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Magnetic-field-induced superconductivity in the antiferromagnetic organic superconductor
K'(BETS)ZFeBr4
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The high magnetic field electronic state of the quasi-two-dimensional organic superconductor,
x-(BETS),FeBr, was investigated by the resistance measurements. At very low temperatures, magnetic-field-
induced superconductivitgFISC) was observed under high magnetic field parallel to the conducting layers.
The obtained magnetic phase diagrams are well reproduced by Fisher’s theory based on the Jaccarino-Peter
compensation mechanism, where the external field and internal field caused by the magnetic moments are
canceled out. The analyses of the phase diagram show that the orbital effect is not so small in this compound,
which makes the Fulde-Ferrell-Larkin-Ovchinnikov state less likely.
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[. INTRODUCTION fect does not work at all when the both fields are canceled

. . out completely. This mechanism is called the Jaccarino-Peter

One of the recent greatest concerns in the field of strongl)(J_H effect. Consequently, the superconductivity can be sta-
correlated electron systems is the study of the interplay beyjjized in high field parallel to the 2D layers. To conclude

tween magnetism and electric conduction. In most of thghat the FISC induced by the J-P effect is a universal phe-

organic layered systems, which is the typically strongly cor-nomenon in layered magnetic systems under some condi-

related system, magnetic moments are introduced in insulagions, we need to perform systematic studies of layered mag-
ing layers and electric conduction is dominated by.atic materials.

m-electrons on donor molecules, forming conducting layers. The quasi-2D organic conductok-(BETS),FeBr, is
Strong interaction between the magnetic moments and thg,mnased of conducting layers with BETS molecules and
m-electrons is realized if the overlap integrals between th‘?nsulating layers with anions FeBrontaining Fe ions in
molecular orbitals of the anion ang-orbitals of the donor high spin stateS=5/2. Thealternate stack of these layers
molecules are fairly large. In general, suchral interaction akes the electronic state 2D with the closed Fermi surface
destabilizes the superconductivity because the intemaggicted from the band calculatifhis salt undergoes an-
field caused by the magnetic ions has a tendency to de ferromagnetic(AF) order of the F&" spins at 2.5 K, with

troy the Cooper pairs by the Z_e_eman ef_f(_act. However, ung,q magnetic easy axis along theaxis, and then shows the
expectedly, the superconductivity stabilized only undersuperconductivity below 1.4 K.

high magnetic field was recently discovered in the organic 'gecayse the crystal structure of this salt is very similar to

conductor  with  magnetic  anion, A-(BETS,FeCl  yhat of\-(BETS),FeCl, «-(BETS),FeBr, has been expected

(BETS=b|_s(ethylened|th|gtetraseIenafulvaltjr)e(Refs. 1-3 {0 be another material showing FISE Actually, slight de-

and a series of alloys-(BETS);FeGa,Cl,." So far, only @ = craaqe of the resistarid@nd thermal conductivit suggest-

few compounds have been repgréced to show magnetic-fieldng the presence of FISC have been reported under high

induced superconductivigriSC).>® _ magnetic field. Moreover, because the zero field ground state
The FISC observed in these materials is explained as foks gperconducting, the phase diagram could be directly com-

lows. In general, conventionatwave superconductivity is  nareqd with Fisher’s theoretical model based on the J-P effect.

destroyed under magnetic fields by two _eﬁect_s, orbital effect |, this paper, we report the systematic resistance measure-

and Zeeman effect. In the case of two-dimensi@@&)) con-  ments under the magnetic field at temperatures down to

ductors likeA-(BETS);FeCl, the orbital effect is strongly 5 K. we show the clear evidence of the FISC in this salt

suppressed even at high magnetic fields as long as the field 4q discuss the magnetic phase diagram.
applied exactly parallel to the 2D layers. The other one, Zee-

man effect can be suppressed by the compensation mecha-

nism proposed by Jaccarino and Pét&vhen the external Il EXPERIMENT

field is applied, the large localized magnetic moments are

aligned in the same direction. If the negative exchange inter- Single crystals ok-(BETS),FeBr, were obtained by elec-
actionJ between the magnetic moments and thelectrons  trochemical oxidation described elsewh&tesamples used

is present, ther-electrons feel the internal field antiparallel in the measurements were black plate-like crystals, and the
to the external field. In this way, the external field and inter-typical size is about 0.50.4x0.03 mn?. Gold wires of

nal field can be compensated. It means that the Zeeman €f0 um in diameter were attached with carbon paint in a con-
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FIG. 1. (a) Field dependence of the interlayer resistance at vari- FIG. 2. (a) Field dependence of the interlayer resistance at vari-
ous temperatures fdillla. Inset shows the data in low field region. OUsS temperatures fdlic. Inset shows the data in low field region.
(b) Magnetic phase diagram fétlla. Closed circles, open circles, (b) Magnetic phase diagram fétlic. Closed circle, open circle, and
and closed triangles shows the superconducting, metamagnetic aftpsed triangle shows the superconducting, canted antiferromag-
the field induced superconducting transitions, respectively. OpeRetic and the field induced superconducting transitions, respec-
squares shows the metamagnetic transition determined from tHé&vely. Shaded areas show the calculated superconducting phases by
SQUID and transport measuremeriRef. 8. Dotted line is the  Using Fisher’s theoryRef. 14.
guide to the eyes. Shaded areas show the calculated supercond

ing phases by using Fisher's theaief. 14). uf'7 T, the FISC seems to be completely removed. As the

temperature increases, the FISC becomes unstable and al-
most suppressed at 0.81 K. The zero resistance is observed
figuration for interlayer resistance measurements. The resignly in very low temperature region below about 0.3 K. At
tance was measured by a conventional four-terminal ac techt K, a small hump is observed around 12.6 T, the reason of
nigue. The measurement was carried out by using a dilutiogvhich is not clear.

refrigerator with a 20 T superconducting magnet down to Figure Xb) shows the magnetic phase diagram Fbifa

25 mK at NIMS. The samples were aligned in the field by aconstructed from the data in Fig(a). The superconducting

specially designed rotator with 0.03° precision. critical field is defined as the middle point of the resistive
transition. The low field superconducting phase is sur-
IIl. RESULTS rounded by the AF phase, where the AF phase boundary

corresponds to the metamagnetic transition field. The FISC
Figure Xa) shows the field dependence of the resistancénas the maximuni (~0.5 K) at 12.6 T.

at various temperatures for the magnetic field exactly parallel The field dependence of the resistance at various tempera-
to the a-axis. As the magnetic field increases, superconductures and the magnetic phase diagramHdc are shown in
tivity is broken at 1.8 T, and then a steplike increase correFig. 2. The overall feature is similar to the case Iftra, but
sponding to the metamagnetic transition of thé'Fpins, is  the low field superconducting phase is more stable in this
observed(inset of Fig. 3.2 At 27 mK, the resistance in- field direction. The anomaly in the resistance corresponding
creases almost linearly with field above 2 T, and then showso the transition from the canted AF std@AF) to the para-
an abrupt drop by three orders of magnitude at about 8 T. Imagnetic state is seen as indicated by the arrow in the inset
the region between 11 T and 14 T, the resistance is zerof Fig. 2(a), but not so clear. The FISC is also observed in
within the instrumental resolution. This behavior gives us ahis field direction in almost the same temperature-field re-
clear evidence of the FISC in this salt. At higher fields abovegion for Hlla.
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IK-('BILZT'S)ZIFe'Br; " I/b, 25mK ﬂ TABLE |. Parameters used in the calculation of the supercon-
14 os . , : . ducting critical fields. The parameters for theg BETS),FeCl, are
g ol ] also listed for compariso(Ref. 4).
12} E 0.2 - . .
0'03 Tc (K) Aso HJ (T) HcZ (T)
10 7 k-(BETS),FeBr (Hlla) 1.4 21 13.3 16.3
k-(BETS),FeBr, (Hllc) 14 1.7 135 18.4

H i \-(BET9),FeCl? 5.5 4.3 36 55
6, a
e_ﬁ - @Reference 4.
c

cause a paramagnetic state of the magnetic ions is assumed,

4 4 the internal field steeply increases with the external field at
oL A i low temperatures. This is the reason why the calculated low
7 field superconducting phase is destroyed by such low fields.
- However, the Fe @ spins in this salt are antiferromagneti-
°o'" cally ordered in the low field region. Therefore, the internal

field remains very small until the metamagnetic transition
akes place foHlla, or until the 31 spins are sufficiently
anted forHllc. As a consequence, the low field supercon-
ducting phase can survive up to higher fields than the calcu-
lated ones.
. . i In this salt, the magnetic easy axis is thaxis, and the
Figure 3 shows the resistance as a function of the magmagnetization inHlla becomes larger than that Hiic for
netic field for various field angles from theeaxis. As the =1 T8t shows the larger internal field idla. This is the
field is inclined from the conducting layers, the FISC is sup-reason why the low field superconducting phaselirc can
pressed immediately, which is accompanied with the shift ok,vive in relatively higher fields thaH |l a.
the minimum position to the lower field because of the in-  The parameters used in the calculation are listed in Table
crease of the orbital effect. At the field angles higher than together with the result in-(BETS),FeCl.4 In all cases,
6=2.2°, the FISC completely disappears. By decomposing —q is assumed for simplicity. The observed FISC phases
the critical field into two components along te and  .an pe well reproduced by the calculation for both field di-
b-axis, we can obtain thel,-H, phase diagram as shown in yeciions. The obtained saturated exchange #€jds larger
the inset of Fig. IRef.15. We note that the critical field is  than the saturated internal field giving the highest transition
very anisotropic reflecting the low dimensionality of this salt. temperature, 12.6 T. The valud) is consistent with the

The FISC is completely suppressed by the perpendiculalyyrated exchange field calculated from the intermolecular
field of H,=0.26 T, which corresponds t#=1.2°. overlap integrals by Moret al 10

The presence of such a large internal field is proved by the
Shubnikov-de Haa$SdH) oscillation reported previousty
as first pointed out by Cepas al? In the presence of a large

In this study, we obtained the first certain evidence of thanternal field, it is expected that two frequencies correspond-
FISC in k-(BET9),FeBr,. This is the second example show- ing to the two FS’'s of up and down spin electrons are ob-
ing FISC in organic conductors following thetype BETS  served. The internal field can be directly calculated from the
based salt§:# The full description giving the superconduct- difference of the frequenciessF=(1/4)-g-(men/my-Hy),
ing critical field in the presence of the internal field is ob- wheremy is the free electron massy is the effective mass
tained by Fisher based on the J-P effet4In the model, five  [=7.9my (Ref. 17] andg is theg-factor® Assumingg=2, we
parameters are containel;, Hy,, Hy, A, andA, whereH_,  obtain the internal field of 12.7 T. This value is in quite good
is the orbital critical field foiT=0 in the absence of magnetic agreement with the internal field obtained from the present
impurities, H; is the exchange field due to the Fe momentsphase diagrams.
and\g, or \, represents the spin-orbit or magnetic scattering These results clearly show that the observed FISC is
parameter. The internal field is a function Hf, which is  caused by the J-P compensation mechanism also in this sys-
given by the Brillouin function. In general, internal field is tem as in the case of-(BETS),FeCl,. Recently, FISC is
slightly smaller thanH; because of the interlayer coupling observed in the hybrid superconductor/ferromagnet system,
effect1® where the lattice of magnetic dot€o/Pd is formed on the

By using the description for three dimensioi@D) case, superconducting Pb filitf In this system, the dipole stray
the reason of which is discussed later, we can fit the obtainefield between the dots plays an important role for the com-
magnetic phase diagrams as shown by the shaded areaspensation of the applied field instead of the negative ex-
Fig. 1(b) and Fig. 2b). The calculated low field supercon- change interaction required in the J-P mechanism. In that
ducting state is stable only in very limited regions as com-case, there is no restriction in choosing superconducting film.
pared with the experimental results. In the calculation, beHowever, the FISC is achieved in relatively low field be-

FIG. 3. Interlayer resistance as a function of the magnetic fiel
for various field angles tilted from the-axis. Inset shows the
Hy-H4 phase diagram at 25 mK.

IV. DISCUSSION
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cause the stray field is not so large and the orbital effect i$l.,(T) nearT, for the low field SC phase~11T, ~8 T

not quenched in these system because the magnetic fieldfisr Hlla,Hllc, respectively’® However, because the low

applied perpendicular to the film. field SC phase is strongly affected by the internal field
Though the crystal structures of-(BETS),FeBr, and caused by the ordered Fe 3pins, this estimation may be

\-(BETS),FeCl, are very similar, the ground states are quiteinadequate in this case.

different. In\-(BETS),FeCl,, the -d coupled antiferromag- For anisotropic 3D superconductors, in-plane and out-of-

netic state is stabilized below 8 K, and then the system beplane coherence length§,and ¢, are expressed as

comes insulating® This transition is explained as a Mott

transition induced by the strong-d interaction?® On the Hep = L, Heo :L, (1)

other hand, ink-(BETS),FeBr,, the electronic state remains 2m¢ (T)§(T) 2mg(T)?

metallic even below the Néell temperature, and the zero ﬁe'%hereqbo is a flux quantumHc,, andH,,, is the critical field
ground state is superconducting. These features show that thg, parallel and perpendicular to the layers. If we define
m-d interaction is not so strong in this salt. The main reasory , as the maximum value dfl, in H,-H, phase diagram
why the 7-d interaction is weaker ik-(BETS),FeBr is the  (jnset of Fig. 3, andH,, as the high field boundary of the
absence of the Se-Br contact, while there is the short Se-G|gc phase measured from 12.6%Twe can calculate the
contact causing strong-d interaction in\-(BETS),FeCL.®  coherence length in FISC phasg=280 A, &, =42 A. In
Since the strongr-d interaction induces large internal field, ..(BETS),FeBr, the ¢, is larger than the interlayer spacing
the FISC is observed at much higher field k- (183 A), while these are the same order of magnitude in
(BETS2FeCl4. _ \-(BETS),FeCl,. This result suggests the stronger three di-
In A-(BETS),FeCl, the observed FISC phase is some-angionality ink-(BETS),FeBr, and is consistent with the

what broader in low temperature than the result fitted by thesmallerH*z in this compound than that ik-(BETS),FeCl,.

. : 4 . X . c
Fisher’s theory:* One possible reason to explain the result IS\t also validates that we used the Fisher's theory for the 3D

the presence of the inhomogeneous superconductivity, Fuld%— : ;
: o ase to fit the phase diagrams.
Ferrell-Larkin-Ovchinnikov(FFLO) state?!?2 as has been In summary?we obsefqved the clear evidence of the FISC

. ) 55 X o
Egﬁgdtim ‘h?of’“ca”% The sgltable co?dltlons for tin k-(BETS),FeBr, by the resistance measurement. The ob-
state areti) Large paramagnetic moments are presen tained magnetic phase diagram can be well reproduced by

(ii) Superconductivity is in clean limit, an@i) Orbital effect Fi ,
. o isher’s theory based on the J-P effect. From the results, we
is quenched. Inn-(BETS),FeCl,, these conditions are well onclude that FISC caused by the J-P effect should be a

satisfied, so the FFLO state can be stabilized over the crmg niversal phenomenon if the system has low dimensionality,

f'elgjz_% tlleeBcor:;]/enft_lort]e}[:Nsupercc:jc_;nductlng Stege' 's‘lsf.od' arge magnetic moments, and negative strong exchange in-
- ( )-FeBr, the first two conditions seemed satisfie “teraction between conducting electrons and magnetic mo-

However, the c_)bserved FlSC. pha}se Is almgst completely reqonts. The analyses of the phase diagram show that the or-
produced by Fisher’s theory in this salt. This result suggest§iio| effect is not so small in this compound, which makes
that the orbital effect is stronger in this compound, whichthe FFLO state less likely.

makes the FFLO state less likely.

In Table I, we note that the orbital critical fieltly,
is much smaller in «-(BETS),FeBr, than that in A\-
(BETS)2FeCl4. Thevalue of H,, means the critical field This work is supported by a Grant-in-Aid for Scientific
when the Zeeman effect is absent and only the orbitaResearch from the Ministry of Education, Culture, Sports,
effect exists. Thus, the small value B, shows that the Science and Technologilo. 15073225 One of the authors
orbital effect is not quenched sufficiently. The orbital (T. K.) is supported by Research Fellowships of the Japan
critical field can be also estimated from the slope of theSociety for the Promotion of Science for Young Scientists.
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