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Spin polarized carrier injection into high- Tc superconductors:
A test for the superconductivity mechanism

Satadeep Bhattacharjee and Manas Sardar
Materials Science Division, IGCAR, Kalpakkam 603102, India

~Received 8 May 2000; revised manuscript received 5 July 2000!

We point out in this short paper, that be it ans-wave or d-wave superconductor, in a nonequilibrium
situation~i.e., in the presence of excess unpolarized and polarized quasiparticles maintained by an injection
current! the superconducting gap suppression by the presence of the same amount of excess quasiparticles, can
at best differ by a factor of 2, for a conventional BCS superconductor. For the high-Tc superconductors on the
other hand, there is a huge difference in gap suppression between unpolarized and polarized quasiparticle
injection, as observed in the experiments@V. A. Vasko et al., Phys. Rev. Lett.78, 1134 ~1997!; T. A. Ven-
katesanet al., Appl. Phys. Lett.71, 1718~1997!#. We argue that this large anomaly has a natural explanation
within the interlayer tunneling mechanismof Wheatley, Hsu, and Anderson@J. M. Wheatley, T. C. Hsu, and
P. W. Anderson, Phys. Rev. B37, 5897~1988!#, and is due to the excess polarized quasiparticles blocking the
interlayer pair tunneling process. We also point out that spin polarized quasiparticle injection in a supercon-
ductor is a very easy way to distinguish between ans-wave or an anisotropic gap superconductor.
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Spin polarized electron tunneling from ferromagne
metals to superconductors1 or strongly correlated metals ha
recently generated much interest. The focus is on trying
understand spin-dependent transport properties of electr
spin relaxation, and possible superconducting devices. On
also interested in the mechanisms of superconductivity s
pression~such as reduction in critical currents! due to tiny
injected tunneling currents~unpolarized and polarized!
across an insulating junction into the superconductor.

Though original experiments on spin polarized tunnel
in superconductors were carried out in the 1970s by Ted
and Meservey2 and a theoretical attempt was made
Aronov,3 recently this subject has caught the attention of
physics community due to the discovery of lanthanam m
ganite~CMR materials!. In these materials the degree of p
larization of the charge carriers is close to unity~almost per-
fect ferromagnetic metal!.

Both of these experiments1 are done in the three-laye
structurelike, HTSC/I/manganite, where a high-Tc supercon-
ductor ~HTSC! thin film is separated from a ferromagnet
metallic underlayer~manganite! by an insulating~I! layer.
The critical current of the HTSC film is found to drop pr
cipitously as a function of a tiny injection current push
from the ferromagnetic metal through the insulating junct
into the HTSC film. When manganite is replaced by Au~an
ordinary paramagnetic metal!, then it is found that for the
same amount of injected current the drop in the critical c
rent of the HTSC film is much smaller. The fractional chan
in critical current for polarized and unpolarized injection cu
rents~over the same injection current interval! differs by an
order of magnitude.

In this paper we try to show that the large differen
between polarized and unpolarized injection currents is v
special only to the high-Tc superconductors. We predict th
if the high-Tc superconductor is replaced by an ordina
BCS superconductor then the relative difference in superc
ducting gap suppression in the two cases is not at all
PRB 620163-1829/2000/62~10!/6139~4!/$15.00
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striking ~differs by at most a factor of 2!. This is our main
result. In other words spin polarized electron tunneling in
high-Tc superconductors can be used to understand
mechanism of superconductivity in the high-Tc materials.

The suppression of the superconducting gap due to un
larized quasiparticle overpopulation~a nonequilibrium situa-
tion! was investigated theoretically by Owen and Scalapin4

They examined a simple model of an electron gas contain
both Cooper pairs and excited quasiparticles with the ratio
paired to unpaired electrons being artificially specified,
stead of being uniquely determined by the temperature, a
usual, in the thermal equilibrium situation for an isolat
superconductor. The system is considered as being in t
mal equilibrium although the paired and unpaired electro
are not in chemical equilibrium. It is assumed that for a sm
amount of excess injected carriers, the time for pair reco
bination is much larger than the time for the injected qua
particles to thermalize with the lattice. This is achieved
introducing a chemical potential for the quasiparticles diff
ent from the pair chemical potential.

The free energy of the superconductorFs is given by

Fs52(
k

u~ek2m!u~ f k22 f kvk
21vk

2!2(
k,k8

Vk,k8ukvkuk8vk8

3~12 f k!~12 f k8!2T(
k

@ f kln f k1~12 f k!ln~12 f k!#,

~1!

where uk and vk have their usual meaning, andf k

5^gk,s
† gk,s& is the Fermi function for the superconductin

quasiparticles andek is the dispersion of the electrons in th
normal state. However, in addition to the usual constra
equation for the total number of electrons(k,s^ck,s

† ck,s&
5N which is enforced by proper choice of the chemic
potentialm, an additional constraint on quasiparticle excit
tion number will be imposed,(k,s f k,s5n!N. This can be
R6139 ©2000 The American Physical Society
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done by introducing an extra chemical potential5 m* so that
now f k5@11eb(Ek2m* )#21. The modified BCS gap equatio
is now,

Dk5(
k8

8
Vk,k8Dk8

2Ek8

~12 f k8↑2 f 2k8↓!

5(
k8

8
Vk,k8Dk8

2Ek8

tanhb/2~Ek82m* !. ~2!

Assuming a momentum independentVk,k8 (s-wave super-
conductor! and going from momentum summation to ener
integration with a cutoffvD , we get

1

N~EF!V
5E

2vD

vD de

2E
tanh

1

2
b~E2m* !.

The number of excess quasiparticles is

n52(
k

@ f ~Ek2m* !2 f ~Ek!#54N~EF!E
0

` de

eb(E2m* )11
.

~3!

The factor 2 before the momentum summation is due to
spin species.

Defining n05n/4N(EF)D0, whereD0 is the gap atT50
andm* 50, we can easily solve for the gap value at anyT
and n from the above two equations. In the limit of ze
temperature the gap value can be determined from the a
braic equation,

D0/D 5@n0 D0/D1A11n0
2 D0

2/D2#2. ~4!

This is the result of Owen and Scalapino, for excess un
larized quasiparticles.

For spin polarized quasiparticle injection, we introduce
different chemical potential, foronly the up-spin quasiparti-
cles, i.e., assuming complete spin polarization of electrons
the ferromagnet. The gap equation~2! will be modified to

Dk5(
k8

8
Vk,k8Dk8

2Ek8

1

2
@ tanhb/2~Ek82m* !1tanhb/2Ek8#.

~5!

The corresponding equation for the number of excess qu
particles will be the same as Eq.~3! with the factor 2 missing
before the momentum summation, because excess quas
ticles are of only one spin species. In the limit of zero te
perature we get the following algebraic equation for the n
malized gap value,

D0/D 5@2n0 D0/D1A114n0
2 D0

2/D2#2. ~6!

In Fig. 1 we show the normalized gap versus extra qu
particles for ans-wave superconductor@solutions of Eqs.~3!
and ~4!#. We find that fors-wave superconductors, a firs
order phase transition to normal metal occurs, forn50.15,
D50.63D0, and n50.08, D50.58D0 for unpolarized and
polarized quasiparticle injections. Beyond this critical co
centration of injected carriers, the free energy of the p
turbed superconductor becomes larger than normal-state
energy. Notice though that, for the same amount of injec
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carriers, the relative gap suppression in unpolarized and
larized carriers differs by at most by a factor of 2.

Just as at finite temperatures quasiparticle excitations
terfere with the pairing interaction and eventually destr
superconductivity atTc , when an excess number of quas
particles are injected into the superconductor, it basically
duces the phase space for the BCS pair scattering pro
and reduces the gap value. BCS interaction scatters p
(k↑,2k↓)→(k8↑,2k8↓) across the Fermi surface. So an
excess quasiparticle occupying these states limits the p
space for the BCS interaction. It is obvious that when
injected quasiparticles are polarized~all of one spin! they
interfere with BCS interaction more severly and hence
gap value falls faster with quasiparticle overpopulation, co
pared to the unpolarized injection current.

We next investigate the effect of quasiparticle injection
superconductors with anisotropic gaps, specifically gaps
d-wave symmetry. The dispersion of electrons is chosen
be of the form

e~k!522t~coskx1cosky!14t8coskx cosky

22t9~cos 2kx1cos 2ky!, ~7!

with t50.25 eV, t8/t50.45, t9/t50.2. We also chooseeF
520.45 eV corresponding to a Fermi surface which
closed around theG point. These choices are inspired b
band-structure calculations6 for the Y-Ba-Cu-O compound a
optimal doping concentration. The cutoff of the pairing i
teraction is chosen to bevD530 meV, and the pairing inter
action strengthVk,k85V0f kf k8 with f k5cos(kx)2cos(ky) and
V052.8 meV. With this choice of parameter theTc comes
out to be 30 K.

In Fig. 2 we plot the normalized momentum averag
value of the superconducting gap magnitud
D(n,T)/D(0,T) versusn ~quasiparticle overpopulation! for
different temperatures. There are some interesting feature
be noticed here.

~1! Notice the crossing of curves, forT55 and 25 K. The
origin of this can be seen by looking at the gap equation~2!.
States of energyEk less thanm* interfere with the pairing
process by giving a negative contribution to the binding.

FIG. 1. D(T50,n0)/D(T50,n050) versusn0 ~the quasiparti-
cle overpopulation, as defined in the text! for an s wave supercon-
ductor @the solutions of Eqs.~3! and ~4!#.
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low temperatures and small injection currents, the extra
riers occupy the states near the deep gap nodes, wher
denominatorEk is also small giving rise to large reduction
binding energy. At larger temperatures~for the same amoun
of injected carriers! on the other hand, the quasiparticles a
distributed over a larger range of energy~larger denomina-
tor! leading to smaller suppression of binding~and hence
larger gap values!. A larger concentration of injected carr
ers, of course, will ultimately be more damaging to sup
conductivity, because of the larger number of thermally
cited quasiparticles that are already present. This leads to
crossing of curves as seen in Fig. 2. This will be a gene
feature for any superconductor with deep gap nodes,
should be easily seen in spin injection experiments.

~2! Notice also that the critical concentration of exce
quasiparticles that destroy superconductivity is not a mo
tonic function of temperature and goes through a maxim
aroundTc/2.

~3! Though it is not shown in the plot, injected curre
suppresses superconductivity more in thed-wave supercon-
ductors than for ans-wave superconductor having the sam
critical temperature, as one would expect for gap functio
with deep nodes.

In Fig. 3, we have plotted the normalized momentum
eraged gap magnitude of ad-wave superconductor, with aTc

of 90 K versus both unpolarized and polarized quasipart
overpopulation~we go up ton50.15 only!. The difference in
the reduction of gap values in the unpolarized and polari
tunneling is in the range of 2.525.0 % ~i.e, a factor of 2
only!. Clearly the large anomaly observed while tunneli
into the high-Tc superconductor, as seen in the experimen1

has its origin in the superconducting mechanism in the hi
Tc materials itself.

We shall explore here theinterlayer tunneling modelof
superconductivity.7,8

We begin by writing the gap equation for interlayer tu
neling model with unpolarized injected carriers as8

FIG. 2. The normalized momentum averaged gapD(T,n)/
D(T,n50) of a d-wave superconductor, withTc530 K, versus
injected carrier concentration. The solid line is forT55 K, long
dashes forT510 K, short dashes forT515 K, dotted line forT
520 K, and the dash-dotted line is forT525 K.
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Dk5TJ~k!
Dk

2Ek
tanh

b~Ek2m* !

2

1(
kk8

8 Vkk8

Dk8

2Ek8

tanh
b~Ek82m* !

2
. ~8!

For polarized carrier injection, this equation has to be c
rected as shown in Eq.~5!.

This gap equation can be obtained by considering t
close Cu-O layers as in Y-Ba-Cu-O coupled by a Joseph
tunneling term of the form

HJ52
1

t (k
t'
2 ~k!~ck↑

† c2k↓
† d2k↓dk↑1H.c.!,

where t'(k) is the bare single-electron hopping term b
tween the two coupled layersc and d and t is a band-
structure parameter in the dispersion of electrons along
Cu-O plane. Finally,TJ(k) in the right-hand side of Eq.~1!
is given by TJ(k)5t'

2 (k)/t, where t'(k)5(t'/4)@cos(kx)
2cos(ky)#2. The dispersion of electrons along the Cu-
plane is given by Eq.~5!. Note that the Josephson couplin
term in HJ conserves the individual momenta of the ele
trons that get paired by hopping across the coupled lay
This is as opposed to a BCS scattering term which wo
only conserve the center-of-mass momenta of the pairs. T
is the origin of all features that are unique to the interlay
tunneling mechanism. This term has a local U~1! invariance
in k space and cannot by itself give a finiteTc . It needs an
additional BCS-type nonlocal interaction in the planes wh
could be induced by phonons or residual correlations. H
we assume the in-plane pairing interaction to bed-wave
kind, i.e, Vkk85V0 f kf k8 with f k5coskx2cosky . TJ(k) can
be inferred from electronic structure calculations. As sho
in Ref. 6, it is adequate to chooset'(k)5(t'

2 /4)(coskx

2cosky)
2, with t' /t[1/3 to 1/5. According to Anderson, i

is thek-space locality that leads to a scale ofTc that is linear
in the interlayer pair tunneling matrix element. He finds th
in the limit TJ.Vkk8 , kBTc'TJ/4 and in the other limit,

FIG. 3. The normalized momentum averaged gapD(T,n)/
D(T,n50) of a d-wave superconductor, withTc590 K, versus
injected carrier concentration atT510 K. The solid and dashed
lines are for unpolarized and polarized injected carriers.
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kBTc'\vDe21/r0V0, wherevD , r0, andV0 are Debye fre-
quency, density of states at the Fermi energy, and Fe
surface average matrix elementVkk8 . The important point is
that even with a little help from the in-plane pairing intera
tion the interlayer tunneling term can provide a large scale
Tc . In this model the gap value is mainly controlled by t
interlayer tunneling amplitude, rather than the in-plane p
ing interaction, though the symmety of the gap function
determined overwhelmingly by the in-plane BCS kind of i
teraction strengthVk,k8 , and the gap value is very sensitiv
to the interlayer pair tunneling amplitude.9

In Fig. 4, we plot the normalized momentum averag
gap values versus both unpolarized and polarized quasip
cle overpopulation up ton50.085. We find that forn
50.085, the reduction in gap value for unpolarized inject
current is about 5%, whereas for the polarized carrier inj
tion it is about 35%~that is a factor of 7!.

The large difference between the two situations~as ob-
served in the experiments1 also! now shows up. We argue
that when polarized carriers are injected, then, over
above the usual dynamical pair breaking~due to phase spac
blocking of BCS interaction! in the planes like in usual BCS
superconductors, there is an added inhibition of interla
pair tunneling. This is so because there are many fewer e
singlets near the Fermi surface, to tunnel from plane

FIG. 4. The normalized momentum averaged gapD(T,n)/
D(T,n50) of a d wave superconductor1interlayer tunneling, with
Tc590 K, versus injected carrier concentration atT510 K. The
solid and dashed lines are for unpolarized and polarized inje
carriers.
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plane. This effect is absent when unpolarized quasiparti
enter the planes. In this mechanism,extra quasiparticles di-
rectly affect the interlayer pairing tunneling process, whi
is the main source of superconducting condensation ene
gain. This is over and above the interference in the bind
process in the individual layers that we have discussed
lier in usual BCS superconductors.

The introduction of an extra chemical potentialm* to
tackle the nonequilibrium superconductivity, in the presen
of artificially maintained quasiparticles, is a reasonable st
ing point, when the excess quasiparticles thermalize with
energy phonons more often than they recombine into pa
In this limit the quasiparticles are in a steady state atT but
have an excess number denoted by the increased chem
potentialm* . One important ingredient of the mechanism
Anderson and co-workers7 is that in the normal state th
electrons are spin-charge separated and no quasiparticl
the Fermi liquid sense exist. We have assumed here
below the superconductingTc somehow spin-charge separ
tion is absent. This seems to be the case from photoemis
experiments which show a clear signal of well-defined q
siparticles on the Fermi surface. In the superconducting s
how exactly it happens is still not clear.

Throughout this analysis, we have assumed the followi
~1! The London penetration depth is less than the superc
ducting film thickness, so that direct magnetic field of t
ferromagnetic metal does not penetrate the supercondu
much.~2! The spin diffusion length is much larger than th
SC film thickness, so that no spatial variation of the gap
to be taken into account. This is certainly true when there
no magnetic impurity or for small spin orbit interaction, b
cause the then extra spin density relaxes slowly. We h
also not taken into account the case of finite recombina
time for the excess quasiparticles.

Recently Yehet al.,10 have observed an initial, actual in
crease in critical current for low enough injection curren
when the insulating barrier thickness is small. They arg
that some up-spin quasiparticles in the superconductors
diffuse into the magnetic materials, creating spin imbalan
in the superconductor~more of down-spin quasiparticles!.
On the other hand, when the injection current is switched
then up-spin electrons start coming into the superconduc
nullifying the spin imbalance in the superconductor. That
why Tc increases for small injection currents. For larger
jection currents, of course,Tc falls drastically as is seen in
experiments, and as we have argued to be natural within
interlayer tunneling mechanism of Anderson and co-worke
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Lett. 24, 32 ~1976!#; Zh. Éksp. Teor. Fiz.71, 371 ~1976! @Sov.
Phys. JETP44, 193 ~1976!#.

4C. S. Owen and D. J. Scalapino, Phys. Rev. Lett.28, 195 ~1962!.
5D. Koller et al., J. Appl. Phys.83, 6774~1998!.
6S. Madiddaet al., Physica C152, 251 ~1988!; O. K. Andersen
et al., Phys. Rev. B49, 4145~1993!; J. Phys. Chem. Solids56,
1573 ~1995!.

7J. M. Wheatleyet al., Phys. Rev. B37, 5897~1988!.
8S. Chakravarty and P. W. Anderson, Phys. Rev. Lett.72, 3859

~1994!.
9Manas Sardar and Debanand Sa, Mod. Phys. Lett. B9, 737

~1995!.
10N.-C. Yehet al., Phys. Rev. B60, 10 522~1999!.


