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N-(BETS),FeCl, undergoes transitions from an antiferromagnetic insulator to a metal and then to a super-
conductor as a magnetic field is increased. We use a Hubbard-Kondo model to clarify the role ot'the Fe
magnetic ions in these phase transitions. In the high-field regime, the magnetic field acting on the electron spins
is compensated by the exchange figlgdue to the magnetic ions. We show hély can be extracted from the
observed splitting of the Shubnikov—de Haas frequencies. We predict the field range for field-induced super-
conductivity in other materials.
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The discovery of magnetic-field-induced supercon-surface, this needs a Kondo couplinlgz 6 meV, which is
ductivity' in  the  two-dimensional ~ compound larger than the estimates that we extract from experiment
N-(BETS)FeCl, [where BETS is bigthylenedithi-  below. Moreover, the system seems to have quite a large
tetraselenafulvalerjeis an example of the rich phase dia- electron-electron repulsion, as suggested by comparison with
grams of organic molecular cryst&laVhereas, previously, the x-(BEDT-TTF),X family.8 In this case, we show first
pressure or chemical substitution has been used to change theit the system without the magnetic ions may be close to a
electronic properties of these organic materials, it is remarkMott transition. Then, the Kondo coupling with the magnetic
able that this compound undergoes successive electronigns can drive the system into the insulating phase in order to
phase transitions as the magnetic field is increased. Below gain some magnetic energy. These two scenarios of the
temperature of 8 K\-(BETS),FeCl, is an antiferromagnetic metal-insulator transition lead to different physical pictures
(AF) insulator® As a magnetic field is applied, it undergoes a[spin-density-wavéSDW) insulator versus Mott-insulatbr
first-order transition to a metal at 11 T. Close to this field, the Question(ii) has to be carefully examined. Although, it is
magnetic moments associated with the spin 5/2 of th¥ Fe clear that the magnetic ions can in principle produce an ex-
ions undergo a transition to a polarized paramagnet. If thehange fieldH, that can compensate the external field, it is
magnetic field is parallel to the layers, there is a transition tqjesirable to know the precise magnituderbf. We show
a superconductor at 20 which is then destroyed above 42 how to extract it from the observed magnetic oscillatidns.
T.* The magnetic ions are essential to this behavior, since th€his allows us to rule out alternative proposals such as spin-
compound with nonmagnetic ions;(BETS),GaCl,, is, in  triplet superconductivity, field-induced dimensional cross-
contrast, a superconductor at zero fiellespite very similar  overs, or superconductivity mediated by spin fluctuations in
crystal structure§. the local moments.

In this Communication we focus on three questiofis: Previous estimates af (and soH,) involve considerable
Why does the inclusion of magnetic ions change the groungincertainty. In the high-temperature metallic phase, the ex-
state from a superconductor to an insulatgii} Is the change leads to an Ruderman-Kittel-Kasuya-YosRI&KY )
magnetic-field-induced superconductivity due to the theinteraction between the localized spindo=J*x(Qar)
Jaccarino-Peter effeét, where the external field is compen- Where ¢ is the electronic spin susceptibility at the wave
sated by an internal exchange field due to the magnetic iong&ctor of the AF correlations. The high-temperature magnetic
and(iii ) Does the Jaccarino-Peter picture survive if one takesusceptibility gives an estimate d§~0.2 meV? To obtain
into account the spin fluctuations associated with the magthe couplingJ from this approach, we need to know the
netic ions? electronic spin susceptibilityy(Qag). Using the free-

Recently, Ziman introduced a two-dimensional Hubbard-electron band structurex(Qar) =80 (eV) ** gives |J|
Kondo model in order to understand questior® The model =1.5 meV. Hotta and Fukuyartfa suggested that the
takes into account the four conduction bands associated witkondo coupling comes from superexchange processes lead-
layers of BETS moleculefour highest occupied molecular ing to anantiferromagneticoupling >0). They estimated
orbitals (HOMO) per unit cell, a Kondo coupling between J~1 meV, using hopping integrals found from ekel cal-
the localizedS=5/2 spins and the conduction electrons, andculations and assuming a value of 2 eV for the splitting be-
the Coulomb repulsion between two electrons on the samtveen thed orbital of the Fé* and HOMO orbitals.

BETS molecule. Ziman found that for small electron- Mott insulator. We first argue that the materials without
electron repulsion the periodic potential due to the magnetithe magnetic ions are close to a metal-insulator transition.
ordering (found self-consistentlyat low temperature opens From the experimental point of view, the effect of the anion
energy gaps on the Fermi surfatd magnetic field, by in A-(BETS),GaBr,Cl,_, is to drive the electronic system
aligning the moments, destroys the periodic potential, restorfrom a superconductor fa<0.8 to an insulator>0.8* As

ing the Fermi surface. However, to suppress the entire Fernthe crystal structure is very similar in both cases, this means
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that a small change in the electronic parametestimated to  intermediate regime. However, we note that in
be smaller than 5%Ref. 12] yields two different phases. «-(BEDT-TTF),CUN(CN),]Cl a first-order transition has
Hence, the electronic system without magnetic ions is closbeen observed from a Mott insulator with about half the full
to a metal-insulator transitionFrom the theoretical point of moment to a superconducting pha3é? This picture is also
view, theA-(BETS),X and x-(BEDT-TTF),X compounds consistent with a recent exact diagonalization study of the
have very similar band structures: in these three-quarter filleédubbard model on a triangular lattice at half fillifgyIf for
systems, two bands are isolated from the two others by quit@=0, Exryi>Emeial (the Ga compound is a metait is
a large gap. This can be interpreted as the separation bepossible thaE gy — 5 S<Eneta— zPxS% provided that
tween the bonding and antibonding orbitals on a dimer ofs large enough or the difference betweeg:y,, andE e
moleculeg Projecting out the bonding orbital on each dimer, is small enough. A similar argument applies to the energy of
the system is thus effectively half-filled and reduces to ahe superconducting phase because the RKKY interaction
triangular lattice Hubbard mod@IAs the Fermi surface has nearQ,r is not modified in the superconducting stite.
poor nesting, it undergoes a metal-Mott insulator transition at  Destruction of the insulating phase by temperature.
finite U/t. Chemical pressure can change this ratio drivingAbove the Nel ordering temperatureTg~J,) for the local
the system from a metébr superconductorto an insulatof.  moments the metallic phase has entropy of order3n(®).
Replacing nonmagnetic @& by magnetic F&, the elec- In contrast, the insulating phase with AF order has zero en-
tronic parameters change even I&5Bven though this could tropy. Hence, to zeroth order ik, the metal-insulator tran-
also, in principle, drive the system from a metal to an insusition is first order and occurs at a temperature Tgf,
lator, it can not explain why a magnetic field induces a first-~[E . .;.(J=0)— Eagm(J) 1/In(6).
order transition to the metallic phase. Destruction of the insulating phase by a magnetic field
We now show that the magnetic character of the ions isye calculate the classical energies of the metallic and AFMI
important to drive the system into the insulating phase. Prostates as a function of the magnetic field. Doing this, we can
jecting out the bonding orbitals from Ziman’s model leads toneglect the electronic susceptibility becau]:‘g%tl,milu.

a simpler twoband model, with Hamiltonian: (i) Metallic phase We restrict ourselves to spiral ordering
such aS§1=[SCOSaCOSQ.Ri),SCOSaSin(Q.Ri),SSin al. The
. _ - 2 _ .
H=E tij(CiT,ng,a+h-C-)+U2 M energy is, E(H,a)=Eetar ZJoS COS 2vx—gugHSSIN .
I

Minimizing this with respect toa gives E(H)=Eqetal
—23,S?— (gamgH)?/82J, for H<Hy=4zSJ3/g,ug Which
2~ z z is the critical field to align the spins, anB(H)=Eetal
+J2i S U'+ga'uBH2i S'+g'uBH2i 7 +2J3,S?—gaugHS for H>Hy. (ii) Insulating phaseThe
energy iSE(H,a)=Eary — 3JScosa—g,ugSHsina. The
whereciT creates a hole on the dimer at siité-i is aspinS  minimization givesE(H) =Eagy — 1JSJ1+(2g,ugH/J)2.
operator for the local momentéiE%Ea,BC?a&aﬁci,B (where ~ Provided thatE yeat 23, S*<Epgmi, as the field increases
the energy of the metal crosses that of the insulator, leading
to a first-order transition into the metallic phase.
Field-induced superconductivityThe argument for the
Jaccarino-Peter mechanidfris as follows. If the system is
sufficiently two dimensional, when a magnetic field is ap-
plied parallel to the layers, the orbital motion of the electrons
is quenched. The upper critical field is then determined by
the Pauli paramagnetic limit. If we first neglect the fluctua-
tions of the localized spins and consider the regime where
the moments are aligned by the magnetic field, the Kondo

ij,o

o denotes the three Pauli matrizés the spin-1/2 operator
for the hole on sité. U andJ are, respectively, the projected
Hubbard repulsion and the Kondo coupling.is the tight-
binding hopping integrals between dimérg, andg are the
g-factors of the local moments and itinerant electrons, re
spectively.

Let us take the two limits of small and lardé¢ of this
model. (i) At small U andJ small enough, the phase is me-
tallic due to imperfect nestingThe localized spins are sub-
ject to an RKKY interaction. Treating the local moment spins . L . . - -
classically, the total energy Bmeta— ZFx(Qar)S?, Where term mzthe Hamiltonian is replaced with2;S- ;=
z=2 is the number of magnetic bondd,) At large U, the —JSE 0 ..The eEfectlve magneUc field e_xpenenced by the
system is a Mott insulator. The electrons are antiferromag€/€ctrons isH —.He,_whereHezJS/(%mB) Is a compensat-
netically ordered because of the Anderson superexchandBd magnetic field ifJ>0. At H=H., the Hamiltonian is
process. Subsequent'y, the Kondo Coup"ng forces $he the same as fOI’. the Compound without the magnetic ions
=5/2 moments to be antiferromagnetically ordered with re{J=0) at zero field. Ask-(BETS),GaCl, is a supercon-
spect to the localized electronic spins. The magnetic energ§uctor, this mapping shows that-(BETS),FeCl, has to
is — 1JS per site and the total energy of the AF Mott insu- be a superconductor as long H$—Hg|<Hp, the Pauli
lator (AFMI) is Expy — 3JS. The gain in magnetic energy is limiting field. The nature of the superconductivity in the
much larger in the Mott phase than in the metallic phaséwo materials should therefore be the same. This is supported
[J2x(Qap) ~J?/EE<J, whereE is the Fermi energy We  experimentally by similar thermodynamic quantities in
now assume that the expressions of the magnetic energies dreth compounds T$?=5.5 K and TE*=4.2 K; HE®
still valid for intermediatdJ. The energy- 3JSassumes that =12 T and HEf’maX—He~ 10 T). Tilting of the magnetic
the localized electrons have a full spin-1/2 magnetic momentield out of plane giving a perpendicular component of 4 T
and are not in a spin-liquid state. This is not obvious for thedestroys the superconductivityThis value is comparable to
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the upper critical field foi-(BETS),GaCl, for perpendicu- the compensgting field _shoul_d be about 32 T, in r_er_narkable
lar fields® Note also that even if the magnetic field is in the agreement with the optimal field for superconductivity.

plane, the orbital limiting field must be larger tha#} to get Electron spin resonanceThe frequency splitting dis-
superconductivity. This explanation givds=1.6 meV for ~ cussed above occurs independently of the sigh dfcan be
H2=33 T4 determined unambiguously by electron spin resonance

Effects of the fluctuations of the localized spifiie (ESR. In the presence of the exchange field, th(2=,-2 ESR fre-
above argument neglects the spin flip terds(S'o,  duency mdthe high-field regimew=gug|H—He|,** will
+S ;") in the Hamiltonian, where the-,— superscripts glngegn |ttsh5|gnb. ict d th vsis bel
denote spin raising and lowering operators, respectively. ased on e above picture an € analysis below we

Without the fluctuations, the two spin states of the eIectron?r_ed'Ct field-induced superconductivity kv(BETS),FeBr,.
have the same energy fbrzHg. This is no longer the case It is an AF m_e_tal below §.5 K, and un_dergogs a supercon-
when the spins fluctuate: the spin down can flip while thedUcting transition at 1 K’ The magnetic oscillation spec-
spin &= —Siis raised to £ S at the same time. Flipping of UM also has two frequencies with a d|ﬁ§£encg of
the spin up is, however, blocked because it would requird00 T/cosy and an effective mass ah*/m.=8." This
lowering the spin of theS,=—S state. These processes 9ives an exchange field Ofl /=12 T. The critical field data
renormalize the compensating magnetic field. To gain somér «-(BETS),GaBr, are not available; but we can estimate
insight on the relative importance of this effect, we considerHp from the critical temperature assuming a BCS reldtion
the simple problem of just one local moment and one elecHg?~1.8&gT./ug=1.2 T. With the above values fa,
tron. The compensating magnetic field is then given byandHp we would expect field-induced superconductivity in
(when g=g,) He=[(4S—1)/(4S—2)]H? (this reduces to the range 11 to 13 T i#>0.

H? for small fluctuations, i.e., largs). The real value of is We now show how the upper critical field parallel to the
therefore slightly larger than that extracted above. The sedayers can be greatly reduced when there is co-existing su-
ond effect of the fluctuations is to increase the on-site repulperconductivity and AF ordering of the magnetic ions. This
sion between electrons. Two electrons on the same site coghs been dramatically demonstratecd\i{BETS),FeCl, un-

not only the energy but also block the fluctuations because der a pressure of 3.5 kbar. It is an AF metal above 3 kbar
the spin down is no longer allowed to flip. This extra repul-(Ref. 25 and undergoes a superconducting transition at
sion is given byl§/(4S—2), which is negligible compared apout 1 K2® Normally, in layered superconductors the upper
to U. In summary, due to the large value 8fspin fluctua- cyitical field parallel to the layers is much larger than for the
tions associated .Wlth the local moments do not significantly;g|q perpendicular to the layers. Here, the reverse happens!
change the physics. The upper critical field parallel to the layers is ort/.,

In order to more clearly establish that the field-induced . I S
superconductivity is due to the compensation effect, it is de- 0.05 T, whereas the perpendicular critical field is about

sirable to have an independent measurement of the exchan§$5 T-7This is in contr_a_lst with the Pauli limiting value esti-
field. We now show how to extractH. from the ated from the transition temperatutép=2 T. We now
" e

Shubnikov—de Haas oscillations. In layered organic metals §10W that this rapid destruction of superconductivity by a
magnetic field perpendicular to the layers will produce oscil-magnetic field is due to the polar|zat|on_of the magnetic ions
lations in the resistivity that can be related to Fermi surfacénd it can be related to the exchange field. In the AF phase,
parameterd® In A-(BETS),FeCl}, at high magnetic field, the the gnlfqrm component of_the spins when a magnetlc field is
magnetic ions impose an exchange field that splits the corPPlied i8(S;)(H,T) leading to an exchange fieldy(sS,)
duction bandsfor spins up and downWe calculate the two (., T). Provided that the crystal structures of the compounds
corresponding frequencies that should appear in the oscilld¥ith @nd without the magnetic ions are similar, the upper
tions. In the absence of an exchange field, as the magnetﬁf'tH'CF"j‘I fields of bOHtE compoundsGaare related bY(S,)

field is tilted at an angled away from the normal to the LHcz (T),T]1=gueHe, (T)|=gugHp*(T). Measuring the
layers, the oscillatory part is of the form ¢@sF/(H cosg)]  UPPer critical fields and the magnetization curve allows a
whereF is the oscillation frequency. The amplitude of the Value forJ to be exiracted. For a classical antiferromagnet
oscillations is proportional to the spin splitting factg,  With exchangel, the transverse magnetization is given by
= cos(mSy2 cosh), where the argument is proportional to the JangH/(42J) at zero temperature. The relation then be-
ratio of the Zeeman splitting to the Landau level splitting, COMes|1—g,/4zgJy(Q)|HES °=HE%. This shows that
Sy=g*m*/m,, with renormalized mass angHactor’® In ~ can be much smaller tha® [becauselx(Q) ~J/Eg<1].

the presence of the exchange field, the spin-splitting factor is We now apply these ideas i6(BETS),FeBr,. The influ-
modified!® We getR=cog 7Sy(He/H—1)/2 cosh]. The ef- ence of the magnetic ions has previously been invoked to
fect of this is to produce two oscillation frequencies, explain why the upper critical field is anisotropic within the

F/cosf=+ oF where SF = SyH /(4 cosé). In  plane of the BETS moleculés.We rewrite the relation
\-(BETS),FeCl, Uji et al. observed two frequencies with a above between upper critical fields agl—Hc/Hy|
difference of 130 T/co8.® If we interpret the frequency dif- =HSa/H‘(|;2Fe, having introduced the classical field to align

ference as due to the exchange ffldwe extractH, the momentsHy=4zSJ}/g.ug.?’ This allows us to extract
=32 T using the observed effective mam&/m,=4.1, and the parameteH, (or J) from the measurements of the criti-

assumingg* = g.2* Thus the magnetic oscillations imply that cal fields. In k-(BETS),FeBr,, H.f®~1 T for H|c, Hy
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~5 T2 anngfkl,z T (see above The positive solution the exchange field equals that of the optimal field at which
is H,~10 T, consistent with the estimate above. superconductivity is observed. This strongly supports the
In conclusion, we have stressed the possibility of having daccarino-Peter effect and suggests that the nature of the su-
Mott insulator in \-(BETS),FeCl, at zero magnetic field. Perconductivity is the same in both materials. Using the
The measurement of the charge gap as a function of fiel§game procedure, we have predicted tka{BETS),FeBr,
may help distinguish the Mott versus SDW insulator: for theshould also exhibit a field-induced superconducting phase at
Mott picture the gap should not vary significantly with field about 10 T.
whereas for the SDW picture it should. Furthermore, we
have shown that the Hamiltonian that describes We thank L. Balicas and J.S. Brooks for helpful discus-
\-(BETS),FeCl, at high fields is simply related to that for sions and for providing experimental data, prior to publica-
\-(BETS),GaCl, with a compensating magnetic field acting tion. We thank P.W. Anderson, S. Brown, and T. Ziman for
on the spins. We have interpreted the splitting of the maghelpful discussions. R.H.M. thanks the Aspen Center for
netic oscillations as a signature of the exchange field, thuRhysics for hospitality. This work was supported by the Aus-
allowing us to extract the Kondo coupling. The strength oftralian Research Council.
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