Pd(dmit),], demonstrated contrasting interlayer
transport properties depending on intermolecular interac-
tions. We find that the anitiferromangetic Mott insulator '—
Et,Me, As[Pd(dmit);]; is an ideal 2D system of Mott transition
into a Fermi liquid metal with incoherent interlayer resistivity.
In f—MeyN[Pd(dmit);],, the dimensionality changes across
the structural transition, where two Pd(dmit), layers may be-
come inequivalent. Strong electron correlations are manifested
as the T? resistivity for these 2D compounds. In contrast,
the nearly isotropic metal is realized in EtMe;P[Pd(dmit);],
through the sizable interlayer transfers. As a result, the
electron-electron scattering is depressed in the metallic state.
Instead, the electron-phonon coupling is highlighted because
of the presence of the valence bond order in the neighboring
Mott insulating phase. Such a variety of dimensionality in
Z[Pd(dmit),], is inherent to the high electron density of the
terminal S atoms in the Pd(dmit), molecule. The series of
materials provides a significant platform for investigating the
effect of dimensionality on Mott-Hubbard systems.
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