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The magnetic field effect on the phase diagram of the organic Mott system x-(BEDT-
TTF)2Cu[N(CN)2]Br in which the bandwidth was tuned by the substitution of deuterated molecules
was studied by means of the resistivity measurements performed in magnetic fields. The lower criti-
cal point of the first-order Mott transition, which ended on the upper critical field Hq2-temperature
plane of the superconductivity, was determined experimentally in addition to the previously ob-
served upper critical end point. The lower critical end point moved to a lower temperature with
the suppression of 7. in magnetic fields and the Mott transition recognized so far as the S-shaped

curve reached T'= 0 when H > H.s in the end.

PACS numbers: 74.70.Kn, 71.30.4+h, 74.25.Dw

Metal-insulator (MI) transitions have been one of the
central issues in strongly correlated electron systems.
Among the various types of MI transitions, the Mott
transition is the most attractive phenomenon, which
arises from an electron-electron interaction in a wide
range of materials.2 Mott insulator derives from a large
electrical Coulomb repulsion energy U with respect to the
bandwidth W. Metal transitions can occur in two ways
in a Mott insulator: one can change the strength of the
interaction U/W, while maintaining the required band-
filling value and is referred to as a bandwidth-controlled
Mott transition or one can introduce carriers with the
required density, while maintaining U/W and is referred
to as a band-filling-controlled Mott transition. The for-
mer case occurs, for example, in vanadium oxides and
molecular conductors, while the latter occurs in high-T
cuprate superconductors.

Organic charge transfer salts based on the donor
molecule bis(ethylenedithio)-tetrathiafulvalene, abbrevi-
ated as BEDT-TTF or ET, have been recognized as
a highly correlated electron system.?2 Among them, -
(ET)2X with X = Cu(NCS)s, Cu[N(CN),]Y (Y = Br
and Cl), etc. has attracted considerable attention due
to its strongly correlated quasi-two-dimensional electron
system because the strong dimer structure consisting
of two ET molecules makes the conduction band half
filled 34 Furthermore, the softness of the lattice in molec-
ular conductors enables us to easily modulate the band-
width by applying small physical and chemical pressures,
while maintaining the band-filling. Therefore, the k-
(ET)2X system has been considered to be one of the
typical bandwidth-controlled Mott systems.

The first-order Mott transition characterized by an S-
shaped curve induces the correlated metal and supercon-
ductor phases from the Mott insulator phase by applying
a small helium gas pressure or by the slight molecular
substitution of the donor or anion molecules.3:2:8:78 The
relation and transitions among the various phases in the
phase diagram have been studied extensively, both ex-
perimentally and theoretically. Several unique features

have been found in association with the Mott transition.
The first-order transition is terminated at T, ~ 32-40
K&89  which is the upper critical end point and where
novel criticality has been proposed on the basis of conduc-
tivity measurements.? Recently, the intricate role of the
lattice response at the Mott transition was emphasized
and the different critical exponents were claimed.1? Along
with the first-order phase transition, a macroscopic MI
phase separation appears and induces an intrinsic elec-
trical inhomogeneity.1:12

One of the unsettled problems is the relation between
superconductivity and the Mott insulator phase. Exten-
sive studies have been carried out with various theoretical
approaches 2314:12,16 thereby increasing our understand-
ing considerably. Most of them predict the anisotropic
superconductivity to occur close to the Mott insulator
phase. In contrast to the number of theoretical studies,
the experimental investigations on this issue have not
been carried out so much. Recently, a field-induced lo-
calization transition has been observed in the very narrow
metallic region close to both the Mott insulating and su-
perconducting phases.A%18 However, the role of the mag-
netic field in the correlation between the coherence of
superconductivity and the Mott insulating order has not
been clarified yet.

In this paper, we present details of the H-T-bandwidth
phase diagram for the organic Mott system x-[(h8-
ET)1_.(d8-ET);]2Cu[N(CN)s|Br, where h8-ET and d8-
ET denote fully hydrogenated and deuterated ET
molecules, respectively. In the obtained phase diagram,
the first-order Mott transition curve is found to be ter-
minated at a lower critical end point in the upper critical
field H.o-temperature plane of the superconductivity in
addition to the previously observed upper critical end

point.
In order to tune the bandwidth by chemical
pressures, single crystals of k-[(h8&ET);_,(d8-

ET),]2Cu[N(CN)2|Br that were partly substituted
by deuterated ET molecules were grown by employing
the standard electrochemical oxidation method.t? The
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FIG. 1: Temperature dependence of the in-plane resistivity
in magnetic fields perpendicular to the a-c plane of x-[(h8-
ET)1-2(d8-ET);]2Cu[N(CN)2|Br for (a) x = 0.4, (b) z = 0.5,
(c) z = 0.6, and (d) z = 0.8. White arrows indicate Tnr. The
inset of Fig. 1(d) shows T ~ 31 K (black arrow) at which
the upper Mott MI transition occurs in addition to the lower
T transition due to the reentrance of the S-shaped curve.

substitution ratio x denotes the nominal mole ratio to
the fully deuterated ET molecule in the crystallization.2?
No apparent impurity effect in the electronic state other
than the bandwidth modulation was observed for such a
soft chemical substitution although a small increase in
the scattering time within the clean-limit superconduc-
tivity was observed in the quantum magnetic oscillation
experiments.2!

The in-plane resistivity in magnetic fields was mea-
sured by the dc four-terminal method, with the current
parallel to the a-c plane. The angle # denotes the mag-
netic field direction relative to the b-axis, which is per-
pendicular to the a-c plane. The rotation axis was paral-
lel to the current direction as shown in the inset of Fig.
2(b). All the samples measured were cooled slowly at
almost the same rate with —0.1 K/min from 290 K to
80 K, —0.01 K/min from 80 K to 70 K and keeping the
temperature at 75 K for 900 min, and —0.1 K/min from
70 K to 1.5 K. After the initial cooling, the temperature
of the sample did not exceed 45 K during the resistivity
measurements.

Figure 1 shows the temperature dependence of the in-
plane resistivity p in magnetic fields perpendicular to the
a-c plane of k-[(h8-ET)1_(d8-ET),;]2Cu[N(CN);3]Br for
(a) x =04, (b) £ = 0.5, (c) x = 0.6 and (d) x = 0.8. For
the x = 0.4 sample of Fig. 1(a), the p(T") curve from room
temperature to the superconducting transition tempera-
ture T, ~ 11 K represents the characteristic features ob-
served in previous studies for the x = 0 sample at H =
0 T. In addition, the usual normal state behavior ap-
pears at low temperatures; a constant residual resistivity

of the metal is observed for H > H.. In magnetic fields
below H.s, the superconducting transition curves show
typical fan-shaped broadenings, reflecting a vortex liquid
state with large fluctuations.22:23 It may be difficult to
evaluate the exact value of T, and Hco from the gradual
transition curve of the resistivity in magnetic fields. This
is basically because the change between the vortex liquid
and normal states is not defined as a thermodynamic
phase transition but observed as a crossover.2 In this
measurement, Tc(H) is defined as a temperature of ini-
tial decrease from the normal resistivity value. Although
the T, value determined by this means may have ambi-
guity in part, those are in good agreement with the mean
field T obtained by the scaling analysis of fluctuations
for the magnetization.22

For the samples with > 0.5, resistivity anomalies
at Ty (marked with white arrows) are observed on the
curves in the normal state at magnetic fields H > Hco
below T.(H = 0 T) in Figs. 1(b) (x = 0.5) and 1(c)
(z = 0.6). In addition, a marked temperature hysteresis
of the resistivity appears below Ty With an increase in
x, Ty shifts to a higher temperature and the magnitude
of the jump in the resistivity increases. In the case of the
x = 0.8 sample, Ty already appears at H = 0 T above
T.. Such anomalies associated with the jumps in and
the hysteresis of the resistivity indicate that the first-
order MI Mott transition occurs at Ty in the normal
states for H > Hee (x = 0.5 and 0.6) or H = 0 (z
= 0.8). The observed MI transitions are considered to
be the same as those observed in the Mott insulator x-
(BEDT-TTF),Cu[N(CN)2|Cl under hydrostatic helium

gas pressure.28:18

In addition, another anomaly in the resistivity (marked
with a black arrow in the inset of Fig. 1(d)) appears in
the x = 0.8 sample at around 30 K. The Mott tran-
sition curve of this system has been known to exhibit
the characteristic S-shaped curvature. Hence, the ob-
served anomaly at higher temperatures can be consid-
ered to result from the high T paramagnetic insulator-
metal (Fermi liquid)-low T antiferromagnetic Mott insu-
lator reentrant transition.

A gradual decrease in the resistivity is found in the
samples with x ranging from 0.5-0.8 below Ty for H <
H.o, although the system should be in the Mott insu-
lating state. This decrease may be due to the metal-
insulator phase separation caused by the first-order Mott
transition.1412:25 The metallic domains resulting from
the phase separation become superconducting below Ho
and reduce the total resistivity of the dominant Mott
insulator. Therefore, on the resistivity curves for sam-
ples with z ranging 0.5-0.8 under magnetic fields, the
jumps in and the temperature hysteresis of the resis-
tivity should be attributed to the Mott insulating do-
mains, which are dominant in the bulk sample; more-
over the decrease in the resistivity and its recovery by
applying magnetic fields may be caused by the metal-
lic/superconducting minor fragments.

The most important experimental finding of this study
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FIG. 2: (Color online) Metal-insulator transition tempera-
ture Ty for the z = 0.6 and 0.8 samples in magnetic fields:
(a) H(@ = 0 deg) and (b) H(A) = 15 T. Open and closed
circles denote Ty determined from the down and up sweeps
in temperature, respectively. The shaded area indicates the
temperature hysteresis of Twi. The dashed curves represent
Ho(T) or To(H). Inset of Fig. 2(b) shows the configuration
of the sample and the magnetic field direction. Panels (c) and
(d) denote the corresponding resistivity curves for the x = 0.6
sample in H (0 = 0 deg) and H(0) = 15 T, respectively.

is that the jump in the resistivity disappears in a super-
conducting state with a finite resistivity due to the vor-
tex flow, i. e., the vortex liquid state?24:26 below H.g,
as shown in Figs. 1(b) and 1(c). Figure 2 shows the
magnetic-field dependence of Ty and the dependence of
T on the magnetic field direction at low temperatures
in the z = 0.6 and 0.8 samples.2” The open and closed cir-
cles in Figs. 2(a) and 2(b) denote Ty determined from
down and up sweeps of the temperature, respectively.
The shaded area indicates the temperature hysteresis of
Twvi- The dashed curve in Fig. 2(a) represents Heo(T') or
T.(H) for the z = 0 sample.22:23 In the z = 0.8 sample,
T, which is always higher than T does not change with
the magnetic field and its direction.2® In contrast, resis-
tive anomalies such as the jump expected at Ty for the
x = 0.6 sample are not observed on the smooth resistiv-
ity curve in the vortex liquid state below H.o for H = 2
and 1 T, as shown in Fig. 2(c). This clearly demonstrates
that the MI transition does not occur in the vortex liquid
state, i.e., Ty starts to appear just above Heo(T = ).
It is noted that these phenomena require the condition
Tavt < Te and the bulk superconductivity to be below
H.,. A similar field-induced transition has been observed
in pressurized x-(h8-ET)2Cu[N(CN)2]C1.22

In order to confirm the relationship between Ty and
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FIG. 3: (Color online) Temperature-magnetic field-

substitution ratio x phase diagram for k-[(h8-ET):_.(d8-
ET).]2Cu[N(CN)2]Br. The magnetic fields are applied per-
pendicular to the a-c plane. Filled and open symbols denote
Twvr and T, respectively. Thick red curves show TCI,{ and TCI;.

T. in H, the dependence of Ty on the magnetic field
direction was determined. The large anisotropy of Hco
for magnetic fields between the direction perpendicular
and parallel to the a-c plane enables us to control the Hco
value in a tilted magnetic field. The dashed curve in Fig.
2(b) shows T, in magnetic fields based on the anisotropic
effective mass model 3% The resistivity curves in Fig. 2(d)
indicate that Ty appears only above T¢ in the tilted
constant magnetic field of 15 T. This is the same case of
a varying magnetic field as shown in Fig. 2(c). It can be
concluded from both experiments on the dependence of
Ty on the magnetic field and its direction that the MI
Mott transition does not occur in the superconducting
state with a finite resistivity below Hcs, i.e., the vortex
liquid state.

Figure 3 shows the summary of Ty and T
in the T-H-z phase diagram of &-[(h8ET);_,(d8-
ET),]2Cu[N(CN)3]|Br. The substitution ratio z corre-
sponds to the hydrostatic pressure P (MPa) = 35 —
15z for k-(h8-ET)3Cu[N(CN)3]C1.56818 The value of
T. in magnetic fields is deduced from the magnetiza-
tion and transport results reported so far2?23, The
overall features for H = 0 T and above H.y are simi-
lar to previous results for x-(h-ET)2Cu[N(CN);3]Cl un-
der helium gas pressure by Kagawa et all® and x-
(d[n,n]-ET)2Cu[N(CN)3]Br by using partly deuterated
ET molecules by Taniguchi et al” It must be empha-
sized that in the present phase diagram, the first order
Mott transition curve is terminated also at the lower crit-
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FIG. 4: Schematic of the effect of the magnetic field on
the first-order Mott transition curve for x-(BEDT-TTF)2X.
The dotted area represents the macroscopic phase separation
caused by crossing the first-order transition (thick line) during
the temperature sweep. For details, see the text.

ical end point TL(H, z) in the H.o(T) plane in addition
to the upper critical end point T\ ~ 32-40 K.

Below TX in the superconducting phase, the trace of
the S-shaped curve of Tyr(x) is not observed, although it
is difficult to isothermally investigate the transition prop-
erty between the superconducting and the antiferromag-
netic Mott insulating phases by means of the chemical
substitution, as performed in the present study. Helium
gas pressure experiments can approach this issue by vary-
ing the pressure isothermally. However, most of the pre-
vious studies have been performed for the MI transition
above approximately 10 K for avoiding the solidification
of helium, for example, the liquid-solid transition occurs
at 7 K under 30 MPa. Kagawa et al. have measured
the isothermal pressure dependence of the resistivity at
the MI transition in magnetic fields.A® At the MI tran-
sition above T.(H), the resistivity shows a clear sharp
jump that represents the first-order transition. In ad-
dition, other previous results!?2? also have given some
indications of the first-order transition at which a steep
increase in the resistivity occurs in magnetic fields. On
the other hand, below T.(H) in the vortex liquid state,
the behavior of the MI transition in the resistivity have
become somewhat broad, which implies that the nature
of the first-order transition becomes weak in spite of be-
ing at a lower temperature2® The results reported so far
may also be suggestive of the existence of T%.

Figure 4 schematically shows the effect of the mag-

netic field on the relationship between the Mott transi-
tion and superconductivity for magnetic fields H < Hea.
On the basis of Fig. 4, we phenomenologically explain
the behavior of the resistivity reported so far in a simi-
lar series of organic superconductors in the close vicinity
of the Mott transition in magnetic fields.271® The lower
critical end point T%(H, z) of the first-order Mott tran-
sition curve moves to lower temperatures and toward a
smaller = (higher pressure) along with the suppression
of T, by magnetic fields. In H > H.s in the end, the
first-order transition curve may approach T' = 0. Dur-
ing this process of a decrease in T with an increase
in the magnetic field, field-induced MI transitions occur
in the hatched region shown in Fig. 4. In a part of
the hatched region for T.(H) (= T%) < T < T.(0), the
successive superconducting-normal metal-insulator tran-
sitions occur due to the magnetic fields while only the
MI transition appears above T(0). Based on the present
measurements, we would emphasize that there is no evi-
dence for a direct transition from the superconducting to
the insulating state by magnetic fields as it was claimed
in Refl17

The existence of T in the T.(H) plane may imply that
the superconducting coherence developed below Tc.(H)
suppresses the Mott insulating phase at lower temper-
atures. Further theoretical investigations are necessary
to understand the correlation between superconductivity
and the Mott insulating states under magnetic fields. Fi-
nally, we would like to comment on the reentrant AFI
transition below T¢, as claimed in the early helium gas
pressure experiments on k-(h8-ET)yCu[N(CN)]C1.2:29:31
The early experiments indicated the significant proxim-
ity of the AFI phase to the superconducting phase even
for H = 0. However, the reentrant transition always ap-
peared around 7 K, even the different pressures in the
range of 30-55 MPa. This difference may be caused by a
drop or inhomogeneity in the actual pressure applied to
the sample due to the solidification of liquid helium at
this temperature (7 K)-pressure (30 MPa) range.

In summary, details of the phase diagram
for the organic Mott system &-[(h8ET);_,(d8-
ET),]2Cu[N(CN)2|Br in magnetic fields is presented.
The lower critical end point of the first-order Mott
transition, which is terminated in the H.o(T) plane, is
found experimentally in addition to the upper critical
end point. A theoretical study on the stability of the
Mott insulator and the adjacent superconductivity by
considering the development of each order parameter
and phase coherence in magnetic fields is necessary to
understand this issue.
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