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Antiferromagnetic ordering of organic Mott insulator λ-(BEDSe-TTF)2GaCl4
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The band structure and magnetic properties of organic charge-transfer salt λ-(BEDSe-TTF)2GaCl4

[BEDSe-TTF: bis(ethylenediseleno)tetrathiafulvalene; abbreviated as λ-BEDSe] are investigated. The re-
ported crystal structure is confirmed using x-ray diffraction measurements, and the transfer integrals are
calculated. The degree of electron correlation U/W (U : on-site Coulomb repulsion, W : bandwidth) of λ-
BEDSe is larger than one and comparable to that of the isostructural Mott insulator λ-(ET)2GaCl4 (ET:
bis(ethylenedithio)tetrathiafulvalene, abbreviated as λ-ET), whereas the U/W of the superconducting salt
λ-(BETS)2GaCl4 [BETS: bis(ethylenedithio)tetraselenafulvalene] is smaller than one. 13C-NMR and μSR
measurements revealed that λ-BEDSe undergoes an antiferromagnetic (AF) ordering below TN = 22 K. In the
AF state, discrete 13C-NMR spectra with a remaining central peak are observed, indicating the commensurate AF
spin structure also observed in λ-ET. The similarity of the structural and magnetic properties between λ-BEDSe
and λ-ET suggests that both salts are in the same electronic phase, i.e., the physical properties of λ-BEDSe can
be understood by the universal phase diagram of bandwidth-controlled λ-type organic conductors obtained by
donor molecule substitution.

DOI: 10.1103/PhysRevB.106.045114

I. INTRODUCTION

In molecular-based organic conductors, electronic
properties are drastically changed by applying physical
pressure. For example, (TMTSF)2PF6 (TMTSF: tetram-
ethyltetraselenafulvalene) is a quasi-one-dimensional metal
exhibiting a spin-density-wave ordering below 12 K [1],
and κ-(BEDT-TTF)2Cu[N(CN)2]Cl (BEDT-TTF (ET):
bis(ethylenedithio)tetrathiafulvalene [Fig. 1(a)-i]) is a
quasi-two-dimensional Mott insulator exhibiting an anti-
ferromagnetic (AF) ordering below 22.8 K [2–4]. However,
they both show superconductivity under pressure [5,6].
Therefore, it is believed that electron correlation plays
a key role in the occurrence of superconductivity, and
to this end, these systems have been well studied [7].
To understand the relationship between superconducting
(SC) and adjacent electronic phases, each phase should
be investigated in detail, and the pressure-temperature
phase diagram should be established. For this purpose,
chemical pressure can be applied using molecular
substitution. Replacing anion molecules PF6 with ClO4

and Cu[N(CN)2]Cl with Cu[N(CN)2]Br or Cu(NCS)2 results
in a pressure effect, which leads to superconductivity under
ambient pressure [8–10]. This approach greatly facilitates
the understanding of superconductivity. Thus far, many
unconventional properties have been reported [11].
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λ-(BEDT-TSF)2MCl4 (BEDT-TSF (BETS):
bis(ethylenedithio)tetraselenafulvalene [Fig. 1(a)-ii], M = Ga,
Fe) also exhibits interesting properties such as field-induced
superconductivity [12], Fulde-Ferrell-Larkin-Ovchinnikov
superconductivity [13–15], and an anisotropic SC
gap [16–19]. Thus, they should be investigated in addition
to the above-mentioned compounds. To investigate the
mechanism of superconductivity in λ-type salts, the
chemical pressure effect of substituting bromine for
chlorine in λ-(BETS)2GaCl4 (abbreviated as λ-BETS)
has been studied [20,21]. With an increase in the amount of
bromine, the spin-density-wave phase has been found to be
adjacent to the SC phase [22]. However, in the system of
λ-(BETS)2GaBrxCl4−x, the pressure range investigated by
bromine substitution is narrow because λ-type salts can be
obtained only in the range x < 2 [21] and superconductivity
occurs at 0.12 GPa for x = 1.5 [23].

For complementary information on a wider pressure
range, a universal phase diagram using donor molec-
ular substitution has been proposed, as illustrated in
Fig. 1(b) [24,25]. As demonstrated by the substitution
of TMTSF for TMTTF (tetramethyltetrathiafulvalene) [26],
the substitution of S and Se in the TTF skeleton leads
to a large pressure effect because of the significant
change in the intermolecular transfer integrals. In fact,
λ-(BEDT-STF)2GaCl4 [BEDT-STF (STF): unsymmetrical-
bis(ethylenedithio)diselenadithiafulvalene [Fig. 1(a)-iii]; ab-
breviated as λ-STF], is an insulator at ambient pressure, and
superconductivity emerges at a pressure of ∼1.3 GPa [24,27],
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FIG. 1. (a) Molecular structures of (i) BEDT-TTF, (ii) BETS,
(iii) BEDT-STF, and (iv) BEDSe-TTF. (b) Phase diagram of λ-
D2GaCl4 (D = BEDT-TTF, BEDT-STF, BETS). Tc (green symbols)
for SC transition and TMI (blue symbols) for metal-insulator tran-
sition were determined from the resistivity measurements under
pressure [21,27]. The AF ordering temperature TN (red rhombus)
of λ-ET was obtained by a 13C-NMR and electron-spin resonance
measurements [24,28].

which confirms the universal phase diagram. λ-(ET)2GaCl4

(abbreviated as λ-ET), which is located at a more negative
pressure side than λ-STF, undergoes a transition from a Mott
insulator to an antiferromagnet at 13 K [28], whereas mag-
netic ordering is not observed in λ-STF [27,29]. The absence
of the magnetic order may be the quantum critical effect of λ-
STF being located between the AF and SC phases [29] or the
disorder effect originating from the asymmetric BEDT-STF
molecules. In contrast, the AF order has been observed in λ-
(BETS)2FeCl4 [30,31] and λ-(STF)2FeCl4 [32–34], although
there is a contribution of 3d spins from the Fe ions. Physical
properties in λ-ET that do not contain asymmetry in its donor
molecule should be investigated under pressure to understand
why λ-STF does not exhibit any magnetic ordering. However,
several polymorphs are obtained simultaneously in the synthe-
sis of λ-ET, and the main product is δ-(ET)2GaCl4 [35–37],
which complicates the study of the physical properties of
λ-ET. Further, several polymorphs of (ET)2FeCl4 have been
synthesized [38,39], but the λ-type salt is not obtained.

To address the aforementioned problems, we focused
on the BEDSe-TTF molecule shown in Fig. 1(a)-iv, where
BEDSe-TTF denotes bis(ethylenediseleno)tetrathiafulvalene.
Cui et al. reported the lattice parameters of λ-(BEDSe-
TTF)2GaCl4 (λ-BEDSe) [40], which are larger than those
of λ-ET, indicating a negative chemical pressure effect. The
negative chemical pressure effect by BEDSe-TTF molec-
ular substitution for an ET molecule was demonstrated
in κ-(ET)2Cu[N(CN)2]Br [41]. These results suggest that
λ-BEDSe is a promising candidate to provide further in-
formation on the insulating phase of the universal phase
diagram. Moreover, there are no reports of polymorphisms in
either (BEDSe-TTF)2GaCl4 or (BEDSe-TTF)2FeCl4, which
is a great advantage in investigating their physical proper-
ties. However, physical properties are yet to be reported for
λ-BEDSe except for the semiconducting resistivity above
200 K [40]. In this study, we investigate the structural and

magnetic properties of λ-BEDSe to explore whether it is
located on the universal phase diagram and to promote the
understanding of the insulating phase.

II. EXPERIMENTAL

Single crystals of λ-BEDSe were prepared by the elec-
trochemical oxidation of BEDSe-TTF in a solution of
chlorobenzene containing 10% ethanol with tetrabutylammo-
nium salt of GaCl−4 . The samples were needlelike crystals as
in the other λ-type salts. Polymorphism was not confirmed in
our experiments unlike for other λ-type salts.

Single-crystal x-ray diffraction measurements on λ-
D2GaCl4 (D = BEDSe-TTF, ET, and BETS) were performed
using a Bruker SMART APEX2 diffractometer by employing
a graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å)
at the Comprehensive Analysis Center for Science, Saitama
University, Japan. The diffraction data were collected at
110 K, and the structures were solved using SHELXT [42]
and refined using SHELXL [43].

The overlap integrals, band dispersion, and Fermi surface
were obtained by the tight-binding calculation based on the
extended Hückel method [44]. The transfer integrals t were
estimated from the overlap integrals S assuming that t = ES,
where E represents a constant of −10.0 eV. For Se-containing
organic conductors, the choice of the Hückel parameters for
the Se atom remain controversial [45,46]. Mori and Katsuhara
studied the parameter dependence of the overlap integrals in
λ-type salts, and in this study, we applied the same parameter
set [47,48].

Magnetization measurements on λ-BEDSe were per-
formed using a superconducting quantum interference device
magnetometer (Quantum Design MPMS XL-7). The mag-
netic susceptibility of polycrystalline samples with a weight of
7.9 mg was measured under a magnetic field of 1 T between
2 and 300 K. The spin susceptibility was acquired by sub-
tracting the core diamagnetic contribution of −5.00 × 10−4

emu/mol estimated from the measured susceptibility of in-
gredients such as neutral molecules.

Muon-spin rotation (μSR) experiments on λ-BEDSe were
carried out using a general purpose surface-muon instrument
at Swiss Muon Source (SμS), Paul Scherrer Institut (Villigen,
Switzerland). We used a continuous muon beam with the
spin polarization parallel to the beam line. A randomly ori-
ented polycrystalline sample of 50 mg was wrapped in silver
foil. Measurements were conducted under zero magnetic field

FIG. 2. Synthesis of 13C enriched BEDSe-TTF molecules.
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TABLE I. Lattice parameters for λ-D2GaCl4 (D = BEDSe-TTF,
ET, and BETS).

Parameter λ-BEDSe λ-ET λ-BETS

a (Å) 16.1260(14) 15.9661(15) 15.9166(19)
b (Å) 18.1099(15) 17.9068(17) 18.451(2)
c (Å) 6.6519(6) 6.4544(6) 6.5435(8)
α (◦) 97.397(1) 98.520(1) 98.606(1)
β (◦) 97.154(1) 96.731(2) 95.960(1)
γ (◦) 111.886(1) 112.027(2) 112.261(1)
V (Å3) 1755.9(3) 1661.4(3) 1731.2(4)

at temperatures between 40–1.6 K to cover the temperature
range of the magnetic transition.

For a 13C NMR experiment, we prepared 13C-enriched
BEDSe-TTF molecules synthesized from 13C-enriched
thioketone (i) and cool ketone (ii) (Fig. 2) [49], as used
in the preparation of the single-site 13C-enriched ET
molecule [50,51]. This cross coupling afforded 78% of
(iii), 18% of (iv), and 4% of (v). Their ratio was estimated
from the cross-coupling reaction of deuterated thioketone (i)
and cool ketone (ii) using mass spectroscopy. As molecule
(iv) is NMR inactive, the NMR signals were obtained from
the molecule (iii), which helped prevent the Pake doublet
problem [52]. 13C-NMR experiments were performed for
a single crystal with dimensions of 10 × 0.35 × 0.04 mm3

in a magnetic field of 6 T parallel to the long axis of the
BEDSe-TTF molecules, where the NMR shift becomes
minimum in the a∗b∗ plane. The NMR spectra were obtained
by the fast Fourier transformation of the spin-echo signals
with a π/2-π pulse sequence. The typical π/2 pulse length
was 2 μs. Spin-lattice relaxation time T1 was measured by a
conventional saturation-recovery method.

III. RESULTS AND DISCUSSION

A. Crystal structure

The structural analyses of λ-D2GaCl4 (D = BEDSe-TTF,
ET, and BETS) were performed at 110 K because crystallo-
graphic data including atomic parameters were not reported
in previous papers [24,40]. This information is useful not

only for comparing the structure but also for performing band
structure calculations. Table I shows the lattice parameters of
the three salts. Results are consistent with those previously
reported [21,24,40]. These values show that the three salts are
isostructural, which indicates that physical properties can be
understood by the same phase diagram. From a comparison of
the three salts, the unit cell volumes of λ-BETS and λ-BEDSe
are larger than that of λ-ET by 4.2% and 5.7%, respectively.
This implies that the replacement of S atoms with Se atoms
in the ET molecule leads to lattice expansion. In addition, the
unit cell volume of λ-BEDSe is larger than that of λ-BETS,
which shows that the substitution at the outer chalcogen atoms
has a greater effect on the lattice expansion. These lattice ex-
pansions are considered the negative chemical pressure effect;
however, λ-BETS and λ-BEDSe are metallic and insulating,
respectively. To discuss the actual pressure effect, not only the
lattice constants but also the intermolecular overlap integrals
should be investigated.

Figures 3(a)–3(c) show the crystal structure of λ-BEDSe.
In this system, BEDSe-TTF layers and GaCl4 layers are
alternately stacked along the b axis [Fig. 3(a)]. In the BEDSe-
TTF layers, there are two crystallographically independent
molecules: I (I∗) and II (II∗), where molecules marked with
asterisks are related to the unmarked ones by the inver-
sion center. These molecules are stacked along the a axis
[Fig. 3(b)]; however, the overlap modes characterized by slid-
ing distance along the long axis of the molecule [Fig. 3(c)]
and interplanar distance between the molecules are different.
Table II shows that these values between molecules I and II
are smaller than the others and are close to that of κ-type salts
(sliding distance is 1.59 Å and interplanar distance is 3.56
Å) [53], which suggests molecules I and II form a dimer.

Among the three salts, interplanar distances are signifi-
cantly different whereas the sliding distances are insignificant
(Table II). These differences affect the magnetic interaction
between dimers, as discussed in Sec. III C.

B. Band structure calculation

We performed tight-binding calculations for λ-D2GaCl4

(D = BEDSe-TTF, ET, and BETS) using the obtained atomic
parameters. Table III shows the transfer integrals of the three

FIG. 3. (a) Layered crystal structure of λ-BEDSe viewed along the c axis. (b) In-plane structure of the BEDSe-TTF layer in the ac plane.
Square and dotted ellipse represent the unit cell and dimer of the BEDSe-TTF molecules, respectively. (c) Overlaps between each molecule
viewed perpendicular to the molecular plane. (d) Schematic representation of the BEDSe-TTF layer in a dimer model, where circles represent
dimers.
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TABLE II. Interplanar and sliding distances in the overlap mode
between molecules for λ-D2GaCl4 (D = BEDSe-TTF, BEDT-TTF,
and BETS).

Modes λ-BEDSe λ-ET λ-BETS

Interplanar distance
I–II 3.57 3.49 3.83
I–I∗ 4.00 3.99 4.15
II–II∗ 4.51 4.11 4.02
Sliding distance
I–II 1.00 0.99 1.20
I–I∗ 2.82 2.68 2.84
II–II∗ 4.80 4.71 4.76

salts, and the definitions are displayed in Fig. 3(b). As inferred
from the overlap modes of the crystal structure, tA is signifi-
cantly larger than tB and tC, which indicates that molecules I
and II form a dimer from the perspective of electronic struc-
ture.

The magnitude of the transfer integrals along the stack
direction for λ-BEDSe is intermediate between those for λ-ET
and λ-BETS. In contrast, the transfer integrals perpendicular
to the stack directions are not significantly different between
λ-ET and λ-BEDSe, and they are smaller than those for λ-
BETS. In the BEDT-TTF molecule, the electron densities of
the inner chalcogen atoms are greater than those of the outer
ones. Considering that the chalcogen atom in the TTF skeleton
of λ-BEDSe and λ-ET is sulfur and that of λ-BETS is sele-
nium, transfer integrals perpendicular to the stack directions
are dominated by the orbital overlap of inner chalcogen atoms,
whereas the outer chalcogen atoms contribute to the transfer
integrals along the stack direction.

From these transfer integrals, the band dispersion and
Fermi surface of λ-BEDSe were obtained as shown in Fig. 4.
The band dispersion is split into the upper and lower bands
as in the case of λ-ET and λ-BETS because of the dimerized
structure [21,24,28]. The overlapped single Fermi surface is
disconnected because of the anisotropic transfer integral lat-
tice. The Fermi surface consists of a two-dimensional (2D)
cylindrical part and a one-dimensional flat part. These features
are the same among all three salts.

Based on the discussion proposed by Hotta [54], we es-
timate the electron correlation by considering the transfer
integrals of λ-type salts in the dimer model. The transfer inte-

TABLE III. Transfer integrals t (×10−3 eV) [Fig. 3(b)] of λ-
D2GaCl4 (D = BEDSe-TTF, BEDT-TTF, and BETS).

Parameter λ-BEDSe λ-ET λ-BETS

tA 304.8 282.1 360.4
tB −122.7 −83.92 −179.2
tC −130.9 −90.63 −156.0
tp 20.04 22.01 30.51
tq 55.50 46.63 99.21
tr 55.68 62.35 123.7
ts −121.3 −132.9 −173.2
tt −24.84 −16.56 −25.78

FIG. 4. (a) Band structure and (b) Fermi surface of λ-(BEDSe-
TTF)2GaCl4.

grals in the dimer model are defined as t̃B ≡ tB/2, t̃C ≡ tC/2,
t̃s ≡ ts/2, t̃t ≡ tt/2, and t⊥ ≡ (tp + tq + tr )/2 [see Fig. 3(d)].
Here, t⊥ should be calculated carefully because the sign of
the transfer integral between the dimers must be considered
properly. In our calculation, the phase of the highest occu-
pied molecular orbital is taken so that the intra-dimer overlap
is negative, resulting in tA > 0. As the hole resides on the
antibonding molecular orbital in the dimer, the phase factor
between the interdimer orbital corresponds to that used in the
calculation; i.e., t⊥ = (tp + tq + tr )/2. Note that when the hole
is on the bonding orbital, the phase of one of the molecules
must be reversed, resulting in t⊥ = (tp + tq − tr )/2.

The on-site Coulomb repulsion energy is approximately
proportional to the transfer integral within the dimer in a
dimeric structure, i.e., U = 2tA [55,56]. The bandwidth W is
estimated according to the relation [54]

W =
∑

ν

t̃ν + 4t⊥ +
( ∑

ν t̃ν
)2

16t⊥
, (1)

where ν represents B, C, s, and t. Further, the U , W , and U/W
parameters of each salt calculated by these definitions are
listed in the top part of Table IV. The three salts are situated at
U/W ∼ 1, indicating that they are in a region where itinerancy
and localization are in competition. The U/W parameters of
λ-BEDSe and λ-ET are nearly the same and greater than
1, and that of λ-BETS is significantly less than 1. These
results suggest that λ-BEDSe and λ-ET are more localized
than λ-BETS, and that there is a Mott transition between the

TABLE IV. Top part shows U and W (×10−3 eV), and the ratio of
U to W for λ-D2GaCl4 (D = BEDSe-TTF, BEDT-TTF, and BETS).
The bottom part shows the ratio of the transfer integrals of the dimer
model t̃ν (ν: B, C, s, and t) to that of t⊥ [Fig. 3(d)].

Parameter λ-BEDSe λ-ET λ-BETS

U 609.6 564.2 720.8
W 500.4 449.0 809.1
U/W 1.218 1.256 0.891
|t̃B/t⊥| 0.935 0.641 0.707
|t̃C/t⊥| 0.998 0.692 0.616
|t̃s/t⊥| 0.924 1.015 0.683
|t̃t/t⊥| 0.189 0.126 0.102
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FIG. 5. (a) Temperature dependence of spin susceptibility of
λ-BEDSe. Blue solid lines represent the 2D Heisenberg AF
triangular-lattice model [57], and the red dashed lines represent the
2D Heisenberg AF square-lattice model [58].

two salts and λ-BETS. These observations are consistent with
experimental facts about the conductivity of λ-type salts [24].

C. Spin susceptibility

Figure 5 shows the temperature dependence of spin suscep-
tibility χspin of λ-BEDSe. As the temperature is reduced from
300 K, χspin increases towards 100 K, where it shows a broad
maximum. Further decreasing temperature, χspin decreases
to 22 K. The broad maximum of χspin is a characteristic of
a system possessing a low-dimensional magnetic interaction
network.

For λ-ET and λ-STF, the temperature dependence of
χspin have been discussed using the 2D Heisenberg AF spin
model [57,58]. Interestingly, the χspin of λ-ET and λ-STF
have been explained by the square and triangular lattice mod-
els, respectively [27–29]. Here, we applied these analyses to
λ-BEDSe. The solid and dashed lines in Fig. 5 show the
temperature dependencies of χspin assuming the triangular and
square lattice AF spin models, respectively. As a rough esti-
mation of the exchange interaction J , the calculation results
for J/kB = 180 K and 250 K are shown, which are the upper
and lower limits; here, the experimental data above ∼50 K
are included. Both models do not reproduce the experimental
result.

Considering the network of J between the dimers in λ-
BEDSe, we can speculate why the experimental result cannot
be explained by these models. Because J is expressed as J =
4t2/U in the case of localized systems, we discuss the network
of J using the transfer integrals relative to |t⊥|, as shown in
Table IV. The transfer integrals other than |t̃t| are comparable
to |t⊥|, and |t̃t| is negligibly small. Thus, the network of the
transfer integrals in λ-BEDSe is a combination of a triangular
ladder and a squared ladder, which is similar to the so-called
trellis lattice discussed in Ref. [59] [see Fig. 3(d)]. This result

is consistent with the result of spin susceptibility because the
temperature of the broad peak of χspin is roughly intermediate
between those of the triangular and square lattice AF spin
models. Further calculations are required to verify whether the
spin model of the lattice can explain the experimental results.

Although λ-ET and λ-STF have almost the same structure
as λ-BEDSe, the simple square and triangular lattice AF spin
models can reasonably explain the temperature dependence of
the χspin of λ-ET and λ-STF. A possible reason for this is the
difference in the network of J between the three salts. There
is actually a difference in the overlap modes in λ-BEDSe,
λ-ET, and λ-BETS (Table II). |t̃B/t⊥| and |t̃C/t⊥| for λ-ET
are smaller than those for λ-BEDSe. When |t̃s|2 and |t⊥|2,
being twice as large as |t̃B|2 and |t̃C|2, are dominant in the
network of J , we can approximate λ-ET as a square lattice,
which is consistent with the experimental results of χspin [28].
For λ-STF, the transfer integrals are difficult to evaluate be-
cause of the molecular asymmetry of BEDT-STF. However,
the difference in the network of J between λ-ET and λ-BETS
suggests that the network of J in λ-STF is also different.
Further, because line broadening of the 13C-NMR spectra has
been observed in λ-STF [29], there is a possibility of charge
disproportionation, which can modify the transfer integrals
between the molecules. These features may be responsible for
the temperature dependence of the triangular latticelike χspin

in λ-STF.
In this study, we systematically evaluated the magnitude

of the relative transfer integrals in the dimer model to in-
vestigate the network of J . Note that the relative transfer
integrals depend on the calculation method and the Hückel
parameters [60–62]. At least, a small t̃t is a characteristic
behavior of λ-type salts, and the lattice realized by neglecting
t̃t is considered to be the fundamental model for discussing the
spin structure of λ-type salts. In this context, λ-BEDSe would
be a useful reference material for discussing the magnetism of
λ-type salts.

Below 22 K, χspin increases, while the magnitude of the
increase is not as drastic as that observed in canted antiferro-
magnet κ-(ET)2Cu[N(CN)2]Cl [2,63]. This can be attributed
to the small amounts of magnetic impurities and/or mag-
netic transition where an anisotropy of magnetic susceptibility
appears. To clarify the magnetic state at low temperatures,
microscopic measurements should be conducted. As another
anomaly, a small kink structure was observed at approxi-
mately 40 K. This is a small change in slope and is observed
in data extracted from preliminary magnetic torque mea-
surements. Thus, although it may be intrinsic, its origin is
unknown at this stage.

D. μSR

A μSR measurement can be used for the sensitive detection
of magnetic ordering to probe the magnetic state of λ-BEDSe
microscopically at low temperatures. Figure 6(a) shows the
time evolution of the muon-spin polarization (μSR time spec-
tra) at several temperatures under a zero magnetic field. The
μSR time spectra remain unchanged above 23.4 K, below
which the relaxation rate becomes larger and clear precession
signals are observed, confirming a magnetic ordering. To un-
derstand the observed μSR time spectra in detail, we analyze
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FIG. 6. (a) Temperature evolution of μSR time spectra at zero magnetic field. Each spectrum is vertically shifted by 20% for ease of
comparison. Solid curves represent the fitting results obtained using Eq. (2) (T � 23.4 K) and Eq. (4) (T � 22.3 K). (b) Relationship between
Bμ1 and Bμ2 with the linear fitting. (c) Representative μSR time spectra. Solid lines are the fitting results when Bμ2 = 5.338Bμ1 in Eq. (4).

them separately for the paramagnetic and ordered phases as
follows.

In the paramagnetic state above 23.4 K, the μSR time
spectra can be fitted by

A(t ) = Ae−λt GKT(t ) + Abg, (2)

where A and Abg represent the relative ratios of amounts of
the muons stopped inside the sample and in the silver sam-
ple holder, respectively, and λ is the relaxation rate. GKT(t )
represents the Kubo-Toyabe function expressed as

GKT(t ) = 1
3 + 2

3 (1 − �2t2) exp
(− 1

2�2t2
)
, (3)

where � represents the distribution width of the depolariza-
tion rate of the nuclear spin contribution.

In the ordered state, the main precession signals with a
period of approximately 2 μs and a kink at around 0.5 μs were
observed, although the latter is of small amplitude. To explain
these μSR time spectra, we fitted them using the function

A(t ) = A0e−λ0t + A1 cos
(
γμBμ1t + φ

)
e−λ1t

+ A2 cos
(
γμBμ2t + φ

)
e−λ2t + Abg. (4)

Here Ai and λi (i = 0, 1, 2) represent the initial asymmetries
and relaxation rates, respectively. Abg was determined at a low
temperature and fixed to 6.4% both in the paramagnetic and
ordered states. γμ, Bμ1 , and Bμ2 are the muon gyromagnetic
ratio and the internal magnetic fields at the muon sites, re-
spectively. φ is the phase of muon-spin precession determined
by the transverse μSR measurement under 20 G at 40 K.
The experimental data can be well reproduced by these fitting
functions, as shown in Fig. 6(a); this indicates that there are
two major muon sites.

The plot of Bμ2 against Bμ1 shown in Fig. 6(b) indicates
that they are proportional to each other. This result strongly
suggests that the two observed rotational components corre-
spond to the muons stopped at magnetically inequivalent sites

and that the development of the magnetic moment is observed
from different muon sites. We discuss the positions of the
two muon sites from the density functional theory (DFT)
calculations performed within the Kohn-Sham approach us-
ing the projector augmented-waves formalism in the Vienna
ab initio Simulation Packages (VASP) program [64,65]. The
exchange-correlation function generalized gradient approxi-
mation, GGA-PW91, was used [66]. The ground-state charge
densities were calculated by adopting the value of the crystal
axis obtained in Sec. III A, and by using the 4 × 4 × 4 k-
point sampling, ultrasoft pseudopotentials, and plane-wave
densities. The calculations were performed on the HOKUSAI
supercomputer. Figure 7 shows the crystal structure of λ-
BEDSe and the electric minimum potential with the isosurface
of 37.8 eV shown in cyan. Although there are several possible
muon sites, we found two major sites: M1 near GaCl4, and M2

FIG. 7. Crystal structure of λ-BEDSe, and electric minimum po-
tential with isosurface of 37.8 eV shown in the cyan region. The most
possible muon stopping sites are marked in red.
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FIG. 8. Temperature dependence of the parameters obtained by
fitting the μSR time spectra: (a) initial asymmetry, (b) internal fields
at muon sites (left axis), (c) relaxation rates λ and λ0 and distribution
width of the depolarization rate of the nuclear spin contribution �,
and (d) relaxation rates λ1 and λ2. Splitting widths of the NMR
spectra � f in the AF state [defined in Fig. 9(a)] are plotted in (b) with
the right axis.

near the ethylene groups. If the spin density is larger near the
ethylene edge, it is likely that M1 and M2 are related to Bμ1 and
Bμ2 , respectively. Although λ-BEDSe has a complex crystal
structure, the major two muon sites observed in the present
study can be consistently explained by the DFT calculations.

Here, to obtain more accurate fitting results, we fitted
the μSR time spectra again using the relationship Bμ2 =
5.338Bμ1 obtained by the linear fitting of Bμ1 versus Bμ2 .
Representative results of the fitting are shown in Fig. 6(c),
together with that of the paramagnetic phase. The results of
the fitting parameters are shown in Fig. 8. Figure 8(a) shows
the temperature dependence of the initial asymmetry. The
initial asymmetry is 15% in the paramagnetic state, and it
is distributed to each component by magnetic ordering; their
total is 17% in the AF state. Despite the different fitting

functions below and above the magnetic ordering, the result
of the almost unchanged total initial asymmetry verifies the
validity of the analysis.

We discuss the volume fraction of long-range order based
on the observed precession signals and total asymmetry below
TN. When a muon stops at a particular site in a long-range or-
dered state, 2/3 of the muon spins precess, and the remaining
1/3 do not because muons precess along one direction of the
magnetic field. As shown in Fig. 8(a), the precession compo-
nents are A1 + A2 ∼ 6%, and therefore, the fraction of muon
spins undergoing internal magnetic fields in the long-range
ordered state is 6% × 3/2 = 9%. Since the total asymmetry is
17%, the volume fraction of the magnetic ordered component
is 9/17 ∼ 53%. This is the lower limit estimated from the
analysis, and the actual volume fraction is expected to be
much larger because there are other minor muon sites shown
in Fig. 7; A0 is also considered to include components derived
from long-range order even though they cannot be analyzed
as precession signals.

The internal fields and relaxation rates increase with de-
creasing temperature [Fig. 8(b) and 8(d)]. At sufficiently low
temperatures below TN, the increase in the internal magnetic
field is saturated, which is a characteristic of the change in the
order parameter of the magnetic transition. The extrapolated
values of the two internal magnetic fields at 0 K are 125 G
and 23.4 G, respectively, and they are comparable to those of
a typical organic antiferromagnet κ-(ET)2Cu[N(CN)2]Cl [4].
The relaxation rate λ0 increases below 22 K [Fig. 8(c)] as well
as the other rotational components. The value λ0 = 1.5 μs−1

estimated from Fig. 8(c) at the lowest temperature is equiva-
lent to the magnetic field B = 17.6 G, which is comparable to
the value of Bμ1 . This implies that the first term of Eq. (4) is
from the same origin as the other rotational components.

E. NMR

In the NMR experiments, microscopic properties are
probed similar to that in the μSR measurements. In addition,
magnetic fluctuations can be detected from the T1 measure-
ment, which provides important insights into the nature of the
magnetic state. The 13C-NMR method by 13C substitution of
C = C atoms in the center of the TTF skeleton is a pow-
erful method to investigate the electronic state, as has been
established for the BEDT-TTF salts. To conduct 13C-NMR
measurements for λ-BEDSe, we synthesized 13C enriched
BEDSe-TTF molecules, as described in Sec. II.

Figure 9(a) shows the temperature evolution of the NMR
spectra. In the paramagnetic state, a single peak was observed.
As λ-BEDSe has crystallographically independent BEDSe-
TTF molecules I and II, each of which has two inequivalent
13C sites, four peaks are expected. In the present experiment,
a magnetic field was applied in the direction of the long axis
of the BEDSe-TTF molecule, where the hyperfine coupling
constant is small. As a result, the difference in the hyperfine
coupling constants of each 13C site becomes small, resulting
in a single overlapping spectrum. Reflecting the presence
of multiple 13C sites, the spectrum at 80 K is not simply
Lorentzian but shows a shoulderlike structure. With decreas-
ing temperature, the structure of the spectrum becomes less
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FIG. 9. (a) 13C NMR spectra at several temperatures. The aster-
isks and � f indicate the splitting peaks and the width of the second
peaks from outside, respectively. (b) Temperature dependence of T −1

1

of λ-BEDSe and λ-ET [28].

pronounced, but the general shape remains almost unchanged
in the paramagnetic state above 24 K.

The temperature dependence of T −1
1 is shown in Fig. 9(b).

Because the spectrum consists of four peaks with slightly
different hyperfine coupling constants, T1 was determined
by fitting the recovery of spin magnetization M(t ) us-
ing a stretched exponential function, 1 − M(t )/M(∞) =
exp[−(t/T1)β], where M(∞) is the equilibrium spin magne-
tization at time t → ∞ and β is the stretched exponent. The
recovery curves could be fitted by β = 0.9 for all tempera-
tures. At high temperatures far above TN, T −1

1 is constant as
expected in a system with localized spins, indicating that the
electronic state can be understood as a Mott insulator. Below
26 K, T −1

1 drastically increases towards TN 	 22 K because
of the critical slowing down, which evidences a second-order
phase transition. For comparison, the temperature dependence
of T −1

1 of λ-ET are also plotted in Fig. 9(b) [28]. The mag-
nitude of T −1

1 can be quantitatively compared because both
experiments were performed under almost the same magnetic
field direction and intensity and because the adjacent chemical
environments around the central C = C atoms are the same
between BEDSe-TTF and BEDT-TTF molecules. The abso-

lute values of T −1
1 at high temperatures between both salts

are comparable. As the values of T −1
1 at high temperatures

correlate with the magnitude of the exchange interaction, the
present results indicate that exchange interactions of λ-ET and
λ-BEDSe are similar in order, although the lattice models may
be different as discussed in Sec. III C.

Below 20 K, a drastic spectral splitting was observed, and
this confirms the development of an internal magnetic field at-
tributed to the magnetic ordering, which is consistent with the
results of the μSR measurements. The spectrum consists of a
central peak and three symmetrically discrete spectra from the
central peak. Here, the discrete peaks are depicted by aster-
isks. These results suggest that the spin structure is commen-
surate. The commensurate spin structure with the central peak
was similarly observed in λ-ET [28], indicating that the AF
spin structures between both salts are the same, although the
different networks of J are evaluated. The T1 measurements in
the AF state are performed on the central peak. T −1

1 decreases
steeply below 22 K because of the decrease in the population
of magnon excitations with decreasing temperature.

Analysis of the μSR spectra shows that the lower limit
of the volume fraction of the long-range order is approx-
imately half. However, the NMR measurements show that
1/T1 decreases steeply below TN even in the central peak,
suggesting that λ-BEDSe exhibits an almost 100% long-
range AF order. The TN = 22 K estimated by the NMR
measurements is the same as the zero-field TN estimated
by the μSR measurements. From the field-independent TN

and absence of weak ferromagnetic behavior as discussed in
Sec. III C, we suggested that no physical properties derived
from the Dzyaloshinskii-Moriya interaction were observed,
which would be expected when there is no inversion center
between dimers as in κ-(ET)2Cu[N(CN)2]Cl [67,68].

By further decreasing the temperature to 15 K, the spectral
splitting is broadened. Among the six symmetrically discrete
peaks, the width between the most intense peaks was defined
as � f [right side of Fig. 9(a)]. To discuss the development
of the internal magnetic field with decreasing temperature,
their values at 15 and 20 K are shown in Fig. 8(b). As the
temperature dependence of the internal magnetic field ob-
served at muon sites should be the same as that observed in
NMR, the spectral splitting extrapolated to 0 K is estimated
to be ∼1.5 MHz. The splitting width of λ-ET is approxi-
mately 0.6 MHz [28], which is 2.5 times smaller than that
of λ-BEDSe. Although the accurate ratio is difficult to obtain
because of the broadness of the spectrum, the difference in the
splitting width seems to correlate with the difference in TN.

F. Comparison of λ-ET and λ-BEDSe

The present study demonstrated that λ-BEDSe has almost
the same value of U/W as λ-ET. Furthermore, the behavior of
the NMR spectrum and T −1

1 is qualitatively the same between
λ-BEDSe and λ-ET, although the AF spin model inferred from
the temperature dependence of χspin is different.

In addition, there is a significant difference in TN. TN =
22 K for λ-BEDSe is 1.7 times larger than TN = 13 K for
λ-ET. The J of λ-BEDSe and λ-ET were estimated to be
J/kB ∼ 180–250 K and J/kB ∼ 98 K [28] when the temper-
ature dependence of χspin is modeled by the 2D Heisenberg
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AF spin models. These results simply suggest that TN is ap-
proximately proportional to J . The large difference between
TN and J/kB in both salts suggest that a very weak inter-
layer interaction may suppress TN. In the case of quasi-2D
Heisenberg antiferromagnets, the relationship between TN and
the intralayer and interlayer interactions have been discussed
theoretically [69]. The results suggest that the interlayer inter-
action of both λ-ET and λ-BEDSe is far less than J/1000.
Further, the literature also predicts that changes in TN are
sensitive to changes in intralayer interactions but insensitive to
changes in interlayer interactions in cases where the interac-
tion is extremely anisotropic. Therefore, even if the interlayer
interactions were significantly different between the two salts
within a sensible range, the twofold difference in TN cannot be
explained, and we conclude that it is because of the difference
in the intralayer interactions. Another possibility is that a
frustration effect may suppress the TN in this series of the salts.
Although this effect cannot be completely ruled out because
λ-BEDSe has a partially triangular lattice as described above,
this effect would not explain the difference in TN even if there
were a frustration effect.

Here, we discuss the relative positions of λ-BEDSe and
λ-ET in the universal phase diagram. U/W is the primary
parameter that should be considered; however, we cannot
determine the relative positions from the U/W values of
λ-ET and λ-BEDSe, between which there is no signifi-
cant difference. The electrical resistivity measurements in
κ-(BEDSe-TTF)2Cu[N(CN)2]Br indicate that the substitution
of BEDT-TTF for BEDSe-TTF molecules has a negative pres-
sure effect of approximately 0.15 GPa [41]. However, the
analogy of the pressure effect from the results of κ salt may
be inappropriate because the molecular arrangement between
the λ and κ phases is different. Therefore, we discuss the
position in the universal phase diagram from the change in
TN with pressure. 13C-NMR experiments have been performed
on λ-ET under pressure, which suggest that TN decreases
rapidly to 3 K when a pressure of 0.4 GPa is applied [70].
Considering this result and the fact that λ-ET and λ-BEDSe
could be located in the same electronic phase, λ-BEDSe,
possessing a higher TN than λ-ET, is located further to the
negative pressure side. On the other hand, the electronic states
of λ-ET under further pressure have not been detailed because
of the existence of polymorphism and the difficulty of sam-
ple preparation. To establish the relationship between λ-ET
and λ-BEDSe in the universal phase diagram and reveal the
electronic phases at higher pressures than AF state, we are
currently conducting NMR experiments under pressure on
λ-BEDSe.

We mention the availability of various λ-D2MCl4. Table V
shows the combinations of donor molecule D and anions M =
Ga and Fe along with the ground states of the compounds and
the ease of obtaining λ-type salts (whether polymorphs are ob-
tained simultaneously). λ-(BETS)2MCl4 and λ-(STF)2MCl4

are obtained together with the κ phase [71,72], but they are
easy to distinguish because of their different crystal shapes.
In contrast, λ-ET is difficult to distinguish from the δ-type
salt, and the λ phase is a minor product [35–37], which ham-
pers the study of the AF phase using polycrystalline samples
such as in μSR measurements. We found that λ-BEDSe can
be synthesized without other polymorphs, and this enabled

TABLE V. Ground-state and crystal preparation of λ-D2MCl4

(D = BETS, BEDT-STF, BEDT-TTF, BEDSe-TTF, and M = Ga,
Fe).

GaCl−4 FeCl−4

BETS © SC © AF (FISC)
BEDT-STF © PI (©) AF
BEDT-TTF � AF ×
BEDSe-TTF � AF � AF

©: mixture of the λ and κ phases, whereas κ-(STF)2FeCl4 has
not been reported; �: λ phase only; �: δ′ and λ phases (λ: minor
product); ×: not reported.

the detailed measurements in the present study. It has re-
cently been demonstrated that the electronic system can be
observed by polycrystalline 69,71Ga-NMR measurements on
λ-BETS [73]; these experiments are easy to perform even
under pressure, and therefore, λ-BEDSe is also suitable for
such experiments.

λ-(BETS)2FeCl4 exhibits a field-induced superconductiv-
ity [12] and a strange metal–insulator transition with AF
ordering [74], whereas λ-(STF)2FeCl4 shows a unique mag-
netic response, in which the magnetization processes between
π and 3d spin systems are different in the AF state [32–34].
In these Fe-containing systems, the π -d interaction plays an
essential role in the physical properties. To understand the
donor molecule substitution effect of the π -d interaction, we
are interested in the magnetic properties at the more negative
pressure side, but the λ-(ET)2FeCl4 has not been reported.
λ-(BEDSe-TTF)2FeCl4, which is another possible salt located
on the low-pressure side, has been reported by Cui et al.,
and magnetic susceptibility measurements suggest that it is
paramagnetic down to 4 K [40]. However, our research group
has recently found that λ-(BEDSe-TTF)2FeCl4 exhibits an
AF transition with a different magnetic process between π

and 3d spin systems [75]. The result that λ-BEDSe without
3d spins shows antiferromagnetism would be an important
finding for the discussion of the π -d interaction mechanism
in λ-(BEDSe-TTF)2FeCl4.

IV. SUMMARY

We investigated the structural and magnetic properties of
λ-BEDSe to determine whether this material can be placed
on the universal phase diagram of λ-D2GaCl4. The system-
atic band calculations for D = BEDSe-TTF, BEDT-TTF, and
BETS salts suggested that λ-BEDSe is a Mott insulator as
well as λ-ET and that there is a Mott transition between
them and λ-BETS. Further, we found that the network of J
in the λ-BEDSe salt consists of a combination of triangular
and square ladders. The broad peaks observed in the temper-
ature dependence of χspin are intermediate between those in
the triangular and square lattice Heisenberg AF spin models,
which is consistent with the network of J . From a microscopic
viewpoint, the development of the internal magnetic fields was
observed from muon precession signals, which is definitive
evidence that λ-BEDSe exhibits AF ordering. In the 13C-NMR
measurement, we observed the divergent behavior of (T1T )−1

towards 22 K, below which the NMR spectra split discretely,
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retaining the central peak, as observed in λ-ET. These be-
haviors are qualitatively the same as those of λ-ET, which
suggest that both salts are in the same electronic phase in the
universal phase diagram of λ-type salts. Further, λ-BEDSe can
be synthesized without polymorphism, unlike λ-ET. These
features and the present results promote the understanding of
the nature of the electronic states located at lower pressure
than the SC phase in the phase diagram, e.g., whether the
nonmagnetic ordered phase between the AF and SC phases
is intrinsic by the experiments under pressure.
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