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Magnetic properties of l-BETS2 „FexGa12x…Cl4 exhibiting a superconductor-to-insulator
transition „0.35<x<0.5…
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The crystal of l-~BETS!2~FexGa12x!Cl4 with x'0.45 undergoes successive superconducting and
superconductor-to-insulator transitions around liquid helium temperature. The large diamagnetic susceptibility
~'235 emu/mol at 4 K! observed in the superconducting phase of the system withx'0.47, which exhibits a
superconducting transition at 4.3 K and superconductor-to-insulator transition at 3.7 K, can be regarded as
evidence for the bulk nature of the superconductor-to-insulator transition. The anisotropy of the susceptibility
and spin-flop behavior indicate that the system takes ap-d coupled antiferromagnetic insulating ground state,
which is essentially the same as that ofl-~BETS!2FeCl4 exhibiting a coupled metal-insulator and antiferro-
magnetic transition at 8.5 K. The easy axis is parallel to thec direction. Unlike the Ga-rich system (x
,0.35) with superconducting ground state, the Fe-rich system such asl-~BETS!2~Fe0.7Ga0.3!Cl4 shows a
metal-insulator transition at ambient pressure. At high pressure, however, thep and d electrons tend to be
independent of each other and the system takes a superconducting ground state.
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Since the discovery of the first organic superconducto
1980,1 an enormous progress has been achieved in the
of molecular conductors. Contrary to the old image of t
organic conductors, the organic conducting systems are
regarded as essentially clean systems with well-defi
Fermi surfaces consistent with the simple tight-binding ba
picture. In addition, the low-dimensionality and strong ele
tron correlation due to the small and anisotropic transfer
tegrals betweenp molecules characterize the electron
properties of these systems. Most of the organic conduc
currently studied are so-called Bechgaard-type conduct
D2X, composed of planarp donor molecules~D! and inor-
ganic anions~X!. Until recently, the role of the anions ha
been considered to be less important because the condu
bands ofD2X systems are formed only from the highe
occupied molecular orbitals of donor molecules. But t
situation is now being changed by the development of n
organic conductors with the magnetic anions where the
teraction betweenp metal electrons of donor molecules an
localized magnetic moments of the anions is expected
produce new transport phenomena. In 1995, the
paramagnetic organic superconductor,b9;~BEDT-
TTF!4~H2O!Fe~C2O4!3#•~C6H5CN! was reported.2 But in this
conductor, thep-d interaction was found to be almost neg
gible. We have examined a series of organic conduc
based on the BETS molecules and tetrahedral anionsMX4

2

~M5Ga, Fe;X5Cl, Br)!, where BETS @5bis~ethylene-
dithio!tetraselenafulvalene# is a selenium-substituted BEDT
TTF analog. The crystals of~BETS!2MX4 prepared electro-
chemically are polymorphic.3–6 The k- and l-type salts are
two main modifications. The plate crystals withk-type struc-
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ture @k-~BETS!2MX4)# possess metallic states around liqui
helium temperature. We have recently found the fi
ambient-pressure antiferromagnetic organic metalk-
~BETS!2FeBr4 (TN'2.5 K), which exhibits a superconduc
ing ~SC! transition around 1 K.7 The small but sharp drop o
the resistivity at Ne´el temperature clearly shows the exi
tence ofp-d interaction. A helical spin structure was su
gested from the magnetization curve at 2 K. A supercond
tivity has been also found in the isostructural system with
magnetic ions,k-~BETS!2GaBr4.

8 On the other hand, the thin
needle-shaped crystal ofl-~BETS!2MX4 has a fourfold qua-
sistacking molecular arrangement along thea axis and exhib-
its a variety of electronic properties depending on the mix
ratio of M and X atoms @l-~BETS!2FexGa12xBryCl42y #.
BETS molecules form conduction layers parallel to the
planes~the needle axis of the crystal is parallel toc!. The
MX4

2 anions are located between BETS layers. The exten
Hückel tight-binding band calculation gave two-dimension
Fermi surface similar to that of well-knownk-type BEDT-
TTF superconductors.4 The crystal ofl-~BETS!2GaCl4 ex-
hibits a superconducting transition,9,10 whose anisotropy of
Hc2 indicates the system to be a highly anisotropic thr
dimensional system.11 On the other hand,l-~BETS!2FeCl4
undergoes a sharp metal-insulator~M-I ! transition atTMI
(58.5 K) and ambient pressure, where an antiferromagn
~AF! transition simultaneously takes place.4,12–14This behav-
ior has been interpreted in terms of ap-d coupled AF spin
structure belowTMI .12,14 With increasing magnetic field, the
M-I transition is suppressed.13 We have found an unprec
edented superconductor-to-insulator~SC-I! transition at am-
bient pressure inl-~BETS!2~FexGa12x!Cl4 (x'0.45).15–17
111 ©2000 The American Physical Society
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In this paper, we report the magnetic properties ofl-
~BETS!2~FexGa12x!Cl4 (x50.43, 0.47, 0.55, 0.70!.

The typical resistivity behavior of l-
~BETS!2~FexGa12x!Cl4 and the schematic drawing of th
phase diagram ofl-~BETS!2~FexGa12x!Cl4 are shown in Fig.
1.16 Roughly speaking, the resistivity behavior above 10 K
independent of thex value. The resistivity increases grad
ally with decreasing temperature and takes a round m
mum around 90 K. Then, it decreases fairly rapidly. Th
behavior suggests the strong correlation ofp conduction
electrons. When the content of nonmagnetic Ga31 ions is
large, the system shows a SC transition. While in the sys
where Fe31 ions are dominant, thed spins of Fe31 ions tend
to couple with thep electrons to produce the AF insulatin
state.12 A SC-I transition was observed at 0.35,x,0.5 @see
Fig. 1~b!#.16 We had previously measured the magnetic s
ceptibility of l-~BETS!2~Fe0.43Ga0.57!Cl4 exhibiting a SC-I
transition.15 However, the obtained susceptibility was foun
to be affected by the ‘‘effective pressure’’ produced by t
freezing of the grease used to keep the thin needle-sh
crystals in the glass capillary. Therefore, we have
examined the susceptibilities on two samples of oriented
needle crystals ofl-~BETS!2~FexGa12x!Cl4 ~x50.43, 0.47!
exhibiting SC-I transition by using a SQUID magnetomet
the first one was the formerl-~BETS!2~Fe0.43Ga0.57!Cl4
sample used in the previous susceptibility measuremen15

and the other one consisted of freshly prepared crystals
x50.47 ~this value ofx50.47 was determined by EPMA
@~electron probe microanalysis! and was in good agreemen
with that estimated from the magnitude of the susceptibi
of the metallic phase, where Fe31 (S5 5

2 ) is in the paramag-
netic state#. Figure 2 shows the susceptibilities of the fir
sample withx50.43. When the old crystals (x50.43) were
washed by organic solvents to remove the grease, the
thin needle crystals were shortened, which made the al
ment of the crystals difficult. The measurements were m
with increasing temperature from 2 K, where the crystals
in a nonsuperconducting state~field heating process!. The
sharp susceptibility (M /H) drop around 2.5 K and its recov
ery around 4 K observed at 10 Oe correspond to SC-I and
transitions, respectively. The ac susceptibility ofl-
~BETS!2~Fe0.47Ga0.53!Cl4 ~fresh sample! measured at low fre-

FIG. 1. ~a! Typical examples of the temperature dependencie
the resistivities ofl-~BETS!2~FexGa12x!Cl4 ~x50, 0.43, 1.0!. ~b!
Temperature-composition phase diagram of l-
~BETS!2~FexGa12x!Cl4 drawn on the basis of the data mainly r
ported in Ref. 16. M5metal, SC5superconductor, andI
5 insulator.
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quency~0.5 Hz! and low amplitude~0.1 Oe! showed that the
system is in a SC state at 3.8–4.3 K@Fig. 3~a!#. The small
temperature range of the SC state in thex50.47 system is of
course consistent with the phase diagram shown in Fig. 1~b!.
The value of the magnetization at 4 K~'235 emu/mol! was
about 75% of the full Meissner value of this system~'250
emu/mol!, where the diamagnetic correction was not ma
Considering the possible inhomogeneity of the polycrys
line samples and the fact that this value was obtained
below the superconducting transition temperature becaus
the very narrow temperature range of the SC state, this
magnetic susceptibility was unexpectedly large and can
regarded as a clear evidence for the bulk nature of the S
transition. To our knowledge,l-~BETS!2~FexGa12x!Cl4 (x
'0.45) may be the first conductor exhibiting a bulk SC
transition. The M-H curve at 4 K of l-
~BETS!2~Fe0.47Ga0.53!Cl4 measured for the field perpendicu
lar to the needle axis (H') gave a minimum around 3 Oe
('Hci) which are much smaller than the field correspond
to the minimum susceptibiulity ofl-~BETS!2GaCl4 (H'

'20 Oe).10 From the M-H curve, the dc susceptibility

f

FIG. 2. Field dependence of susceptibility of oriented th
needle-shaped crystals ofl-~BETS!2~FexGa12x!Cl4 (x50.43) for
the field parallel and perpendicular to the needle axis (ic).

FIG. 3. ~a! The ac susceptibility ofl-~BETS!2~FexGa12x!Cl4
(x50.47) ~the amplitude of 0.1 Oe, 0.5 Hz!. The open and closed
circles indicate the cooling and heating process, respectively.
diamagnetic susceptibility corresponding to the full Meissner s
is 250 emu/mol.~b! The M-H curve of l-~BETS!2~FexGa12x!Cl4
(x50.47) at 2 K. The spin-flop behavior can be seen around 6 k
for the field parallel toc.
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(M /H) was estimated to be about225 emu/mol below 2 Oe
which was about 70% of the ac susceptibility value at 4
~235 emu/mol!.

In order to see the nature of the insulating state ofl-
~BETS!2~FexGa12x!Cl4 system, the susceptibility of th
phase withx'0.7 was measured. This phase exhibits a M
transition around 6.8 K@see Fig. 1~b!#. The susceptibility at
ambient pressure showed a sharp drop atTMI ~see Fig. 4! and
spin-flop behavior around 7.53103 Oe for the field parallel
to the needle axis (H i). On the other hand, the susceptibili
for H' was almost field independent. This susceptibility b
havior is essentially the same as that ofl-~BETS!2FeCl4,

12,14

indicating a p-d coupled AF insulating phase belowTMI
where the easy axis is parallel toc. As reported before,12 the
susceptibility drop atTMI @DM ~see Fig. 3!# can be consid-
ered to be a sign of development of ap-d coupled AF spin
structure. Inl-~BETS!2FeCl4, DM /H can be estimated a
0.021 emu/mol from the susceptibility data reported in R
14, which corresponds to 7.1% of the total susceptibi
(DM /M50.071), whileDM /H of l-~BETS!2~Fe0.7Ga0.3!Cl4
was estimated to be 0.020 emu/mol andDM /M was about
0.093. Since the susceptibility ofl-~BETS!2~Fe0.7Ga0.3!Cl4 is
about 70% ofl-~BETS!2FeCl4, the magnitude ofDM corre-
sponds to the 6.5% (50.09330.70) of the susceptibility of
l-~BETS!2FeCl4, which is roughly equal to 7.1%. Simila
susceptibility behavior was also found in l-
~BETS!2~Fe0.43Ga0.57!Cl4. As seen from Fig. 2, the suscept
bility of this system is almost field independent around 50
1000 Oe, where the SC state is suppressed. A fairly sh
susceptibility drop characteristic of the development of
p-d coupled AF insulating phase can be seen atTSC-I for H i .
The DM /M was estimated at about 0.15. The magnitude
DM corresponds to the 6.4% (50.1530.43) of the suscep
tibility of l-~BETS!2FeCl4, which is again roughly equal to
7.1%. Thus, it is concluded thatp-d coupled AF spin struc-
ture is realized whenl-~BETS!2~FexGa12x!Cl4 is in an insu-
lating ground state. The M-H curve of l-
~BETS!2~Fe0.47Ga0.53!Cl4 showed a spin-flop behavio
around 6 kOe for the field parallel toc @Fig. 3~b!#. That is,
similar to the easy axis ofl-~BETS!2FeCl4, the easy axis of
the AF spin structure of this system is parallel toc. The
spin-flop field (H f) of 6 kOe is about 60% of that ofl-
~BETS!2FeCl4 (H f'10 kOe).13,14,18 Similar susceptibility
behavior was also observed inl-~BETS!2~Fe0.55Ga0.45!Cl4

FIG. 4. Field dependence of susceptibility of oriented th
needle-shaped crystals ofl-~BETS!2~FexGa12x!Cl4 (x50.70) for
the field parallel and perpendicular to the needle axis (ic).
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(H f'7 kOe). The anomaly observed in the field depende
of the magnetization ofl-~BETS!2~Fe0.55Ga0.45!Cl4 around
4.5 K at 2 kOe corresponds to the M-I transition@Fig. 5~a!#.
The arrows suggest that the M-I transition temperature
suppressed with increasing magnetic field. Similar pheno
ena have been discovered by Gozeet al. in l-~BETS!2FeCl4,
where ‘‘the field restored highly conducting state’’ appea
above the critical field (H0) of 110 kOe.19 As mentioned
before,p electrons tend to be localized at low temperatu
owing to the strong electron correlation and the interact
with neighboringd spins of Fe31 to form thep-d coupled
antiferromagnetic spin structure.12 With increasing magnetic
field, the Fe31 spins will tend to be oriented ferromagnet
cally. Then the system cannot retain thep-d coupled antifer-
romagnetic spin structure andp metal electrons will be re-
stored. This may be a simple interpretation of the origin
the field restored highly conducting state. TheH0 of l-
~BETS!2~Fe0.55Ga0.45!Cl4 was 75–80 kOe. Therefore, bot
H f and H0 of l-~BETS!2~Fe0.55Ga0.45!Cl4 are about 70% of
those ofl-~BETS!2FeCl4. The ratio ofH f /H0 was about 0.1.
Thus, the nature of the insulating ground state ofl-
~BETS!2~FexGa12x!Cl4 at x.0.35 is considered to be esse
tially the same as that of pure FeCl4 salt ~see Fig. 1!. It may
be of interest that the AF structure is realized in the fai
diluted Fe31 systems such as thex'0.35 system, where the
two-thirds of the anion sites are occupied by nonmagn
Ga31 ions. Since the shortest Fe...Fe distance inl-type crys-
tals is longer than 6 Å, the AF interaction between Fe31 ions
must be mediated byp electrons of BETS molecules.4 Re-
cent magnetic susceptibility experiments by SQUID mag
tometer indicates that the Weiss temperature~uuu! of l-
~BETS!2~FexGa12x!Cl4 changes almost linearly with de
creasing x at x.0.35 and is constant atx,0.35:
u'28 K at x51.0, 21.7 K at x,0.35.20 The x indepen-
dence ofu at x,0.35 indicates the ‘‘decoupling’’ ofp-d
electron systems by the dilution of magnetic ions, wherel-

FIG. 5. ~a! Field dependence of the magnetization ofl-
~BETS!2~FexGa12x!Cl4 (x50.55). The characteristic temperatu
indicated by arrow@T0~K!# corresponds to the M-I transition tem
perature~at least for weak magnetic field!. ~b! Field dependence o
T0~K! suggesting the suppression of the M-I transition tempera
with increasing magnetic field.
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~BETS!2~FexGa12x!Cl4 takes a SC ground state.
Since the destruction of the SC state at low temperat

has never been observed in the system without Fe31 ions l-
~BETS!2GaBrxCl42x (x,2.0),9,10 it is clear that thep-d in-
teraction plays a crucial role in breaking the SC state.
suggested before, when the Fe31 density is high, thep elec-
trons are fixed throughp-d coupling to result in the coupled
M-I and AF transition. We have recently found that thep
andd electron systems ofl-~BETS!2FeCl4 tend to be sepa-
rated from each other at high pressure. Then it is impossi
for Fe31 spins to induce the AF spin ordering inp electron
system andl-~BETS!2FeCl4 becomes ap metal with antifer-
romagnetically ordered Fe31 spins at high pressure.21 If the
p andd electron systems ofl-~BETS!2~FexGa12x!Cl4 having
p-d coupled AF insulating ground state at ambient pressu
also tend to be independent of each other with increas
pressure, it is expected that the system will exhibit a S
transition at high pressure. In fact,l-~BETS!2~Fe0.7Ga0.3!Cl4
with a M-I transition at ambient pressure shows a SC tran
tion above 2 kbar.17 At high pressure the characteristic broa
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resistivity maximum around 90 K indicating the strong co
relation ofp electrons is suppressed, which seems to be
lated to the reduction ofp-d coupling and appearance of th
SC state.

In summary, we have examined the magnetic proper
of crystals of l-~BETS!2~FexGa12x!Cl4 exhibiting a SC-I
transition ~x'0.43, 0.47! or M-I transition (x'0.55, 0.70!
and found that the characteristic SC-I transition is a bu
transition. These systems commonly take thep-d coupled
AF ground state. With increasing magnetic field, the syst
shows a spin-flop transition atH f ~,10 kOe! and the ‘‘field
restored metallic state’’ aboveH0 ~,110 kOe!. The ratio of
these two critical fields (H f /H0) is about 0.1. The strength
of p-d coupling is a key factor in determining the nature
the ground state. When thep-d coupling is weakened by
reducing Fe content and/or by applying pressure, the
ground state is realized.

The authors are grateful to Professor K. Kanoda for
kind advice on the ac susceptibility measurements and h
ful discussions.
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