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Motivated by recent experiments on the organic superconddc{®ETS),FeCl, 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 nunifer74.25.Ha, 71.15.Mb, 74.70.Dd, 74.70.Kn

The antagonistic nature of superconductivity and magneehange field arising from the magnetic ions, it must not si-
tism manifests itself via the pair breaking effect of externalmultaneously destroy superconductivity by its coupling to
and internal magnetic fields. In the casesgfernalmagnetic ~ the orbital currents. Onad hocway to reconcile these two
fields this pair breaking can be due to the coupling of theconstraints is to assume that in all systems in which the JPE
field to orbital currentsthe Meissner effegt or due to its has been observed the orbital upper critical figlg is much
coupling to the spingPauli, or paramagnetic, pair breakjng higher than the external fields at which the JPE sets in.

In the case ofnternalfields, pair breaking is due to magnetic ~ In view of the recent experimeritson \-(BETS),FeCl,

ions in the lattice. These ions, too, in general make a spift seems worthwhile to explore if this assumption is always
and an orbital contribution to the system’s susceptibility. Onnecessary. In fact, in these experiments the JPE region in the
their own, both external and internal magnetic fields are norphase diagram begins at 18 T, whitlg, is about 3.5 T so
mally adverse to superconductivity. that the relation between both fields is the opposite of what

Intriguingly, under suitable circumstances these two detone would expect on the basis of the original theory of the
rimental agents, when present simultaneously, can compedPE. Similarly, in the experimerits on Sn_,Eu,MogS; the
sate each other and give rise to superconductivity at exJPE manifests itself as a distinct phase in the temperature vs.
tremely high external magnetic fieldshis phenomenon is magnetic field phase diagram, which appears for external
known as the Jaccarino-Peter effét?B. At the heart of the fields higher than 4 T, whereas superconductivity first disap-
JPE is the observation that in the presence of magnetic iorgears, upon increasing the magnetic field from zero, at what
in the lattice an externally applied magnetic field acts in twoappears to be a conventional orbital critical field of less than
ways on the conduction electron spins: directly, by its Zee-l T. The question thus poses itself: what protects the super-
man coupling, and indirectly, by polarizing the magnetic ionsconductor fromorbital pair breaking in situations witBpin
whose exchange field in turn polarizes the conduction eleccompensation?
trons. The JPE arises when the actions of the external and the The fact that the JPE has been observed in physically very
exchange field on the conduction electrons cancel eactlifferent systems, ranging from organic conductors and ter-
other'? The present paper is devoted to a reanalysis of th@ary chalcogenides to heavy fermion and high-temperature
JPE. It is pointed out that the conventional JPE scenario, justuperconductors, suggests that the answer to this question is
outlined, does not completely account for the experimentaintrinsically tied to the physics of the JPE itself, and not a
observations. A modification of this scenario is proposed angpecial feature of one particular type of material. To investi-
compared with available experimental data. gate these issues, we first restate the compensation between

The JPE has very recently been observed in the organithe external and the internal magnetic field in the framework
conductor \-(BETS),FeCl,, for magnetic fields ranging of spin-density-functional theorySDFT), which maps the
from 18 to 41 T>* Before that it had already been seen in amany-body problem in the presence of the external field
variety of inorganic materials, most prominently in the Hey(r) on a single-body problem subject to the effective
pseudoternary chalcogenides; SgEuMogSs, where a JPE  field™
phase is observed between 4 and 23“There is also strong
experimental evidence that the JPE is at work in chalco- Hs(r)=Hexi(r) +Hqg(r) +Hyo(r). 1)

- 8,9 ; o . _ .
genides of the form EEWMo,S;,”" in the transition-metal  Here the exchange-correlatigre) magnetic fieldH,.(r) is

10,11 H X . .
compounds Mg._Mn,Ga,,” "7in the heavy-fermion SUper- - the SDFT counterpart to the internal exchange field of tradi-
conductors CeRpand CeCySi,,™"""and perhaps even in the tjonal theories of magnetisii.It is defined as the functional

high-T;, cuprate Ggl_,Pr,Ba,Cus0;_5.** derivative
It is crucially important to recognize that in the standard
JPE scenaric? it is only the action of the external magnetic SE,fn,m]
field on the electrospinsthat is compensated by the internal Hyc(r)=— “om(r) 2

(exchangge field, not that on thecurrents This imposes a
severe restriction on the external field used for observation oivhere E,[n,m] is the xc functional of SDFTHy4(r)=V
the JPE: while it must be strong enough to cancel the exxXAqy(r) is a Hartree-like term arising from dipolar interac-
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tions. In the language of SDFT the JPE spin compensation Equation(3) expresses the fact that the basis for the ab-
would be described by saying that internal and external fieldsence of Paul{jparamagneticpair breaking is a mutual can-

cancel each other on the averddéege., cellation between internal and external magnetic fields. It is
the main purpose of the present paper to point out that a
Hxc(r) +Hg(r) = —Hex(r) + 6H(r), (3)  similar cancellation between the vector potentials,
for some range of densities and temperatures, so that the AN+ AG(r)=—Agxlr)+ A(r), (8)

effective magnetic fieldd vanishes up to at most a remain-

ing field SH that is much smaller than the critical field for can explain the absence of orbitaiamagnetig pair break-
Pauli pair breakingHp, and thus not strong enough to de- ing in the experiments listed above. Hef&(r) allows for
stroy superconductivity paramagnetically. Onii¢ is of the ~ imperfect cancellation, but is not strong enough to destroy
order ofHp the cancellation(3) ceases to protect the super- Superconductivity(i.e., SH=VX A is much smaller than
conductor from the external field, and the material becomehe paramagnetic and diamagnetic critical fields and
normal. This latter transition has already been observedflcz). Since the currents enter the Hamiltonian via their cou-
experimentally:® pling to the vector potential, Eq8) implies “current com-

To study orbital currents, in particular diamagnetic pairPensation,” just as Eq3) implies spin compensation.
breaking, one needs to go beyond SDFT and employ current- Initially, Eq. (8) can be interpreted as the CDFT formula-
density-functional theoryCDFT).28-2° CDFT is based on tion of the condition, already emphasized in earlier work in
the many-body Hamiltonian the field>'%*that to observe the JPE no significant orbital

pair breaking may take place at the fields at which spin com-
N A A 3 pensation happens. As such, E8) is a direct consequence
H:T+U+V_f d°r m(r) - Hex(r) of the experimental data. However, once the conditions for
absence of paramagnetic and diamagnetic pair breaking are
q? 3 5 formulated in the language of CDFT, as is done in EGs.
2mczf d>r n(r)Aexdr)®, and (8), an additional piece of information becomes avail-
able: Within the formulation of CDFT proposed in Ref. 24
(4) one can show quite generallgf. Eq. (14) of that work, or
Eq. (33) of Ref. 26 that the magnetic correlations described
by Hffc andA, are not independent, but related in the same
way as the external fields, i.e.,

2] i) Aen+

c

whereT, U, andV are the operators for the kinetic, interac-
tion, and potential energy, respectivehyr) is the particle
density,m(r) the spin magnetization, arjg(r) is the para-
magnetic current density. By construction, the CDFT single- HE (1) =V X Ay(r). 9
particle equations reproduce the current, particle, and spin

densities of the many-body Hamiltonid#), and this prop- Hence Eq(8) implies, upon taking the curl,

erty carries over to the extension of CDFT to the supercon-

ducting staté>%?In the CDFT single-particle equaticii®n- HYe(r) + Ha(r) == Hex((r) + 8H(r), (10
ter the effective magnetic fieldHg(r)=Hex(r)+Hq(r)  which is the CDFT form of Eq(3). The single Eq(8) thus
+HZ(r), where embodies both spin compensation and the absence of orbital
c ) pair breaking. This means that the magnetic ions, which
HE (1) = — SExdn,m,j,] () dominate A,., simultaneously protect the superconductor
xe am(r) from both the diamagnetic and the paramagnetic pair break-
) e ) ing action of the external field©rbital pair breaking is then
[the superscripC serves to distinguishi, from H,c intro-  |ess critical for the JPE than it appears on the basis of the
duced in Eq.(2—the two are in general not the same griginal theory?
functionaf“], and the effective vector potential, These conclusions have a number of immediate conse-
quences for experimental and theoretical work on the JRE:
A1) =Aext(1) +Ad(r) +Ax(r), ®  The details of the system do not enter the arguments leading
whose exchange-correlation contribution is defined as to Egs. (8)—(10), which are rather general and not tied to
particular features of the system’s electronic structure. This
c 5Efc[n,m,jp] generality may explain why the JPE could be observed in the
Axc(r)=— a a0 (7)  physically very different systems listed abovéi) The

mechanism for spin compensation is located at the magnetic
Aq4(r) describes the dipolar interactions. In general these inions, whose exchange-correlation magnetic field cancels the
teractions are much weaker than the xc effects, and one noexternal one. Relatio®) implies that the origin for compen-
mally neglectsHy(r) and Aq4(r) in Egs. (1) and (6).182°  sation of the induced currents must be located at the same
However,A4(r) includes the Ampere terthwhich describes  place. The search for a physical explanation of current com-
the current-current interactions that are responsible for thpensation can thus concentrate on the magnetic ions and, in
selfconsistent screening of the induced currents in the Meisgarticular, their correlationgiii) Within CDFT A, is not a

ner phase below;.?2?>We thus keep the dipolar terms in pure exchange field, but encompasa#scurrent-related in-

the equations. teraction effects not already containedfg. The search for
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mechanisms by means of which current compensation can hgas propose”dby means of which the magnetic ions ¢F¢
accomplished is thus not limited to the conventional eX-in petween the BETS planes ¥ (BETS),FeCl, can simul-
change interaction. This observation enables us to considertgneous|y cancel the effects of the external in-plane magnetic
wider range of mechanisnigexamples are discussed below fig|q on the spinand suppress the induced orbital currents.
and partially explains the negative result of an earlier similarBrieﬂy, Hund's rule correlations imply that the polarized
theory (see below. _ _ _ Fe* ions have all spin up states of the Bahell occupied,

To further explore this CDFT interpretation of the JPE wesg that these states are not available as intermediate states for
provide, in the remainder of this paper, first a simple '”US'transport of a singlet Cooper pair from one BETS layer to the
tration of the cancellation embodied in E(@), then discuss pext. Currents perpendicular to the layers are thus
an earlier, closely related, theory, and finally compare theyyppressefl.interestingly, this proposal locates the mecha-
three consequences listed above with experiments and earligism which suppresses orbital pair breaking exactly where it
theory on the JPE in-(BETS),FeCl, and Sp_,EUM0cS;.  js to be expected on the basis of the above arguments,

lllustration of Eq. (8) a London superconductofo illus-  namely at the magnetic iorf&f. conclusion(ii) abovd. It
trate in a simple case how E@) implies absence of orbital 3150 shows clearly how the magnetic ions can suppress or-
pair breaking recall the phenomenological London equationyita| currents by interactions different from simple exchange
according to which current and vector potential in a[cf. conclusion(iii ), above.
homogeneous  superconductor ~are related by Experiments on the JPE in $n,Eu,M04Ss. A different
= —QnsAex/(MC), Wherens is interpreted as the number mechanism for protecting the JPE from orbital pair breaking
density of superconducting electrons. Since the full physicahas been proposed in Ref. 11 for the pseudoternary chalco-
current isj=j,—qnAey/(mc), where the first part is the genides in which the JPE was first seen experimentally. Here
paramagnetic current, entel’ing the functionals of CDFT, an he magnetidEu) ions act(apart from producing Spin com-
the second the diamagnetic current, one obtaing,for pensatioh as scattering centers, reducing the mean free path
and thereby increasingl,.** This allows the JPE to take
place at fields above the value bff,, expected in the ab-
sence of magnetic ions. " Again, we see that the magnetic
atoms suppress both, paramagnéBaul) and diamagnetic
From Eqgs.(6) and (8) we obtainAs=0+0(6), where the  (Meissney pair breaking, and again the orbital cancellation is
terms of orderé are by assumption not strong enough tonot simply due to their exchange interaction with the con-
destroy superconductivity and will be neglected below. Theguction electrons.

CDFT Kohn-Sham equatiotfs®® for A;=0 necessarily ~ Two of the three physical mechanisms proposed in the
yield j,=0. When substituted into Eq11) (with A.,;#0, literature to explain the absence of orbital pair breaking in
since a nonzero external magnetic field is appligg=0  experiments on the JPE are thus consistent with the general
implies n=ng, which shows that the magnetic field has notideas developed here. To these two one can add the following
broken any Cooper pair via its coupling to the orbital cur-alternative scenario for how breakdown of current compen-
rents. We thus see explicitly that E@) implies absence of sation can imply breakdown of spin compensation: As soon
orbital pair breaking. as the external magnetic field is strong enough to produce

Earlier theory A cancellation of orbital effects that is spin-polarized currents in the sample, these currents will ex-
similar (but not identical to Eq. (8) has been considered ert a torqué’ on the magnetic ions, which will affect their
already in one of the earliest papers in the fiéldnd re-  polarization. In extreme cases such torques can lead to a
jected as impossible. These investigations were performedomplete magnetization reveraf® but even in less ex-
within a simplified (pre-CDFT) single-particle treatment of treme situations there is thus a negative feedback between
the orbital currents. The authors of Ref. 25 assume that thghe incipient currents and the magnetic ions needed to main-
exchange fieldA,, contained inA,., must cancel botlhy  tain spin compensation. Although it is not known at present
and Ag,, and assert that this is impossible since the exahether this scenario is realized in nature, it provides a vivid
change interaction is short ranged, while the dipolar interacillustration of the interplay between orbital effects and spin
tion is long ranged. Hence, according to Ref. 25, no orbitakffects, and of how this interplay can affect the JPE.
cancellation can take place. From the present point of view Outlook The main consequence of the above analysis is
this argument is not conclusive, because the correlation pathat the search for a mechanism for suppressing orbital cur-
A, of A,. may well be long ranged since it need not ariserents in JPE-typ& magnetic-field-induced superconductivity
from the exchange interaction of Ref. 25. Moreover, all di-is simultaneously narrower and wider than is commonly
polar interactions are suppressed by the relativistic prefactahought. Narrower, because one only needs to consider the
(v/c)?, which makes them much smaller than typical ex-current-related effects of the magnetic ions or impurities;
change effects, so that they can hardly play a decisive rolevider because these effects are not limited to simple ex-
for effects dominated b}, . andH,.. Indeed, in view of the change, but encompass a spectrum of other possibilities. On
experiments listed above the assumption that no cancellaticen more speculative note, it is worthwhile to point out that the
of orbital effects takes place seems untenable. JPE may well not be the only situation in nature in which

Experiments on the JPE in-(BETS,FeCl,. In connec- similar cancellations take place, but might constitute a para-
tion with very recent experimental wotk on the JPE in digm for other phenomena based on a complete or partial
N-(BETS),FeCl, a simple and explicit physical mechanism cancellation betweer\,,; and A,.. Only further research

| _atn=ny

p= o Aot (a
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can show, for example, whether the transformation of elecstate from the influence of the otherwise pair-breaking exter-
trons subject to huge magnetic fields into composite quasinal fields constitute another example fogaantum protec-
particles that do not feel any or only a much weaker effectiveorate in the sense of Ref. 32.

field, observed in the fractional quantum Hall effétgan be

understood along similar lines within CDFT. Similarly, it | thank L. N. Oliveira, J. Annett, B. L. Gyorffy, and G.
may be interesting to explore the question whether the magVignale for useful discussions, the FAPESP for financial sup-
netic correlations which protect the superconducting JPEort, and J. Quintanilla for bringing Ref. 4 to my attention.
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