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Exchange-correlation effects in magnetic-field-induced superconductivity
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Motivated by recent experiments on the organic superconductorl-(BETS)2FeCl4 we study magnetic-field-
induced superconductivity, from the point of view of current-density-functional theory. It is found that both
Meissner and Pauli pair breaking are suppressed by an exchange-correlation contribution to the vector poten-
tial, arising at the sites of the magnetic ions.

DOI: 10.1103/PhysRevB.65.100515 PACS number~s!: 74.25.Ha, 71.15.Mb, 74.70.Dd, 74.70.Kn
ne
a

th

ic
p

O
o

e
pe
e

io
wo
ee
n
le
d
a
th
ju
t

an

an

a
e

co

-
e

rd
ic
al

n
e

si-
to

JPE

ys
the

hat
the

vs.
rnal
ap-
hat
an

per-

ery
ter-
ture
on is
a
ti-

ween
ork

eld
ve

di-
l

c-
The antagonistic nature of superconductivity and mag
tism manifests itself via the pair breaking effect of extern
and internal magnetic fields. In the case ofexternalmagnetic
fields this pair breaking can be due to the coupling of
field to orbital currents~the Meissner effect!, or due to its
coupling to the spins~Pauli, or paramagnetic, pair breaking!.
In the case ofinternal fields, pair breaking is due to magnet
ions in the lattice. These ions, too, in general make a s
and an orbital contribution to the system’s susceptibility.
their own, both external and internal magnetic fields are n
mally adverse to superconductivity.

Intriguingly, under suitable circumstances these two d
rimental agents, when present simultaneously, can com
sate each other and give rise to superconductivity at
tremely high external magnetic fields.1 This phenomenon is
known as the Jaccarino-Peter effect~JPE!. At the heart of the
JPE is the observation that in the presence of magnetic
in the lattice an externally applied magnetic field acts in t
ways on the conduction electron spins: directly, by its Z
man coupling, and indirectly, by polarizing the magnetic io
whose exchange field in turn polarizes the conduction e
trons. The JPE arises when the actions of the external an
exchange field on the conduction electrons cancel e
other.1,2 The present paper is devoted to a reanalysis of
JPE. It is pointed out that the conventional JPE scenario,
outlined, does not completely account for the experimen
observations. A modification of this scenario is proposed
compared with available experimental data.

The JPE has very recently been observed in the org
conductor l-(BETS)2FeCl4, for magnetic fields ranging
from 18 to 41 T.3,4 Before that it had already been seen in
variety of inorganic materials, most prominently in th
pseudoternary chalcogenides Sn12xEuxMo6S8, where a JPE
phase is observed between 4 and 23 T.5–7There is also strong
experimental evidence that the JPE is at work in chal
genides of the form PbxEuyMozS8,8,9 in the transition-metal
compounds Mo12xMnxGa4,10,11 in the heavy-fermion super
conductors CePb3 and CeCu2Si2,12,13and perhaps even in th
high-Tc cuprate Gd12xPrxBa2Cu3O72d .14

It is crucially important to recognize that in the standa
JPE scenario1,2 it is only the action of the external magnet
field on the electronspinsthat is compensated by the intern
~exchange! field, not that on thecurrents. This imposes a
severe restriction on the external field used for observatio
the JPE: while it must be strong enough to cancel the
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change field arising from the magnetic ions, it must not
multaneously destroy superconductivity by its coupling
the orbital currents. Onead hocway to reconcile these two
constraints is to assume that in all systems in which the
has been observed the orbital upper critical fieldHc2 is much
higher than the external fields at which the JPE sets in.

In view of the recent experiments3,4 on l-(BETS)2FeCl4
it seems worthwhile to explore if this assumption is alwa
necessary. In fact, in these experiments the JPE region in
phase diagram begins at 18 T, whileHc2 is about 3.5 T,4 so
that the relation between both fields is the opposite of w
one would expect on the basis of the original theory of
JPE. Similarly, in the experiments5–7 on Sn12xEuxMo6S8 the
JPE manifests itself as a distinct phase in the temperature
magnetic field phase diagram, which appears for exte
fields higher than 4 T, whereas superconductivity first dis
pears, upon increasing the magnetic field from zero, at w
appears to be a conventional orbital critical field of less th
1 T. The question thus poses itself: what protects the su
conductor fromorbital pair breaking in situations withspin
compensation?

The fact that the JPE has been observed in physically v
different systems, ranging from organic conductors and
nary chalcogenides to heavy fermion and high-tempera
superconductors, suggests that the answer to this questi
intrinsically tied to the physics of the JPE itself, and not
special feature of one particular type of material. To inves
gate these issues, we first restate the compensation bet
the external and the internal magnetic field in the framew
of spin-density-functional theory~SDFT!, which maps the
many-body problem in the presence of the external fi
Hext(r ) on a single-body problem subject to the effecti
field15

Hs~r !5Hext~r !1Hd~r !1Hxc~r !. ~1!

Here the exchange-correlation~xc! magnetic fieldHxc(r ) is
the SDFT counterpart to the internal exchange field of tra
tional theories of magnetism.16 It is defined as the functiona
derivative

Hxc~r !52
dExc@n,m#

dm~r !
, ~2!

where Exc@n,m# is the xc functional of SDFT.Hd(r )5¹
3Ad(r ) is a Hartree-like term arising from dipolar intera
©2002 The American Physical Society15-1
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tions. In the language of SDFT the JPE spin compensa
would be described by saying that internal and external fie
cancel each other on the average,17 i.e.,

Hxc~r !1Hd~r !52Hext~r !1dH~r !, ~3!

for some range of densities and temperatures, so that
effective magnetic fieldHs vanishes up to at most a remai
ing field dH that is much smaller than the critical field fo
Pauli pair breaking,HP , and thus not strong enough to d
stroy superconductivity paramagnetically. OncedH is of the
order ofHP the cancellation~3! ceases to protect the supe
conductor from the external field, and the material becom
normal. This latter transition has already been obser
experimentally.4,5

To study orbital currents, in particular diamagnetic p
breaking, one needs to go beyond SDFT and employ curr
density-functional theory~CDFT!.18–20 CDFT is based on
the many-body Hamiltonian

Ĥ5T̂1Û1V̂2E d3r m~r !•Hext~r !

2
q

cE d3r j p~r !•Aext~r !1
q2

2mc2E d3r n~r !Aext~r !2,

~4!

whereT̂, Û, andV̂ are the operators for the kinetic, intera
tion, and potential energy, respectively,n(r ) is the particle
density,m(r ) the spin magnetization, andj p(r ) is the para-
magnetic current density. By construction, the CDFT sing
particle equations reproduce the current, particle, and
densities of the many-body Hamiltonian~4!, and this prop-
erty carries over to the extension of CDFT to the superc
ducting state.21,22In the CDFT single-particle equations23 en-
ter the effective magnetic fieldHs

C(r )5Hext(r )1Hd(r )
1Hxc

C (r ), where

Hxc
C ~r !52

dExc
C @n,m,j p#

dm~r !
~5!

@the superscriptC serves to distinguishHxc
C from Hxc intro-

duced in Eq.~2!—the two are in general not the sam
functional24#, and the effective vector potential,

As~r !5Aext~r !1Ad~r !1Axc~r !, ~6!

whose exchange-correlation contribution is defined as

Axc~r !52
c

q

dExc
C @n,m,j p#

d j p~r !
. ~7!

Ad(r ) describes the dipolar interactions. In general these
teractions are much weaker than the xc effects, and one
mally neglectsHd(r ) and Ad(r ) in Eqs. ~1! and ~6!.18–20

However,Ad(r ) includes the Ampere term19 which describes
the current-current interactions that are responsible for
selfconsistent screening of the induced currents in the Me
ner phase belowHc1.21,22 We thus keep the dipolar terms i
the equations.
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Equation~3! expresses the fact that the basis for the
sence of Pauli~paramagnetic! pair breaking is a mutual can
cellation between internal and external magnetic fields. I
the main purpose of the present paper to point out tha
similar cancellation between the vector potentials,

Axc~r !1Ad~r !52Aext~r !1dA~r !, ~8!

can explain the absence of orbital~diamagnetic! pair break-
ing in the experiments listed above. HeredA(r ) allows for
imperfect cancellation, but is not strong enough to dest
superconductivity~i.e., dH5¹3dA is much smaller than
the paramagnetic and diamagnetic critical fieldsHP and
Hc2). Since the currents enter the Hamiltonian via their co
pling to the vector potential, Eq.~8! implies ‘‘current com-
pensation,’’ just as Eq.~3! implies spin compensation.

Initially, Eq. ~8! can be interpreted as the CDFT formul
tion of the condition, already emphasized in earlier work
the field,2,11,25 that to observe the JPE no significant orbi
pair breaking may take place at the fields at which spin co
pensation happens. As such, Eq.~8! is a direct consequenc
of the experimental data. However, once the conditions
absence of paramagnetic and diamagnetic pair breaking
formulated in the language of CDFT, as is done in Eqs.~3!
and ~8!, an additional piece of information becomes ava
able: Within the formulation of CDFT proposed in Ref. 2
one can show quite generally@cf. Eq. ~14! of that work, or
Eq. ~33! of Ref. 26# that the magnetic correlations describ
by Hxc

C andAxc are not independent, but related in the sa
way as the external fields, i.e.,

Hxc
C ~r !5¹3Axc~r !. ~9!

Hence Eq.~8! implies, upon taking the curl,

Hxc
C ~r !1Hd~r !52Hext~r !1dH~r !, ~10!

which is the CDFT form of Eq.~3!. The single Eq.~8! thus
embodies both spin compensation and the absence of or
pair breaking. This means that the magnetic ions, wh
dominate Axc , simultaneously protect the superconduct
from both the diamagnetic and the paramagnetic pair bre
ing action of the external fields. Orbital pair breaking is then
less critical for the JPE than it appears on the basis of
original theory.1,2

These conclusions have a number of immediate con
quences for experimental and theoretical work on the JPE~i!
The details of the system do not enter the arguments lea
to Eqs. ~8!–~10!, which are rather general and not tied
particular features of the system’s electronic structure. T
generality may explain why the JPE could be observed in
physically very different systems listed above.~ii ! The
mechanism for spin compensation is located at the magn
ions, whose exchange-correlation magnetic field cancels
external one. Relation~9! implies that the origin for compen
sation of the induced currents must be located at the s
place. The search for a physical explanation of current co
pensation can thus concentrate on the magnetic ions an
particular, their correlations.~iii ! Within CDFT Axc is not a
pure exchange field, but encompassesall current-related in-
teraction effects not already contained inAd . The search for
5-2
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mechanisms by means of which current compensation ca
accomplished is thus not limited to the conventional e
change interaction. This observation enables us to consid
wider range of mechanisms~examples are discussed below!
and partially explains the negative result of an earlier sim
theory ~see below!.

To further explore this CDFT interpretation of the JPE w
provide, in the remainder of this paper, first a simple illu
tration of the cancellation embodied in Eq.~8!, then discuss
an earlier, closely related, theory, and finally compare
three consequences listed above with experiments and e
theory on the JPE inl-(BETS)2FeCl4 and Sn12xEuxMo6S8.

Illustration of Eq. (8): a London superconductor. To illus-
trate in a simple case how Eq.~8! implies absence of orbita
pair breaking recall the phenomenological London equat
according to which current and vector potential in
homogeneous superconductor are related byj
52qnsAext /(mc), where ns is interpreted as the numbe
density of superconducting electrons. Since the full phys
current is j5 j p2qnAext /(mc), where the first part is the
paramagnetic current, entering the functionals of CDFT,
the second the diamagnetic current, one obtains forj p

j p5
q~n2ns!

mc
Aext . ~11!

From Eqs.~6! and ~8! we obtainAs501O(d), where the
terms of orderd are by assumption not strong enough
destroy superconductivity and will be neglected below. T
CDFT Kohn-Sham equations18–20 for As50 necessarily
yield j p50. When substituted into Eq.~11! ~with AextÞ0,
since a nonzero external magnetic field is applied!, j p50
implies n5ns , which shows that the magnetic field has n
broken any Cooper pair via its coupling to the orbital cu
rents. We thus see explicitly that Eq.~8! implies absence o
orbital pair breaking.

Earlier theory. A cancellation of orbital effects that i
similar ~but not identical! to Eq. ~8! has been considere
already in one of the earliest papers in the field,25 and re-
jected as impossible. These investigations were perform
within a simplified ~pre-CDFT! single-particle treatment o
the orbital currents. The authors of Ref. 25 assume that
exchange fieldAx , contained inAxc , must cancel bothAd
and Aext , and assert that this is impossible since the
change interaction is short ranged, while the dipolar inter
tion is long ranged. Hence, according to Ref. 25, no orb
cancellation can take place. From the present point of v
this argument is not conclusive, because the correlation
Ac of Axc may well be long ranged since it need not ar
from the exchange interaction of Ref. 25. Moreover, all
polar interactions are suppressed by the relativistic prefa
(v/c)2, which makes them much smaller than typical e
change effects, so that they can hardly play a decisive
for effects dominated byAxc andHxc . Indeed, in view of the
experiments listed above the assumption that no cancella
of orbital effects takes place seems untenable.

Experiments on the JPE inl-(BETS)2FeCl4. In connec-
tion with very recent experimental work3,4 on the JPE in
l-(BETS)2FeCl4 a simple and explicit physical mechanis
10051
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was proposed4 by means of which the magnetic ions (Fe31)
in between the BETS planes inl-(BETS)2FeCl4 can simul-
taneously cancel the effects of the external in-plane magn
field on the spinand suppress the induced orbital curren
Briefly, Hund’s rule correlations imply that the polarize
Fe31 ions have all spin up states of the Fed shell occupied,
so that these states are not available as intermediate state
transport of a singlet Cooper pair from one BETS layer to
next. Currents perpendicular to the layers are th
suppressed.4 Interestingly, this proposal locates the mech
nism which suppresses orbital pair breaking exactly wher
is to be expected on the basis of the above argume
namely at the magnetic ions@cf. conclusion~ii ! above#. It
also shows clearly how the magnetic ions can suppress
bital currents by interactions different from simple exchan
@cf. conclusion~iii !, above#.

Experiments on the JPE in Sn12xEuxMo6S8. A different
mechanism for protecting the JPE from orbital pair break
has been proposed in Ref. 11 for the pseudoternary cha
genides in which the JPE was first seen experimentally. H
the magnetic~Eu! ions act~apart from producing spin com
pensation! as scattering centers, reducing the mean free p
and thereby increasingHc2.11 This allows the JPE to take
place at fields above the value ofHc2 expected in the ab-
sence of magnetic ions.5–7,11Again, we see that the magnet
atoms suppress both, paramagnetic~Pauli! and diamagnetic
~Meissner! pair breaking, and again the orbital cancellation
not simply due to their exchange interaction with the co
duction electrons.

Two of the three physical mechanisms proposed in
literature to explain the absence of orbital pair breaking
experiments on the JPE are thus consistent with the gen
ideas developed here. To these two one can add the follow
alternative scenario for how breakdown of current comp
sation can imply breakdown of spin compensation: As so
as the external magnetic field is strong enough to prod
spin-polarized currents in the sample, these currents will
ert a torque27 on the magnetic ions, which will affect thei
polarization. In extreme cases such torques can lead
complete magnetization reversal,28,29 but even in less ex-
treme situations there is thus a negative feedback betw
the incipient currents and the magnetic ions needed to m
tain spin compensation. Although it is not known at pres
whether this scenario is realized in nature, it provides a vi
illustration of the interplay between orbital effects and sp
effects, and of how this interplay can affect the JPE.

Outlook. The main consequence of the above analysi
that the search for a mechanism for suppressing orbital
rents in JPE-type30 magnetic-field-induced superconductivi
is simultaneously narrower and wider than is commo
thought. Narrower, because one only needs to consider
current-related effects of the magnetic ions or impuriti
wider because these effects are not limited to simple
change, but encompass a spectrum of other possibilities
a more speculative note, it is worthwhile to point out that t
JPE may well not be the only situation in nature in whi
similar cancellations take place, but might constitute a pa
digm for other phenomena based on a complete or pa
cancellation betweenAext and Axc . Only further research
5-3
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can show, for example, whether the transformation of e
trons subject to huge magnetic fields into composite qu
particles that do not feel any or only a much weaker effect
field, observed in the fractional quantum Hall effect,31 can be
understood along similar lines within CDFT. Similarly,
may be interesting to explore the question whether the m
netic correlations which protect the superconducting J
-
.
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state from the influence of the otherwise pair-breaking ex
nal fields constitute another example for aquantum protec-
torate in the sense of Ref. 32.

I thank L. N. Oliveira, J. Annett, B. L. Gyorffy, and G
Vignale for useful discussions, the FAPESP for financial s
port, and J. Quintanilla for bringing Ref. 4 to my attention
em,
ues-
arg-
s.
the

m.

,
r

m
not
of

rgu-

ys.

C.

ther
r-
nd
1V. Jaccarino and M. Peter, Phys. Rev. Lett.9, 290 ~1962!.
2M. Decroux and O. Fischer, inSuperconductivity in Ternary Com

pounds II, Topics in Current Physics Vol. 34, edited by M. B
Maple and O. Fischer~Springer, Berlin, 1982!.

3S. Ujil, H. Shinagawa, T. Terashima, T. Yakabe, Y. Terai,
Tokumoto, A. Kobayashi, H. Tanaka, and H. Kobayashi, Nat
~London! 410, 908 ~2001!.

4L. Balicas, J.S. Brooks, K. Storr, S. Uji, M. Tokumoto, H. Tanak
H. Kobayashi, A. Kobayashi, V. Barzykin, and L.P. Gor’ko
Phys. Rev. Lett.87, 067002~2001!; See also O. Ce´pas, R.H.
McKenzie, and J. Merino, cond-mat/0107535~unpublished! for
further analysis.

5H.W. Meul, C. Rossel, M. Decroux, O. Fischer, G. Remenyi, a
A. Briggs, Phys. Rev. Lett.53, 497 ~1984!.

6O. Fischer, H.W. Meul, M.G. Karkut, G. Remenyi, U. Welp, J
Piccoche, and K. Maki, Phys. Rev. Lett.55, 2972~1985!.

7H.W. Meul, C. Rossel, M. Decroux, O. Fischer, G. Remenyi, a
A. Briggs, Physica B & C126, 44 ~1984!.

8O. Fischer, M. Decroux, S. Roth, R. Chevrel, and M. Sergen
Phys. C8, L474 ~1975!.

9K. Okuda, S. Noguchi, K. Sugiyama, and M. Date, J. Mag
Magn. Mater.31, 517 ~1983!.

10O. Fischer, H. Jones, G. Bengi, C. Frie, and A. Treyvaud, Ph
Rev. Lett.26, 305 ~1971!.

11O. Fischer, Helv. Phys. Acta45, 331 ~1972!.
12C.L. Lin, J. Teter, J.E. Crow, T. Mihalisin, J. Brooks, A.I. Abou

Aby, and G.R. Stewart, Phys. Rev. Lett.54, 2541 ~1985!; See
also P. Strange and B.L. Gyorffy, J. Phys. F: Met. Phys.16, 2139
~1986!.

13I. Sheikin, D. Braithwaite, J.-P. Brison, A.I. Buzdin, and W. As
mus, J. Phys.: Condens. Matter10, L749 ~1998!; I. Sheikin, D.
Braithwaite, J.-P. Brison, A.I. Buzdin, and W. Assmus, Phys
B 261, 683 ~1999!.

14H. Iwasaki, Y. Dalichaouch, J.T. Markert, G. Nieva, C.L. Seam
and M.B. Maple, Physica C169, 146 ~1990!.

15R. M. Dreizler and E. K. U. Gross,Density Functional Theory
~Springer, Berlin, 1990!.

16C.Herring inMagnetism, edited by G. T. Rado and H. Suhl~Aca-
demic Press, New York, 1966!, Vol. IV.
e

,

d

d

J.

.

s.

,

17Hxc is due to the interaction between all electrons in the syst
but since in the absence of magnetic ions the materials in q
tion are nonmagnetic, we can safely assume that the by far l
est contribution toHxc is the one arising from the magnetic ion
This is the same assumption made in the original theory of
JPE~Ref. 1 and 2!.

18G. Vignale and M. Rasolt, Phys. Rev. Lett.59, 2360~1987!.
19G. Vignale and M. Rasolt, Phys. Rev. B37, 10 685~1988!.
20G. Vignale, M. Rasolt, and D.J.W. Geldart, Adv. Quantum Che

21, 235 ~1990!.
21W. Kohn, E.K.U. Gross, and L.N. Oliveira, J. Phys.~Paris! 50,

2601 ~1989!.
22E.K.U. Gross, S. Kurth, K. Capelle, and M. Lu¨ders, inDensity-

Functional Theory, Vol. 337 ofNATO Advanced Study Institute
Series B: Physics, edited by E.K.U. Gross and R.M. Dreizle
~Plenum, New York, 1995!.

23A self-consistent numerical solution of the full CDFT Kohn-Sha
equations in the presence of the magnetic ions is currently
feasible, due to the complexity of the problem and the lack
reliable current-dependent xc functionals, but the present a
ment depends only on the structure of these equations.

24K. Capelle and E.K.U. Gross, Phys. Rev. Lett.78, 1872~1997!.
25R. Avenhaus, O. Fischer, G. Giovanni, and M. Peter, Helv. Ph

Acta 42, 649 ~1969!.
26H. Eschrig, G. Seifert, and P. Ziesche, Solid State Commun.56,

777 ~1985!.
27K. Capelle, G. Vignale, and B.L. Gyorffy, Phys. Rev. Lett.87,

206403~2001!.
28J.A. Katine, F.J. Albert, R.A. Buhrman, E.B. Myers, and D.

Ralph, Phys. Rev. Lett.84, 3149~2000!.
29J.C. Slonczewski, J. Magn. Magn. Mater.159, L1 ~1996!.
30The qualifier ‘‘JPE-type’’ is necessary because there are also o

kinds of magnetic-field-induced superconductivity, for which o
bital currents play a very different role. See, e.g., M. Rasolt a
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