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Pressure-induced enhancement of the transition temperature of the magnetic-field-induced
superconducting state in\-(BETS),FeCl,
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The effect of a small hydrostatic pressyre-1.4 kbar on the temperature-magnetic field phase diagram of
the organic conductax-(BETS),FeCl, is reported. At zero field a hysteretic superconductifig=5.6 K) to
antiferromagnetic insulator transitidify =4 K) is found. Furthermore, the transition temperature to the field-
induced superconductingISC) state, as well as its concomitant upper critical field, is found to increase by
~33%. The phase diagram of the FISC state for both pressures is well described in terms of the Jaccarino-Peter
effect if the interactions among quasiparticles is taken into account.
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The complex interplay between magnetism and supercomf Cooper pairs. The JP scenario has been confirmed by
ductivity is a central topic in condensed matter physics dustudying the evolution of the phase diagfdmin the
to the vast amount of evidence suggesting that unconvens-(BETS),FgGa_,Cl, alloys as well as through measure-
tional superconductivitSC) occurs in the proximity of ments of Shubnikov de HaaSdH) oscillations!* However,
magnetically ordered statéhis proximity to2 or the coex- @ few aspects of the phase diagram of sRéBETS),FeCl,
istence with® magnetism has been taken as evidence for gompound still remain unclear. Namely, the nature of the AFI
magnetically mediated SC pairing mechanism. Neverthelesground state, the reason for the absence of SC at zero field
according to our current understanding of SC, local magneti@nd, more particularly, an explanation for the inexact fit to
moments, similarly to an external magnetic field, are exthe simple JP description, as seen in Ref. 9. This last aspect
pected to suppress SC via two mechanisms: The Panti  Was treated in Ref. 15 and the authors concluded that the
the orbital effects. This commonly accepted scenario ha§xperimental data of Ref. 9 can be well fitted to the JP de-
been seriously challenged by the discovery of a series ofcription only if a nonuniform SC subphase, the so-called
ferromagnetic superconductors such as WGErZn,® and FFLO state!® is included into the phase diagram assuming a
the borocarbided.In this context, the recent report of mag- fatheranisotropic2D electron spectrum.
netic field-induced superconductivitFISC) in the magnetic Here, we report thel-B phase diagram of the organic
organic conducton-(BETS),FeCl, (Refs. 8 and 9 consti-  conductork-(BETS),FeCl, under a moderate value of hy-
tutes, perhaps, an unique example of a cooperative interaglrostatic pressurep=1.4 kbar. The antiferromagnetic insu-
tion between both types of orderings, where field-inducedating (AFI) ground state is quickly suppressed by the appli-
ferromagnetism becomes the essential ingredient for stabiliZation of pressure and, aB=0, superconductivity is
ing SC at very high magnetic field8=ugH,) and low tem- stabilliz_ed atT,=5.6 K foIIow_ed by an unusugl SC to AFI
peratureqT) in an otherwise antiferromagnetic insulator. In transition atTy=4 K that displays substantial hysteresis.
fact, according to Refs. 9-11, the measured dependence BfSO P increases considerably the transition temperaiamel
the FISC’s phase diagram dnand onB can be explained in the assouated critical f|g|91$o the f|eId—|nQUced supercon-
terms of the so-called Jaccarino-Pe@P) compensatiol ductmg st_ate. If we takg into account thg interactions among
effect: An external field orients th&=5/2 spin of the F& quasiparticles, we can improve our previously reportéddit

ions which, in turn, exert an exchange fig®) on the spins e Jaccarino-Peter description for the FISC state. Finally, for

s of the conduction electrons via the exchange interalctionl,)Oth pressures an exc_:ellent d\_’-)scr|p_t|on of the FISC phase
2 2 L . ) boundary can be attained by including a FFLO supercon-

Js-S. Thus, the effective field acting on the conduction  ,qting ‘subphase assuming an isotropic two-dimensional

electron spin is electronic dispersion.

weHe = paHo + X(S). (1) )\-(BETS)ZF_eCL} single crystals were obt_ained by

electrocrystallizatiod? Samples were mounted in a CuBe

If J<O, i.e., the coupling between localized and itinerantpiston cylinder pressure cell and inserted ifHe refrigera-

spins is antiferromagnetic, a certain external figlgH,  tor. All samples were aligned inside the cell in order to keep

can compensatehe exchange field(S), which in presence Bjic axis. No pressure was applied at room temperature, a

of an attractive pairing mechanism allows the condensatiop=1.4 kbar, monitored through an InSh gauge is induced by
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FIG. 2. Resistance as a function of the external magnetic field
for various temperatures, at=1.4 kbar.(Since the hybrid magnet
is composed of a superconducting outsert coil in combination with
a Bitter-type resistive insert coil, the field generated by the outsert is
kept constant at approximately 11.5 T, while the field of the insert
sCeO” is ramped between 0 and and 31.p The interval inT be-
tween traces is approximately 0.25 K.

B(T)

FIG. 1. Upper panel: In-plane resistivityp, of a
\-(BETS),FeCl, single crystal as a function of temperatuFeat
1 bar and under 1.4 kbar of hydrostatic pressure. An abrupt increa
in resistivity is observed at the transition from metallic to the AFI

ground state. Notice that under 1.4 kbar, superconductivity Presor example, by comparing and| panels: In thas panel the
cedes the AFI state. Lower panel: Resistance as a function of ﬁe'ﬂﬂ state appears dt,=4.0 K while in thel panel the same
at several temperatures and under 1.4 kbar. sample still is in the SC state at 3.4 K. This hysteresis or
) metastability is most likely due to a phase transition of the
the solidification of the pressure medium, i.e., Fluorinert.fist order.
The temperature was stabilized by regulating the pressure of The proximity (or competition between AF and SC or-
both“He and’He baths. The uppg) panel of Fig. 1 shows derings, as in the present case, has been observed in many
the in—plane resistivit)p”, normalized respect to its value at Compounds ranging from the cuprates to the organic super-
T=300 K, as a function ofl for both values of pressure conductors and is believed to lead to unconventional super-
p=1bar and 1.4 kbar and for twk-(BETS),FeCl, single  conducting behavior, see, for example, Ref. 21. In any case,
crystals. The abrupt upturn d=8.5 K indicates a phase the close proximity of SC to a state that has been claimed to
transition towards the AFI ground stéiecharacterized by be a Mott insulating phasé;??suggests that it should not be
the antiferromagnetic order of the localiz&#5/2 spins of  treated in the weak coupling limit. Nevertheless, the clarifi-
Fe'3. The application of 1.4 kbar decreases the resistivity bycation of the nature of the SC n-(BETS),FeCl, will re-
a factor of~3 for 10 K< T<100 K while the onset of me- quire further systematic studies, particularly thermodynamic
tallic behavior(dR/dT> O) is displaced fronT=70 K up to and SpGCU’OSCOpiC measurements.
nearly toT=200 K. These observations can be explained in At lower T, the AFI is suppressed by an external field
terms of an increase of overlap betweensSerbitals result-  of the order of=5 T, and at aT dependent critical field
ing from the pressure-induced unit cell reduction. At low B.=15 T the resistance drops by more than 2 orders of mag-
T an abrupt drop irp, by nearly two orders of magnitude, nitude, reaching the level of sensitivity of our experimental
precedes the AFI state which is displacedTip=4 K. The  setup, due to the entrance into the FISC state. Under pressure
lower (1) panel of Fig. 1 shows th& dependence of the the FISC state clearly appears at lower critical fiegBdghan
in-plane resistanck for several temperatures as indicated inthose reported in Refs. 8 and 9. In order to study the overall
the figure. As seen, at high&rthis highly conducting state is effect of p on theB-T phase diagram, detailéd dependent
suppressed by the application of an external fieldneasurements were performed under field from
B.,=2.5T, confirming the SC nature of this phase.11.5 to 45 T using the NHMFL's hybrid magnet. Figure 2
This value of B, is much lower than what is obtained shows the resistande as a function o, applied along the
for the isostructural SC compound-(BETS),GaCl,'® in-planec axis (+0.3° degreesof a A-(BETS),FeCl, single
indicating that in our case SC is destroyed by the polarizaerystal at 1.4 kbar and for temperature intervals of approxi-
tion of the Fé&® moments. Thus, similarly to the mately 0.25 K, between 5.4 and 0.8 K, from Ref. 9. The
\-(BETS),FeGa Cl, (Ref. 20 compound foix<0.43, un-  FISC state develops progressively with decreadingut is
der pressure the=1 system also presents an uncommon SGsuppressed for fields sufficiently away frgabove or below
to insulator transition upon cooling. A considerable amounthe compensation field* =32 T. Here the main observation
of hysteresis is associated to this transition as can be seeis,thep-induced broadening of the entiBe T diagram of the
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?»-(HETS)2FéC14§ Blc ] As can be seen in the upper panel of Fig. 3, at

5 o p=1 bar the width of the resistive transitiofdefined
Al 0N P =1 Bar | fnetl | as 7=(Topser To)/ Te WhereTy,se;@nd T, correspond, respec-
§ R ! tively, to the onset and the foot temperatdrissremarkably
&3 P large 7=0.8 in the vicinity ofB*~32 T. Particularly, if we
~ 5[ AFI b compare with what is seen in the isostructural Ga compound

; where 7 ranges between 0.45 and 0.@®%ef. 23 or with the

P transition seen aB=0 andp=1.4 kbar wherer=0.17. No-

C tice thatT. as defined here increases by a factor~@3%
under pressure. This is a somewhat surprising result, since
the increment in conductivity can be easily understood in
terms of an increment in the amplitude of the transfer inte-
grals t,p . (and thus of the bandwidthVe«4t,, ) among
closest neighbors in a tight binding dispersion. Naively, this
is expected to lead to a decrease in the density of states and
thus in T.. In the other hand, as can be seen in the lower
panel, around*7 is found to decrease to a value of 0.44

ST A under p=1.4 kbar suggesting again an “improvement” in
0 5 10 15 20 25 30 35 40 45 sample quality/homogeneity. In both cases, the region com-
prised within 7 is quite asymmetric with respect 8", in-
B(T) creasing withB. In this system the SC layers are weakly or

Josephson couple@therwise the orbital effect would sup-

FIG. 3. Upper panel: The resultiri®+ T phase diagram for fields press the FISC foBlla-c plane, thus its effective dimen-

nearly parallel to the axis atp=1 bar, from the data of Ref. 9 but *. o .
defining the phase boundary differentisee text. AFI stands for sionality is 2 and consequently the effects of SC fluctuations

the antiferromagnetic insulator phase and FISC stands for the field'® relevant af?d most I.Ikely responsible for. th(.a.w'dth repre-
induced superconducting phase. Lower panel: The phase diagraﬁ’?med byr. This behavior bears st_rong similarities W'th_ the
under p=1.4 kbar of hydrostatic pressure. In both figures solidSO-called pseudogap phase seen in the cugfaes also in
circles indicate the onset of the resistive transition while open dia2P 0rganic compounds where the slope of the in-plane
monds indicate the field dependent temperature where the resistangeetallic state resistivity increases below a certain tempera-
goes to zero. The solid lines represent fits to the Jaccarino-Petédre T*>T. upon cooling(the estimated Ginzburg parameter
description for a finite value of the Landau paramét@including G;=1072 is comparable to that observed in cuprates which
a 2D-LOFF subphasesee text The dotted line is the expected JP further justifies this analysjs Consequently, it is possible
fit for F§=0 and with no inclusion of subphasésom Ref. 9.  that p favors the SC phase in detriment of the pseudogap
Arrows indicate the approximate position of the compensation fieldregion increasind,, or simply it increases the relevant en-
B*. ergy scales of the system as in seen in the cupfatese to
the uncertain nature of the region represented-lwe have
Rhosen only the region beloW, as the actual phase bound-
" : ary for the FISC state. In Fig. 3 solid lines represent fits of
mum transition temperature increases uide-5 K, respect T«(p,B) to the JP effect where the Landau correction is in-
toT,;=45Kat 1 bar. Furthe_rr_nore, at=2 K andp=1 bar trzdfjced into the expression relating the Pauli critical field
the_ metall_|c to FISC transition _takes plach~23.7 T - ~ = P _ “ 9 o %6 a
(middle point of the resistive transitipmnd is suppressed at Bp=A(T=0)/v2ug to T By(T)=1.85/1+FT(K).< Fy
an upper critical fieldB.,~ 42 T. While under 1.4 kbar these is the so-called Landau parameter which in the Fermi-liquid
transitions take place respectively atl8.6 K and=43 T.  theory describes the spin antisymmetric and spatially
This represents a broadeningAB=B,-B, of ~35%. No-  isotropic part of the quasiparticle interacti&hFor both
tice, that this effect cannot be attributed to a pressure gradpressures a fairly reasonable fit is obtained for a value
ent, since this scenario is incompatible with the sharpness #3=0.26 if we also include, as in Refs. 9 and 15, a
both metal to SC and SC to AFI transitions seen in the FFLO subphase for which we assumed a two-dimensional
panel of Fig. 1. Also, as seen below, this is incongruent withisotropic dispersion. Given the incertitude on the nature
the observed reduction in the width of the resistive transitiorof the region comprised withim and thus on the precise
to the FISC state under pressure. location of the phase boundary, these fits, as those of Ref. 15,
In order to quantify the effect of pressure, Fig. 3 showscannot be taken as a solid but only as an indirect evidence
the T-B phase diagrams for both valuesmflts upper panel for the FFLO state. Finally, notice how*, indicated by
contains the data taken pt=1 bar, which is included here solid arrows, slightly decreases under pressure, what is un-
for comparison. While the lower panel results from the com-expected since one would expect the reduction of the unit
bination of measurements performed in both samples No. 2ell volume to increase the number of localized spins per
(B<10T) and No. 4(B>10T) under 1.4 kbar. In Fig. 3 volume and thus.
solid circles indicate the onset while open diamonds indicate In conclusion, the clarification of the mechanism leading
the “foot” of the resistive transition, i.e., the temperature orto the AFI should provide important clues respect to the
the field where the resistance reaches zero. nature of SC in\A-(BETS,FeCl,. Under pressure, the

FISC state: Under pressure, the FISC state also develo
progressively with decreasing but the onset of its maxi-

092508-3



BRIEF REPORTS PHYSICAL REVIEW B0, 092508(2004)

coexistence of SC with localized magnetic ions in the paratainly, this interesting possibility, the role of higher pressures
magnetic state, the proximity of the superconducting relevanas well as the possible existence of a FFLO sub-phase sug-
energy scale to that of a Mott antiferromagnetic phase angested by our phase-diagrams, deserve further experimental
the indications of a pseudogap phase could be taken, by an&tudies.

ogy with the cuprates, as indirect evidence for unconven-

tional superconductivity. Notice that the Jaccarino-Peter de- One of us(J.S.B) acknowledges support from Grant No.
scription requires only a singlet superconducting state whos®SF-DMR-99-71474. The NHMFL is supported through
gap symmetry can differ from the standax@vave one. Cer- Grant No. NSF-DMR-0084173.
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