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Magnetic properties of \-BETS, (Fe,Ga; _,) Cl, exhibiting a superconductor-to-insulator
transition (0.3%<x<0.5)
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The crystal of \-(BETS),(FeGa,_,)Cl, with x~0.45 undergoes successive superconducting and
superconductor-to-insulator transitions around liquid helium temperature. The large diamagnetic susceptibility
(=—35 emu/mol at 4 Kobserved in the superconducting phase of the systemxwith.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 takasdacoupled antiferromagnetic insulating ground state,
which is essentially the same as that\efBETS),FeCl, exhibiting a coupled metal-insulator and antiferro-
magnetic transition at 8.5 K. The easy axis is parallel to ¢heirection. Unlike the Ga-rich systenx (
<0.35) with superconducting ground state, the Fe-rich system suchk(BETS),(Fe, Ga3yCl, shows a
metal-insulator transition at ambient pressure. At high pressure, howevet; éimeld electrons tend to be
independent of each other and the system takes a superconducting ground state.

Since the discovery of the first organic superconductor inure[«-(BETS),M X,)] possess metallic states around liquid-
1980; an enormous progress has been achieved in the fieldelium temperature. We have recently found the first
of molecular conductors. Contrary to the old image of theambient-pressure antiferromagnetic organic metel
organic conductors, the organic conducting systems are NoyBETS),FeBr, (Ty~2.5K), which exhibits a superconduct-
regarded as essentially clean systems with well-define¢hg (SC) transition around 1 K.The small but sharp drop of
Fermi surfaces consistent with the simple tight-binding bandhe resistivity at Nel temperature clearly shows the exis-
picture. In addition, the low-dimensionality and strong elec-tence of 7-d interaction. A helical spin structure was sug-
tron correlation due to the small and anisotropic transfer ingested from the magnetization curve at 2 K. A superconduc-
tegrals betweenm molecules characterize the electronic tivity has been also found in the isostructural system without
properties of these systems. Most of the organic conductoli;agnetic ionsi-(BETS),GaBr,.2 On the other hand, the thin
currently studied are so-called Bechgaard-type conductorg,eedle-shaped crystal af(BETS),M X, has a fourfold qua-
D,X, composed of planatr donor molecule¢D) and inor-  sjstacking molecular arrangement along dhexis and exhib-
ganic anions(X). Until recently, the role of the anions has its a variety of electronic properties depending on the mixing
been considered to be less important because the conductigftio of M and X atoms [\-(BETS),FeGay_Br,Cl_, 1.
bands ofD,X systems are formed only from the highest BETS molecules form conduction layers paraliel to the ac
occupied molecular orbitals of donor molecules. But thisplanes(the needle axis of the crystal is parallel ¢p The
situation is now being changed by the development of new X, anions are located between BETS layers. The extended
organic conductors with the magnetic anions where the inHiickel tight-binding band calculation gave two-dimensional
teraction betweenr metal electrons of donor molecules and Fermi surface similar to that of well-knowr-type BEDT-
localized magnetic moments of the anions is expected tOTF superconductorsThe crystal of\-(BETS),GaCl, ex-
produce new transport phenomena. In 1995, the firshibits a superconducting transitidn® whose anisotropy of
paramagnetic ~ organic  superconductor8”~(BEDT-  H,, indicates the system to be a highly anisotropic three-
TTF)4(H,0)Fe(C,0,)5]- (CHsCN) was reported.But in this  dimensional systerht On the other hand)-(BETS),FeCl,
conductor, ther-d interaction was found to be almost negli- undergoes a sharp metal-insulatdi-1) transition atT,
gible. We have examined a series of organic conductoré=8.5K) and ambient pressure, where an antiferromagnetic
based on the BETS molecules and tetrahedral aniX§  (AF) transition simultaneously takes plat¥1*This behav-
(M=Ga,FeX=Cl,Br)), where BETS [=bis(ethylene- ior has been interpreted in terms ofmad coupled AF spin
dithio)tetraselenafulvalerjés a selenium-substituted BEDT- structure belowT,, .12 With increasing magnetic field, the
TTF analog. The crystals dBETS),M X, prepared electro- M-I transition is suppressed. We have found an unprec-
chemically are polymorphit:® The - and \-type salts are edented superconductor-to-insulat&C-I) transition at am-
two main modifications. The plate crystals wititype struc-  bient pressure im-(BETS),(FgGa,_,)Cl, (x~0.45) 1317
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FIG. 1. (a) Typical examples of the temperature dependencies of TK) T(K)

the resistivities of\-(BETS),(FgGa, _,)Cl, (x=0, 0.43, 1.0. (b)
Temperature-composition phase diagram of \- FIG. 2. Field dependence of susceptibility of oriented thin
(BETS),(FeGa,_,)Cl, drawn on the basis of the data mainly re- needle-shaped crystals af(BETS),(Fe,Ga,_,)Cl, (x=0.43) for
ported in Ref. 16. M=metal, SG=superconductor, andl the field parallel and perpendicular to the needle a3 .(
=insulator.
quency(0.5 H2 and low amplitudg0.1 O¢ showed that the
system is in a SC state at 3.8—4.3[Kig. 3@]. The small
(BETS),(FeGa —,)Cly (x=0.43, 0.47, 0.55, 0.70 temperature range of the SC state in x%€0.47 system is of
The  typical  resistivity  behavior ~ of \-  course consistent with the phase diagram shown in Fhy. 1
(BET9),(FeGa—,)Cl, and the schematic drawing of the The value of the magnetization at 4(—35 emu/mol was
phase diagram of-(BETS),(FeGa, _,)Cl, are shown in Fig.  about 75% of the full Meissner value of this systém—50
1.* Roughly speaking, the resistivity behavior above 10 K isemu/mo), where the diamagnetic correction was not made.
independent of the value. The resistivity increases gradu- Considering the possible inhomogeneity of the polycrystal-
ally with decreasing temperature and takes a round maxitine samples and the fact that this value was obtained just
mum around 90 K. Then, it decreases fairly rapidly. Thispelow the superconducting transition temperature because of
behavior suggests the strong correlation mfconduction  the very narrow temperature range of the SC state, this dia-
electrons. When the content of nonmagnetic®Gins is  magnetic susceptibility was unexpectedly large and can be
large, the system shows a SC transition. While in the systerregarded as a clear evidence for the bulk nature of the SC-I
where F&" ions are dominant, thé spins of F&" ions tend  transition. To our knowledge)-(BETS),(FeGa _,)Cly (x
to couple with therr electrons to produce the AF insulating ~0.45) may be the first conductor exhibiting a bulk SC-I
state'? A SC-I transition was observed at 03%<0.5[see  transiton. The M-H curve 4 4 K of A\
Fig. 1(b)].'® We had previously measured the magnetic SUS{BETS),(Fe, ,Ga, 59Cl, measured for the field perpendicu-
ceptibility of A-(BETS),(F& 4652 57)Cl, exhibiting a SC-1  |ar to the needle axisH,) gave a minimum around 3 Oe
transition'® However, the obtained susceptibility was found (~H_;) which are much smaller than the field corresponding
to be affected by the “effective pressure” produced by theto the minimum susceptibiulity of-(BETS),GaCl, (H,

freezing of the grease used to keep the thin needle-shaped20 0e)® From the M-H curve, the dc susceptibility
crystals in the glass capillary. Therefore, we have re-

examined the susceptibilities on two samples of oriented thin
needle crystals ok-(BET9S,(FeGa _,)Cl, (x=0.43, 0.47
exhibiting SC-I transition by using a SQUID magnetometer:
the first one was the formek-(BETS),(Fe&y4dGa)57)Cla
sample used in the previous susceptibility measurerents
and the other one consisted of freshly prepared crystals with
x=0.47 (this value ofx=0.47 was determined by EPMA
[(electron probe microanalysiand was in good agreement
with that estimated from the magnitude of the susceptibility
of the metallic phase, where ¥e(S=3) is in the paramag-
netic stat¢ Figure 2 shows the susceptibilities of the first
sample withx=0.43. When the old crystalx 0.43) were
washed by organic solvents to remove the grease, the long (a) (b)
thin needle crystals were shortened, which made the align-

ment of the crystals difficult. The measurements were made g 3. (@) The ac susceptibility of-(BETS),(FeGa,_,)Cl,
with increasing temperature from 2 K, where the crystals ar@x=0.47) (the amplitude of 0.1 Oe, 0.5 BizThe open and closed

in a nonsuperconducting stateld heating proce$sThe  circles indicate the cooling and heating process, respectively. The
sharp susceptibilityN/H) drop around 2.5 K and its recov- diamagnetic susceptibility corresponding to the full Meissner state
ery arour 4 K observed at 10 Oe correspond to SC-l and SGs —50 emu/mol.(b) The M-H curve of \-(BETS),(Fe,Ga,_,)Cl,
transitions, respectively. The ac susceptibility of- (x=0.47) at 2 K. The spin-flop behavior can be seen around 6 kOe
(BETS),(Fey 4/Gay 59Cl4 (fresh samplemeasured at low fre-  for the field parallel tcc.

In this paper, we report the magnetic properties \of
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FIG. 4. Field dependence of susceptibility of oriented thin 0 5 Tk 10 15 0 40 80
needle-shaped crystals af(BETS),(FeGa _,)Cl, (x=0.70) for Y H(kOe)
the field parallel and perpendicular to the needle ajd3.(
(a) (b)

(M/H) was estimated to be about25 emu/mol below 2 Oe,
which was about 70% of the ac susceptibility value at 4 K FIG. 5. (a) Field dependence of the magnetization »f
(=35 emu/mo). (BET9),(FgGa, _,)Cl, (x=0.55). The characteristic temperature
In order to see the nature of the insulating statexef indicated by arrow T(K)] corresponds to the M-I transition tem-
(BETS),(FeGa,_,)Cl, system, the susceptibility of the perature(at least for weak magnetic figldb) Field dependence of
phase withx~0.7 was measured. This phase exhibits a M_|T9(K? sugge.sting the sgpp.ression of the M-I transition temperature
transition around 6.8 Ksee Fig. 1b)]. The susceptibility at With increasing magnetic field.
ambient pressure showed a sharp drop,at(see Fig. 4and
spin-flop behavior around 7:510° Oe for the field parallel (H;~7 kOe). The anomaly observed in the field dependence
to the needle axisH,;). On the other hand, the susceptibility of the magnetization oh-(BET9),(F&, 5:Ga, 45Cl, around
for H, was almost field independent. This susceptibility be-4.5 K at 2 kOe corresponds to the M-I transitidfig. 5a)].
havior is essentially the same as thaheBETS),FeCl,,'*!*  The arrows suggest that the M-I transition temperature is
indicating a 7-d coupled AF insulating phase beloW, suppressed with increasing magnetic field. Similar phenom-
where the easy axis is parallel ©0As reported befor’ the  ena have been discovered by Getal.in \-(BETS),FeCl,
susceptibility drop afly, [AM (see Fig. 3] can be consid- where “the field restored highly conducting state” appears
ered to be a sign of development ofrad coupled AF spin  above the critical field ;) of 110 kOe'® As mentioned
structure. In\-(BETS),FeCl, AM/H can be estimated as before, electrons tend to be localized at low temperature
0.021 emu/mol from the susceptibility data reported in Ref.owing to the strong electron correlation and the interaction
14, which corresponds to 7.1% of the total susceptibilitywith neighboringd spins of F&" to form the 7-d coupled
(AM/M=0.071), whileAM/H of \-(BET9),(Fe,;Ga, JCl,  antiferromagnetic spin structutéWith increasing magnetic
was estimated to be 0.020 emu/mol akt¥/M was about field, the Fé" spins will tend to be oriented ferromagneti-
0.093. Since the susceptibility af(BETS),(Fe, ;Gay 9)Cl,is  cally. Then the system cannot retain thel coupled antifer-
about 70% of\-(BETS),FeCl,, the magnitude oAM corre-  romagnetic spin structure and metal electrons will be re-
sponds to the 6.5%=0.093x 0.70) of the susceptibility of stored. This may be a simple interpretation of the origin of
\-(BETS),FeCl,, which is roughly equal to 7.1%. Similar the field restored highly conducting state. Thig of \-
susceptibility behavior was also found in\- (BETS),(Fey 56Gay 49Cly was 75—80 kOe. Therefore, both
(BET9),(F&y 48Ga 57)Cls. As seen from Fig. 2, the suscepti- Hy andHg of N-(BETS),(Fe) 585G 45)Cly are about 70% of
bility of this system is almost field independent around 500-those ofA-(BETS),FeCl,. The ratio ofH;/H, was about 0.1.
1000 Oe, where the SC state is suppressed. A fairly sharphus, the nature of the insulating ground state )of
susceptibility drop characteristic of the development of the(BETS),(FeGa, _,)Cl, at x>0.35 is considered to be essen-
7-d coupled AF insulating phase can be seefg{, for H, . tially the same as that of pure FgGhlt (see Fig. 1 It may
The AM/M was estimated at about 0.15. The magnitude obe of interest that the AF structure is realized in the fairly
AM corresponds to the 6.4%=0.15x 0.43) of the suscep- diluted Fé* systems such as the=0.35 system, where the
tibility of N\-(BETS),FeCl,, which is again roughly equal to two-thirds of the anion sites are occupied by nonmagnetic
7.1%. Thus, it is concluded that-d coupled AF spin struc- Ga&* ions. Since the shortest Fe...Fe distanck-type crys-
ture is realized when-(BETS),(Fe,Ga,_,)Cl, is in an insu-  tals is longer than 6 A, the AF interaction betweeri Fiens
lating ground state. The M-H curve of - must be mediated byr electrons of BETS moleculésRe-
(BETS),(Fey4Gays9Cl, showed a spin-flop behavior cent magnetic susceptibility experiments by SQUID magne-
around 6 kOe for the field parallel ©[Fig. 3b)]. That is, tometer indicates that the Weiss temperat(i@) of \-
similar to the easy axis of-(BETS),FeCl,, the easy axis of (BETS),(FeGa, _,)Cl, changes almost linearly with de-
the AF spin structure of this system is parallelaoThe creasing x at x>0.35 and is constant atx<0.35:
spin-flop field H;) of 6 kOe is about 60% of that of- 6~-8K at x=1.0, —1.7 K atx<0.35%° The x indepen-
(BETS),FeCl, (H¢~10k0Oe)*'*18 Similar susceptibility —dence ofé at x<0.35 indicates the “decoupling” ofr-d
behavior was also observed (BETS),(FeyssGay 49Cl,  electron systems by the dilution of magnetic ions, where
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(BETS),(FeGa _,)Cl, takes a SC ground state. resistivity maximum around 90 K indicating the strong cor-
Since the destruction of the SC state at low temperaturéelation of  electrons is suppressed, which seems to be re-
has never been observed in the system withodt Fens \-  lated to the reduction of-d coupling and appearance of the

(BETS),GaBiCl,_, (x<2.0) > it is clear that ther-d in- ~ SC State. _ _ _
teraction plays a crucial role in breaking the SC state. As , N summary, we have examined the magnetic properties
suggested before, when the®Falensity is high, ther elec- ?rfa rfsfﬁfgﬁ'?x SBNA(?)BE()T%z(;eﬁﬁg)ncslﬁ i g;h()l(b:ggs 5a os7cc§|
trons are fixed thrp_ughr—d coupling to result in the coupled and found thaf th'e i:haracteristic SC-l transition’is.a bulk
M-I and AF transition. We have recently found that the transition. These systems commonly take thel coupled
andd electron systems dt-_(BETS)ZFeCh tend t_o.b? SePa- Ap ground state. With increasing magnetic field, the system
rated from each other at high pressure. Then it is mposmblghowS a spin-flop transition &t, (<10 k0@ and the “field

for F€®* spins to induce the AF spin ordering inelectron !

' X restored metallic state” abouvd, (<110 kOg. The ratio of
system and-(BETS),FeCl, becomes ar metal with antifer-  yhaqe 1o critical fieldsH /H,) is about 0.1. The strength
romagnetically ordered Pé spins at high pressufé.If the

X of 7-d coupling is a key factor in determining the nature of
7 andd electron systems of-(BETS),(FeGa, ,)Cl,having e ground state. When the-d coupling is weakened by

7-d coupled AF insulating ground state at ambient Pressur€aqucing Fe content and/or by applying pressure, the SC
also tend to be independent of each other with increasing,,,nd state is realized.

pressure, it is expected that the system will exhibit a S

transition at high pressure. In faet(BETS),(Fey /Ga 3)Cly The authors are grateful to Professor K. Kanoda for his
with a M-I transition at ambient pressure shows a SC transikind advice on the ac susceptibility measurements and help-
tion above 2 kbat’! At high pressure the characteristic broad ful discussions.
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