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Magnetic field induced insulator-to-metal Mott transition in λ-type organic conductors

S. Fukuoka , T. Oka, Y. Ihara , and A. Kawamoto
Department of Condensed Matter Physics, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan

S. Imajo and K. Kindo
Institute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba 277-8581, Japan

(Received 15 December 2023; revised 8 April 2024; accepted 17 April 2024; published 13 May 2024)

The effects of a magnetic field on the Mott transition, a longstanding issue in condensed matter physics, are
studied using magnetoresistance measurements for organic Mott insulators, λ-(BETS)2GaBrxCl4−x , up to 55 T.
We demonstrate that an insulator-to-metal transition with a first-order nature and a successive superconductor-to-
insulator-to-metal transition are induced by magnetic fields. We discuss the difference in magnetic susceptibility
between the insulating and metallic phases, which is a key factor in inducing these transitions. Field induced
transitions in experimentally feasible fields under ambient pressure conditions lead to further experimental
verification of Mott transitions.
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I. INTRODUCTION

The Mott transition, which is a drastic change between
electronic localization and delocalization, has been a central
subject of research in condensed matter physics [1]. A wide
variety of phenomena, including unconventional supercon-
ductivity and novel magnetic states, such as quantum spin
liquid states, emerge in the vicinity of the Mott boundary
[2–4]. In the Mott-insulating state, the charge degrees of free-
dom are frozen by Coulomb repulsion. A Mott transition can
be induced by carrier doping or by applying pressure [5–7].
Because the Mott transition is caused by the competition be-
tween Coulomb energy and electronic kinetic energy, it is, in
principle, insensitive to magnetic fields. However, enhanced
magnetism in a strongly correlated electron system leads to
the Zeeman effect competing with the relevant energy scale,
resulting in a magnetic field induced Mott transition [3,8–11].
Theoretical studies have predicted that the magnetic suscepti-
bility of a strongly correlated metal is enhanced by a magnetic
field, and a further metamagnetic localization transition is
induced [8,9]. Such magnetic field induced localization has
been experimentally confirmed in the quasi-two-dimensional
organic conductor, κ-(BEDT-TTF)2Cu[N(CN)2]Cl, where
BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene [11]. The
molecular structure of BEDT-TTF is shown in Fig. 1(a).
However, the opposite magnetic field induced delocaliza-
tion transition has been reported in some materials, which
is caused by the energy gain from the Zeeman energy or
associated structural instability [3,12]. These suggest that the
magnetic nature adjacent to the Mott boundary is an important
factor for the effect of the magnetic field on the Mott transition
and further comprehensive studies are required.

To thoroughly investigate the effects of the magnetic field
on the Mott transition, it is necessary to apply a magnetic field
comparable to the energy scale of the Mott gap. However,
the energy scale of the Mott gap is typically much larger
than that of experimentally available magnetic fields, which

has prevented a comprehensive discussion of magnetic field
effects on the Mott transition. To overcome this problem, it is
necessary to realize an electronic state near the Mott boundary
where the Coulomb repulsion and electronic kinetic energy
are comparable. Organic conductors are suitable targets for
studying the effects of magnetic fields on the Mott transition.
Because organic conductors form a crystal structure through
weak van der Waals forces, the electronic state is sensitively
affected by relatively moderate pressures, which allows us
to tune the electronic state close to the Mott boundary. For
example, a Mott transition is induced by applying a pressure
of approximately 30 MPa to κ-(BEDT-TTF)2Cu[N(CN)2]Cl
[13–15]. By precisely tuning the system to the Mott boundary
using moderate pressure, a magnetic field induced metal-to-
insulator (M-I) Mott transition was observed at approximately
10 T [11]. Furthermore, the chemical pressure effect caused
by molecule or atom substitution allows the tuning of the elec-
tronic state. In κ-(BEDT-TTF)2Cu[N(CN)2]Br, in which the
ground state is a superconducting state, the negative pressure
effect is obtained by deuterating the ethylene groups at the
edges of BEDT-TTF molecules, and the ground state can be
changed to a Mott insulating state [16–18].

In this paper, we focused on the quasi-two-dimensional
organic superconductor λ-(BETS)2GaCl4, which consists
of organic donor molecules of BETS0.5+, where BETS is
bis(ethylenedithio)tetraselenafulvalene, and counteranions of
GaCl4

− [19]. The molecular structure of BETS and the crystal
structure of λ-(BETS)2GaCl4 are shown in Fig. 1. BETS
has a molecular structure in which the four sulfur atoms in
the TTF skeleton of BEDT-TTF are replaced by selenium
atoms. Since the atomic radius of selenium atoms is larger
than that of sulfur atoms, the overlap integral between BETS
molecules is larger than that in BEDT-TTF molecules. This
substitution works to stabilize the metallic state. The BETS
molecules and GaCl4

− counteranions form two-dimensional
layered structures that are stacked alternately. There are two
crystallographically nonequivalent BETS molecules, which
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FIG. 1. (a) Molecular structures of BEDT-TTF and BETS. (b) A
schematic drawing of the crystal shape of λ-type BETS salts. The
direction of the applied current (I) and that of the applied mag-
netic field (H ) are indicated by arrows. (c) The crystal structure
of λ-(BETS)2GaCl4 viewed along the c axis. BETS molecules and
GaCl4

− anions form layered structures separately and they stack
along the b axis. The ellipsoids represent BETS dimers. (d) Molec-
ular arrangement of the BETS molecules in the conduction layers.
The blue and red ellipsoids represent the independent BETS dimers,
which are related by inversion symmetry. (e) A schematic draw-
ing of the conduction layers. The lines represent the interaction
paths between the dimers, and the thickness of the lines represents
schematically the strength of the interactions [20–22].

are indicated as A and B in Fig. 1(d), and they form a dimer
structure. A′ and B′ are crystallographically equivalent with A
and B, respectively related by inversion symmetry. Figure 1(e)
shows a schematic drawing of the molecular arrangement in
the conduction layers. As GaCl4

− is a monovalent anion,
a donor dimer has one hole, and the donor layers form an
effective half-filled electronic state [20–22]. λ-(BETS)2GaCl4
shows a superconducting transition at 5.5 K. Unlike κ-type
salts, in which the insulating phase adjacent to the Mott
boundary is an antiferromagnetic insulating phase, the insu-
lating phase adjacent to the Mott boundary in λ-type salts
is suggested to be a nonmagnetic insulating or spin-density-
wave (SDW) phase [23,24]. λ-type salts are important model
materials for discussing the magnetic field effects on the Mott
transition and its relationship with the magnetic state adjacent
to the Mott boundary.

For studying the magnetic field effects on the Mott tran-
sition, we focus on the anion substitution effect. Figure 2
shows the pressure-temperature (p-T ) phase diagram of

Paramagnetic insulator

Metal

SC
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FIG. 2. p-T phase diagram of λ-(BETS)2GaBrxCl4−x . The red
horizontal axis indicates the unit cell volume at room temperature
[23]. The points marked with blue diamonds, green triangles, and red
circles were determined in this study. The points marked with white
diamonds, circles, triangles, and inverted triangles were determined
by electrical resistivity and magnetic susceptibility measurements in
previous studies [23].

λ-type BETS salts [23]. The x-ray diffraction analysis for a
series of λ-(BETS)2GaBrxCl4−x confirmed that the unit cell
volume increases linearly with increasing Br content follow-
ing the formula V = 1783.2 + 16.652x, indicating that Br
substitution gives rise to a negative chemical pressure effect
[23]. Previous transport studies have revealed that the ground
state changes from a superconducting state to an insulating
state around x = 0.75 [23]. This suggests that the precise con-
trol of the Br content allows us to access the Mott boundary
located around x = 0.75 under ambient conditions. This is
advantageous for studying the magnetic field effects on the
Mott transition because the field-temperature (H-T ) phase
diagram over wide temperature and magnetic field ranges can
be investigated using pulsed high magnetic fields.

II. EXPERIMENTAL

Single crystals of λ-(BETS)2GaBrxCl4−x were grown
by electrochemical oxidation of BETS in the presence of
TBAGaCl4 and TBAGaBrCl3, where TBA is tetrabutylammo-
nium, in an appropriate ratio in chlorobenzene. Compounds
with x = 0.65, 0.75, and 0.8 were prepared. λ-type BETS salts
crystallize in the triclinic lattice and the long axis is parallel
to the c axis. The crystal shape and crystal axis are shown in
Fig. 1(b). The temperature dependence of the resistivity was
measured using the four-terminal method with an ac current
applied along the c axis. The magnetic field was set parallel
to the conduction plane and perpendicular to the direction
of the current as shown in Fig. 1(b) using a rotating sam-
ple holder. Magnetoresistance measurements were performed
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FIG. 3. (a) Temperature dependence of the scaled resistance
R/R100 K,0 T of λ-(BETS)2GaBrxCl4−x . The open red symbols are the
resistivity of the compound with x = 0.65 in the normal state at 20 T.
(b) Magnetic field dependence of the resistivity of the compound
with x = 0.65 measured up to 20 T at each temperature.

using a 60-T pulse magnet at the International MegaGauss
Science Laboratory of the ISSP.

III. RESULTS AND DISCUSSION

Figure 3(a) shows the temperature dependence of the re-
sistivity scaled by the resistivity at 100 K. For comparison,
the resistivity of λ-(BETS)2GaCl4 (x = 0) is also shown in
the same figure [25]. In all the compounds, the resistivity ex-
hibited an inflection point, and an insulator-to-metal crossover
was observed at T ∗, as indicated by the arrows in Fig. 3(a). In
the case of λ-(BETS)2GaCl4, the temperature dependence of
the resistivity is proportional to T 2, and 1/T1T estimated by
the 13C NMR measurements is constant below T ∗, suggesting
a Fermi-liquid state [26,27]. T ∗ shifted to lower temperatures
with increasing Br content. The resistivity decreased below
T ∗ for all the compounds and reached a minimum at approxi-
mately 15 K, which is defined as T min. The T ∗ and T min values
for each compound determined in this study are plotted in

FIG. 4. (a), (b) Magnetic field dependence of the resistivity of
the compound with x = 0.75 and 0.65 up to about 55 T. (c), (d) H -T
phase diagram of the compound with x = 0.75 and 0.65. The colors
correspond to the value of the resistivity.

Fig. 2 by blue diamonds and green triangles, respectively. Our
results are in good agreement with those of previous studies
[23].

For the compound with x = 0.65, a sharp resistiv-
ity drop was observed at 7.6 K. Figure 3(b) shows the
magnetoresistance of the compound with x = 0.65 measured
up to 20 T at several temperatures below 8 K. A sharp increase
in resistivity was observed with the application of a magnetic
field, suggesting that the resistivity drop at zero field can be
attributed to a superconducting transition. We evaluated the
resistivity in the normal state without superconductivity using
the resistivity at 20 T above the critical magnetic field (Hc2).
The resistivities at 7 and 8 K at 20 T were estimated by
extrapolating the resistivity in the normal state. The dashed
lines in Fig. 3(b) indicate the extrapolation of the resistivity in
the normal state. The red open circles in Fig. 3(a) indicate
the temperature dependence of the resistivity at 20 T. The
resistivity at 20 T increases toward lower temperatures, as in
other compounds, indicating that the compound with x = 0.65
is also insulating when the superconductivity is suppressed.
The decrease in resistivity originated from the growth of per-
colated superconducting domains in the dominant insulating
phase, and the insulating behavior was restored by the break-
down of the superconducting state by a magnetic field. These
results suggest that the compound with x = 0.65 is located on
the insulator side, close to the Mott boundary.

To investigate the effects of the magnetic field on the Mott
transition, magnetoresistance measurements were performed
up to 55 T. Figures 4(a) and 4(b) show the temperature depen-
dence of the magnetoresistance for compounds with x = 0.75
and 0.65. The magnetoresistance in the upward and downward
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magnetic field sweeps is indicated by the dark and light lines,
respectively. Negative magnetoresistance was observed at all
temperatures. Above T min, a small magnetoresistance without
hysteresis was observed. In contrast, the magnitude of the
negative magnetoresistance increased significantly near T min.
In the insulating phase below T min, a sharp drop in resistivity
was observed above a certain magnetic field, which is defined
as H IM, and hysteresis was clearly observed. The sharp resis-
tivity drop with hysteresis can be interpreted as a first-order
magnetic field induced insulator-to-metal (I-M) transition. In
the compound with x = 0.65, a suppression of the supercon-
ducting state was observed at low fields below 8 K, and a
sharp resistance drop with a first-order nature occurred at high
fields, indicating a successive superconductor-to-insulator-to-
metal (SC-I-M) transition.

The results of the magnetoresistance measurements are
summarized as color plots of the H-T phase diagram in
Figs. 4(c) and 4(d). The observation of the magnetic field
induced I-M transition suggests that the first-order Mott
boundary in the p-T phase diagram shifts to the lower-
pressure side by the magnetic field, and the difference in
H IM depending on the Br content is attributed to the fact that
the compound with a higher Br content is farther from the
boundary.

Near the Mott boundary, the Coulomb and kinetic energies
are comparable, resulting in a small Mott gap. Therefore, the
electronic state can be changed with a relatively small energy
gain, owing to the Zeeman effect. As the electronic state shifts
away from the Mott boundary to the insulator side, namely,
as the Br content increases, the effective Mott gap increases,
requiring a larger magnetic field to induce the I-M Mott
transition. The absence of a phase transition at temperatures
above T min can be explained by the fact that both compounds
are in the metal phase or crossover region above the critical
endpoint. Similar behavior has also been observed for κ-type
salts [11]. In this case, the metallic state can be stabilized,
but the electronic system does not cross the first-order Mott
boundary and instead undergoes a continuous crossover.

Our results reveal that magnetic fields stabilize the metallic
ground state rather than the insulating state in λ-type salts.
This result is in stark contrast to the field induced localization
observed in κ-type salts [8,9]. As a possible scenario for the
opposite magnetic field responses of λ- and κ-type salts, we
propose a magnetic free energy gain originating from the dif-
ference in the magnetization of the metal and insulator phases
(�M = M ins − Mmetal). From a thermodynamic viewpoint,
a spin system prefers a larger magnetization in a magnetic
field. Previously, a similar magnetic field induced I-M Mott
transition was observed in EtMe3P[Pd(dmit)2]2, where Et
and Me denote C2H5 and CH3, respectively, and dmit is
1,3-dithiole-2-thione-4,5-dithiolate [3]. EtMe3P[Pd(dmit)2]2

exhibits a valence-bond solid phase with a nonmagnetic nature
adjacent to the Mott boundary, and a magnetic field induced I-
M Mott transition with discontinuous jumps in resistance was
observed in magnetoresistance measurements [3]. In the case
of κ-type salts, the Fermi-liquid state (paramagnetic metal or
superconductivity) is adjacent to the antiferromagnetic (weak
ferromagnetic) Mott insulating phase at low temperatures, and
the magnetization of the insulating phase is greater than that
of the metal phase (�M > 0), resulting in the stabilization of

FIG. 5. p-H phase diagram at 6 K (solid line) and 8 K (dashed
line).

the insulator phase in a magnetic field [28,29]. In contrast, the
magnetic susceptibility of λ-(BETS)2GaBrxCl4−x is found to
decrease with increasing Br content at low temperatures; that
is, �M < 0 [23]. Thus, the metal phase can be stabilized in
strong magnetic fields, leading to the magnetic field induced
I-M Mott transition. The difference in magnetic susceptibility
between compounds with different Br content becomes small
with increasing temperatures. This can explain the small mag-
netoresistance at high temperatures because the energy gain
from the Zeeman effect is small.

For κ-type salts, it is difficult to measure magnetic
susceptibility under pressure, which prevents experimental
investigations near the Mott boundary [3,11]. In λ-type salts,
on the other hand, quantitative evaluation of the magnetic
susceptibility very close to the Mott boundary is possible
by using the chemical pressure effects. Figure 5 shows the
pressure-magnetic field (p-H) phase diagrams of the λ-type
salts at 6 and 8 K below T min determined from the results
shown in Figs. 4(a) and 4(b). Since a linear relationship be-
tween Br content and unit cell volume has been confirmed,
the horizontal axis can be regarded as effective pressure [23].
H IM was defined as the point at which a resistance drop
was observed in the upward-field-sweep process. Our results
confirm that the slope of the phase transition line between the
insulator and metal phases in the λ-type salt is negative. This
is in contrast to the case in κ-(BEDT-TTF)2Cu[N(CN)2]Cl
that the slope of the phase transition line is positive [11].
From the Clausius-Clapeyron relation, the slope of the phase
boundary can be written as

dH

d p
= �V

�M
= V ins − V metal(SC)

M ins − Mmetal(SC)
, (1)

where �V is the difference between the volumes in the
insulating state (V ins) and metal (SC) state (V metal(SC)). Be-
cause the insulating phase is located on the negative-pressure
side of the metal and superconductor phases, �V is posi-
tive, assuming that the cell volume is almost unchanged by
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the magnetic field. The smaller magnetization in a larger
Br content compound yields a negative �M. Therefore, the
Clausius-Clapeyron relation implies that the slope of the
phase boundary is negative (�V/�M < 0), which is consis-
tent with our experimental results [23].

Comparing the insulator and superconductor phases, the
magnetic susceptibility in the superconductor phase is nega-
tive owing to the Meissner effect, suggesting that the slope
of the phase transition line between the insulator and su-
perconductor phases is positive (�V/�M > 0) and that an
inflection point exists. The successive SC-I-M transitions can
be induced by choosing the appropriate pressure or Br con-
tent, which corresponds to the result of the compound with
x = 0.65 in this study.

Our results confirmed that λ-type salts exhibit magnetic
field responses opposite to those of κ-type salts and imply that
the smaller magnetic susceptibility in the insulator phase in
λ-type salts may play a key role. As the cause of the reduction
of the magnetization in the insulator phase, we point out that
several magnetic phases compete near the Mott boundary in
λ-type salts. While the insulator phase adjacent to the Mott
boundary is antiferromagnetic phase for many Mott insulators
including κ-type salts, that in λ-type salts is proposed to be
a nonmagnetic phase, because the decrease in the magnetic
susceptibility was observed in λ-(BETS)2GaBrxCl4−x with a
larger x (x � 1.0) [23,30,31]. As shown in Figs. 1(d) and 1(e),
dimerized BETS molecules are stacked in the a-axis direction
in the donor layers unlike κ-type salts, and a one-dimensional
nature appears in the electronic structure. Theoretical studies
considering the electronic structure of λ-type salts suggest that
effective Heisenberg coupling alternates along the a axis, and
that the antiferromagnetic phase competes with the spin-gap
phase [32,33]. On the other hand, the recent 13C NMR mea-
surements for λ-(BETS)2GaBr0.75Cl3.25 suggest the possible
existence of an SDW phase in a very small area in the vicinity

of the boundary. Since the band calculation confirmed that
λ-type salts have multiband Fermi surfaces with quasi-one-
dimensional and quasi-two-dimensional natures, the nesting
instability in the quasi-one-dimensional Fermi surface can
cause the SDW transition [20–22]. We speculate that such
competition of the magnetic states could cause the reduction
of the magnetization in the insulator phase and should be
taken into account to explain the magnetic field effects on the
Mott transition in λ-type salts. To achieve microscopic eluci-
dation of the magnetic field effects on the Mott transition, we
believe that further theoretical studies incorporating the effect
of electron correlation in accordance with actual materials are
needed.

IV. CONCLUSION

In conclusion, we investigated the magnetic field effects
on the Mott transition for λ-type salts using pulsed magnetic
fields up to approximately 55 T and established the p-H and
H-T phase diagrams over wide temperature and magnetic
field ranges around the Mott boundary. The λ-type salts ex-
hibited a magnetic field induced insulator-to-metal transition.
We also detected a successive superconductor-to-insulator-
to-metal transition for the compound with x = 0.65, which
was located close to the Mott boundary. Such magnetic field
dependence can be attributed to the unconventional insulator
phase with a small magnetic susceptibility.
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