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We point out in this short paper, that be it aswave ord-wave superconductor, in a nonequilibrium
situation(i.e., in the presence of excess unpolarized and polarized quasiparticles maintained by an injection
curren) 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 theThighperconductors on the
other hand, there is a huge difference in gap suppression between unpolarized and polarized quasiparticle
injection, as observed in the experimefits A. Vasko et al, Phys. Rev. Lett78, 1134(1997; T. A. Ven-
katesaret al, Appl. Phys. Lett.71, 1718(1997)]. We argue that this large anomaly has a natural explanation
within the interlayer tunneling mechaniswf Wheatley, Hsu, and Andersdd. M. Wheatley, T. C. Hsu, and
P. W. Anderson, Phys. Rev. B/, 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 betweersavave or an anisotropic gap superconductor.

Spin polarized electron tunneling from ferromagneticstriking (differs by at most a factor of)2 This is our main
metals to superconductdrer strongly correlated metals has result. In other words spin polarized electron tunneling into
recently generated much interest. The focus is on trying tdigh-T, superconductors can be used to understand the
understand spin-dependent transport properties of electronechanism of superconductivity in the high-materials.
spin relaxation, and possible superconducting devices. One is The suppression of the superconducting gap due to unpo-
also interested in the mechanisms of superconductivity sugarized quasiparticle overpopulati¢a nonequilibrium situa-
pression(such as reduction in critical curreitdue to tiny  tion) was investigated theoretically by Owen and Scalagino.
injected tunneling currentsunpolarized and polarized They examined a simple model of an electron gas containing
across an insulating junction into the superconductor. both Cooper pairs and excited quasiparticles with the ratio of

Though original experiments on spin polarized tunnelingpaire‘j to unpaired electrons being artificially specified, in-
V§tead of being uniquely determined by the temperature, as is

and Meserved and a theoretical attempt was made byusual, in the thermal eqU|I|br_|um S|t_uat|0n for an |sqlated
superconductor. The system is considered as being in ther-

Aronov? recently this subject has caught the attention of the I . :
hysics community due to the discovery of lanthanam manmal qu|||br|um.although the pa|r.ed and unpaired electrons
phy: 4 ) are not in chemical equilibrium. It is assumed that for a small
ganite(CMR material$. In these materials the degree of po-

larizati f the ch iors is cl . amount of excess injected carriers, the time for pair recom-
arization of the charge carriers is close to ur@most per-  pination is much larger than the time for the injected quasi-

fect ferromagnetic metal _ particles to thermalize with the lattice. This is achieved by
Both of these experimeritsare done in the three-layer introducing a chemical potential for the quasiparticles differ-

structurelike, HTSC/l/manganite, where a highsupercon-  ent from the pair chemical potential.

ductor (HTSC) thin film is SeparatEd from a ferromagnetic The free energy of the Superconducﬁy‘is given by

metallic underlayermanganitg¢ by an insulating(l) layer.

The critical current of the HTSC film is found to drop pre-

cipitously as a function of a tiny injection current pushed Fs=2> |(ex—m)|(fu—2fwE+vd) = > Vi Ukvliovie

from the ferromagnetic metal through the insulating junction kk!

into the HTSC film. When manganite is replaced by ¢

ordinary paramagnetic mejalthen it is found that for the X (A=) (1=F) =T [fn it (1= fIn(1- )],
same amount of injected current the drop in the critical cur- s

rent of the HTSC film is much smaller. The fractional change (1)

in critical current for polarized and unpolarized injection cur- ) )

rents(over the same injection current intervaliffers by an ~ Where u, and v, have their usual meaning, anéy

order of magnitude. =<yl’{,'yk'(,> is the Fermi function for the superconducting
In this paper we try to show that the large differencequasiparticles and, is the dispersion of the electrons in the

between polarized and unpolarized injection currents is verjiormal state. However, in addition to the usual constraint

special only to the higi:, superconductors. We predict that equation for the total number of electrol ,(Cf ,Cx o)

if the high-T, superconductor is replaced by an ordinary=N which is enforced by proper choice of the chemical

BCS superconductor then the relative difference in supercorpotential x, an additional constraint on quasiparticle excita-

ducting gap suppression in the two cases is not at all thaion number will be imposedyy ,fy ,=n<<N. This can be
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done by introducing an extra chemical potential so that T
now f,=[1+efE#)]"1 The modified BCS gap equation  ass} ™. ]
iS now, N
09 | J
’ Vk,k’Ak’ 085 E
kZE —(1_fk/T_f,k/l) o \\\
K’ 2Ekr 8 el J
Vk 1Ay é 0.75 - 1
= K A nhBI2(E — u*). 2 ¢ \
K’ K’ orr 1
Assuming a momentum independ&fit,. (s-wave super- s T ]
conductoy and going from momentum summation to energy 0s | _
integration with a cutoffwp, we get

0.55
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1 J‘ wp € 1 . quasiparticle overpopulation
—_—= ==tanh: B(E—u™).
N(ERp)V J-up 2E " FIG. 1. A(T=0,n0)/A(T=0,ny=0) versusn, (the quasiparti-
cle overpopulation, as defined in the fefdr an s wave supercon-

The number of excess quasiparticles is ductor[the solutions of Eqs(3) and (4)].

n=2 [f(Ek—M*)—f(Ek)]=4N(EF)f d—i carriers, the relative gap suppression in unpolarized and po-
k 0 efET#) 1] larized carriers differs by at most by a factor of 2.
3 Just as at finite temperatures quasiparticle excitations in-
The factor 2 before the momentum summation is due to twderfere with the pairing interaction and eventually destroy
spin species. superconductivity al,, when an excess number of quasi-

Defining ny=n/4N(Eg) Ao, WhereA is the gap af=0 particles are injected into the superconductor, it basically re-
and u* =0, we can easily solve for the gap value at any duces the phase space for the BC_S pair ;cattering process
and n from the above two equations. In the limit of zero and reduces the gap value. BCS interaction scatters pairs

temperature the gap value can be determined from the algékT.—kl)—(k'T,—k’|) across the Fermi surface. So any

braic equation, excess quasiparticle occupying these states limits the phase
space for the BCS interaction. It is obvious that when the
Ag/A =[Ny Ag/A+\1+nZA3/A%]2, (4)  injected quasiparticles are polarizéall of one spin they

interfere with BCS interaction more severly and hence the

This is the result of Owen and Scalapino, for excess unpogap value falls faster with quasiparticle overpopulation, com-
larized quasiparticles. pared to the unpolarized injection current.

For spin polarized quasiparticle injection, we introduce a \We next investigate the effect of quasiparticle injection on

different chemical potential, foonly the up-spin quasiparti- superconductors with anisotropic gaps, specifically gaps of

cles i.e., assuming complete spin polarization of electrons inj-wave symmetry. The dispersion of electrons is chosen to
the ferromagnet. The gap equati@®) will be modified to be of the form

€(k) = —2t(cosk+ cosk,) + 4t’ cosk, cosk,,

V]
Akzz Kk K E[tanhB/Z(Ek/_/,L*)‘i‘tanhB/ZEk/]

¥  2E. © —2t"(cos XKy +cos X,), (7
The corresponding equation for the number of excess quasiVith t=0.25 eV,t'/t=0.45, t"/t=0.2. We also chooser
particles will be the same as E@) with the factor 2 missing = —0-45 eV corresponding to a Fermi surface which is

before the momentum summation, because excess quasipgleseéd around thé" point. These choices are inspired by
ticles are of only one spin species. In the limit of zero tem-Pand-structure calculatiohor the Y-Ba-Cu-O compound at

perature we get the following algebraic equation for the norOPtimal doping concentration. The cutoff of the pairing in-

malized gap value, teraction is chosen to hep =30 meV, and the pairing inter-
action strengthV, ,» = Vof  f\. with f, = cosk,)—cosk,) and
Ao/A =[2ngAo/A+ ~/1+4n§A§/A2]2. (6) Vo=2.8 meV. With this choice of parameter tfig comes

out to be 30 K.

In Fig. 1 we show the normalized gap versus extra quasi- In Fig. 2 we plot the normalized momentum averaged
particles for ars-wave superconductdsolutions of Eqs(3)  value of the superconducting gap magnitude,
and (4)]. We find that forsswave superconductors, a first- A(n,T)/A(0,T) versusn (quasiparticle overpopulatiprfor
order phase transition to normal metal occurs,fer0.15,  different temperatures. There are some interesting features to
A=0.62A,, andn=0.08, A=0.58\, for unpolarized and be noticed here.
polarized quasiparticle injections. Beyond this critical con- (1) Notice the crossing of curves, fdr=5 and 25 K. The
centration of injected carriers, the free energy of the perorigin of this can be seen by looking at the gap equat®n
turbed superconductor becomes larger than normal-state fr&tates of energy¥, less thanu* interfere with the pairing
energy. Notice though that, for the same amount of injectegbrocess by giving a negative contribution to the binding. At
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FIG. 2. The normalized momentum averaged g®gT,n)/ FIG. 3. The normalized momentum averaged gk¢r,n)/
A(T,n=0) of a d-wave superconductor, with.=30 K, versus A(T,n=0) of a d-wave superconductor, witii,=90 K, versus
injected carrier concentration. The solid line is fo=5 K, long injected carrier concentration =10 K. The solid and dashed
dashes folT=10 K, short dashes fof =15 K, dotted line forT lines are for unpolarized and polarized injected carriers.
=20 K, and the dash-dotted line is for=25 K.

B(Ex—pu*)
2

Ay
S A =Ty(k tanh
low temperatures and small injection currents, the extra car- =Tl )ZEkL

riers occupy the states near the deep gap nodes, where the )

denominatolE, is also small giving rise to large reduction in Y Ay +anr‘:8(Ek’_/-L*) ®
binding energy. At larger temperaturéer the same amount Koe,, T 2 '

of injected carrierson the other hand, the quasiparticles are

distributed over a |arger range of ener@&rger denomina_ For pOlal’ized Cal’_rier injection, th|S equation haS to be cor-
tor) leading to smaller suppression of bindiignd hence rected as shown in E@5).

larger gap valuds A larger concentration of injected carri-  1hiS gap equation can be obtained by considering two

ers, of course, will ultimately be more damaging to super-Cl0S€ Cu-O layers as in Y-Ba-Cu-O coupled by a Josephson

conductivity, because of the larger number of thermally extUnneling term of the form

cited quasiparticles that are already present. This leads to the 1

crossing of curves as seen in Fig. 2. This will be a generic Hy=— ?E tf(k)(CLCikld—kidkﬁH-C-):
k

feature for any superconductor with deep gap nodes, and

should be easily seen in spin injection experiments. wheret, (k) is the bare single-electron hopping term be-

(2) Notice also that the critical concentration of exXcesSyyeen the two coupled layers and d and t is a band-
quasiparticles that destroy superconductivity is not & monogycture parameter in the dispersion of electrons along the
tonic function of temperature and goes through a maximung ;.o plane. Finally[T,(k) in the right-hand side of Eq1)
aroundT /2. is given by Ty(k)=t2(K)/t, wheret, (k)=(t, /4)[coskx)

(3) Though it is not sh_O\_Nn in the_ plot, injected current —cos(ky)]2. The dispersion of electrons along the Cu-O
suppresses superconductivity more in theave supercon- pjlane is given by Eq(5). Note that the Josephson coupling
ductors than for ars-wave superconductor having the sameterm in H; conserves the individual momenta of the elec-
critical temperature, as one would expect for gap functionsrons that get paired by hopping across the coupled layers.
with deep nodes. This is as opposed to a BCS scattering term which would

In Fig. 3, we have plotted the normalized momentum av-only conserve the center-of-mass momenta of the pairs. This
eraged gap magnitude ofdawave superconductor, withg, is the origin of all features that are unique to the interlayer
of 90 K versus both unpolarized and polarized quasiparticléunneling mechanism. This term has a locdlLUnvariance
overpopulatior{we go up ton=0.15 only. The difference in in k space and cannot by itself give a finifg. It needs an
the reduction of gap values in the unpolarized and polarize@dditional BCS-type nonlocal interaction in the planes which
tunneling is in the range of 2-55.0% (i.e, a factor of 2 could be induced by phonons or residual correlations. Here
only). Clearly the large anomaly observed while tunnelingwe assume the in-plane pairing interaction to dsevave
into the highT, superconductor, as seen in the experiménts,kind, i.e, Vi =V, f,f, with f,=cosk,—cosk,. T (k) can
has its origin in the superconducting mechanism in the highbe inferred from electronic structure calculations. As shown

Kk’ Kk’

T. materials itself. in Ref. 6, it is adequate to choosge (k)= (t?/4)(cosk,
We shall explore here thmterlayer tunneling modebf —cosky)z, with t, /t=1/3 to 1/5. According to Anderson, it
superconductivity:® is thek-space locality that leads to a scaleTgfthat is linear

We begin by writing the gap equation for interlayer tun-in the interlayer pair tunneling matrix element. He finds that
neling model with unpolarized injected carrier$ as in the limit T;>V,, kgT,~T;/4 and in the other limit,



RAPID COMMUNICATIONS

R6142 SATADEEP BHATTACHARJEE AND MANAS SARDAR PRB 62

plane. This effect is absent when unpolarized quasiparticles
enter the planes. In this mechanisextra quasiparticles di-
rectly affect the interlayer pairing tunneling process, which
is the main source of superconducting condensation energy
gain. This is over and above the interference in the binding
process in the individual layers that we have discussed ear-
lier in usual BCS superconductors.

The introduction of an extra chemical potentjal to
tackle the nonequilibrium superconductivity, in the presence
of artificially maintained quasiparticles, is a reasonable start-
ing point, when the excess quasiparticles thermalize with low
energy phonons more often than they recombine into pairs.
In this limit the quasiparticles are in a steady stat§ dut
. . . . . . . . have an excess number denoted by the increased chemical
0 M BB 0% it ovepopuaton - 00 0% 0% potentialu* . One important ingredient of the mechanism of

_ Anderson and co-workefss that in the normal state the

FIG. 4. The normalized momentum averaged g&T,n)/  electrons are spin-charge separated and no quasiparticles in
A(T,n=0) of ad wave superconducterinterlayer tunneling, with  {he Fermi liquid sense exist. We have assumed here that
Te=90 K, versus injected carrier concentrationTat 10 K. The Helow the superconducting, somehow spin-charge separa-
zglrlgefsnd dashed lines are for unpolarized and polarized injecte on is absent. This seems to be the case from photoemission

: experiments which show a clear signal of well-defined qua-

siparticles on the Fermi surface. In the superconducting state

kgTc~hwpe YPoVo, wherewp, po, andV, are Debye fre- how exactly it happens is still not clear.
quency, density of states at the Fermi energy, and Fermi- Throughout this analysis, we have assumed the following:
surface average matrix element,, . The important pointis (1) The London penetration depth is less than the supercon-
that even with a little help from the in-plane pairing interac- ducting film thickness, so that direct magnetic field of the
tion the interlayer tunneling term can provide a large scale oferromagnetic metal does not penetrate the superconductor
T.. In this model the gap value is mainly controlled by the much.(2) The spin diffusion length is much larger than the
interlayer tunneling amplitude, rather than the in-plane pairSC film thickness, so that no spatial variation of the gap has
ing interaction, though the symmety of the gap function isto be taken into account. This is certainly true when there is
determined overwhelmingly by the in-plane BCS kind of in- no magnetic impurity or for small spin orbit interaction, be-
teraction strengtlv, ., and the gap value is very sensitive cause the then extra spin density relaxes slowly. We have
to the interlayer pair tunneling amplitude. also not taken into account the case of finite recombination

In Fig. 4, we plot the normalized momentum averagedtime for the excess quasiparticles.
gap values versus both unpolarized and polarized quasiparti- Recently Yehet al,'° have observed an initial, actual in-
cle overpopulation up tan=0.085. We find that forn crease in critical current for low enough injection currents,
=0.085, the reduction in gap value for unpolarized injectionwhen the insulating barrier thickness is small. They argue
current is about 5%, whereas for the polarized carrier injecthat some up-spin quasiparticles in the superconductors can
tion it is about 35%that is a factor of V. diffuse into the magnetic materials, creating spin imbalance

The large difference between the two situatidas ob- in the superconductofmore of down-spin quasiparticles
served in the experimeritslso now shows up. We argue On the other hand, when the injection current is switched on,
that when polarized carriers are injected, then, over anthen up-spin electrons start coming into the superconductor,
above the usual dynamical pair breakigiye to phase space nullifying the spin imbalance in the superconductor. That is
blocking of BCS interactionin the planes like in usual BCS why T, increases for small injection currents. For larger in-
superconductors, there is an added inhibition of interlayejection currents, of coursd,. falls drastically as is seen in
pair tunneling. This is so because there are many fewer extrxperiments, and as we have argued to be natural within the
singlets near the Fermi surface, to tunnel from plane tdnterlayer tunneling mechanism of Anderson and co-workers.
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