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Spin-polarized tunneling in ferromagnet/unconventional superconductor junctions
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We study tunneling in ferromagnet/unconventional supercond(€tsy junctions. We include the effects of
spin polarization, interfacial resistance, and Fermi wave-vector mismatch between the F and S regions. An-
dreev reflection at the F/S interface, governing tunneling at low bias voltage, is strongly modified by these
parameters. The conductance exhibits a wide variety of novel features as a function of applied voltage.
[S0163-18209)04533-9

Spin-polarized transport and tunneling between ferromag- We solve the Bogoliubov—de Gennes(BdG)
netic and superconducting materials has become a vigorousgguation&®***for a ballistic F/S junction. We extend the
pursued area of research. The studies perfotmétive im-  usual one-body Hamiltonian approach of Ref. 8 to include

plications for the understanding of unconventional supercontl) scattering at the F/S interfaces=0, modeled by a poten-

ductivty and for the development of devices using spin-ial V(r)=Hd&(x), whereH is the strength of the potential
barrier, and(2) allow for FWM, i.e.,EF=ﬁ2k§/2m in the F

polarized current>® A recent study of a ferromagnet/ P2 : :

unconventional superconduct@¥/S) system has revealed ~ '€910n at x<0 [Er is the spin averaged value
differential conductance dip at zero bi&BCD), attributed = (Akg,/2m+A%kg /2m)/2], and B =#"Kke"/2m mi?the S

to suppression of Andreev reflectiéAR) as a consequence rf?]'og(ftxxi% ()\(/)Veis'n(QUdS?e;hefui)éggingaen dentehgh(pr;ir

of high spin pola;r;zsanon in the ferromagnet. Wh|lg there 'Spotgntia?'lz A(K',r)=A(K")O(x). From the invariance of
substantial W(_)rk coon the |.nterplay of ferrqmagqet|sm and the Hamiltonian with respect to translations parallelxto
superconductivty in tunneling properties involvisgvave  _q the parallel component of the wave vector is conserved
superconductors, there is still no adequate theory for thesg; iha junction>13 Then, the parallel component of the so-

phenomena in the context of unconventional superconductiiytions of the BdG equations is a plane wave, and the prob-
ity. Replacing ans-wave superconductor by an unconven-|em reduces to a one-dimensional one.

tional one in a normal-metal/superconducthl/'S) structure For an electron injected from the F side, with sgn
can drastically alter the conductance spectfahhand im- =1,|, excitation energy, and wave vectokg at an angle)

portant changes should also occur when such replacementfigm the interface normal, there afaithout spin-flip scat-
made in a F/S structure. For N/S junctions, zero-bias conduqering) four scattering processes* with different ampli-

tance peak$ZBCP) observed in high-temperature supercon-tudes. For specular reflection at the interface, thesgre
ductors (HTSC's) are interpreted as arising from the sign Andreev reflectiofi®!® with amplitudeag as a hole with
change of the pair potentiéPP that leads to the formatidn spin, wave vector, and angle with the interface nornsal,
of midgap surface states. Thg spectral Weight- of these Stat?épposite t0S), kg, and 65, generally different frome,
P;::Sésfzzgct(;ﬁiyszhztsatf%l go)msi):'fg]é‘ems.f?ﬁlelg)bsgﬁgéegf éuBrCP respectively(2) Ordinary reflection with amplitudbg as an

in Nd o idered evidentef domi electron with variables, — 6. (3) Transmission with ampli-
In Nd, g:C.16CUO, Is considered evidencefor a dominant tudecg as an electronlike quasipartidELQ) with kg" and
s'wave component.

. . N 5. 4T iSSi lit holelik ipar-
Previously published work on tunneling in unconven- 5. (4) Transmissiorfamplitudeds) as a holelike quasipar

tional superconductors examined the unpolarized t&Se, t'C|e&F1TLk2)~i8f'nedd?Z;l(sk, and _GT'_ Hzreb v:/e ha};’ﬁ
or*28 F/S junctions with arswave PP Here we consider YS€ s~Krs aNd K s~Kg, as explained below. 1he

the theory of tunneling spectroscopy for an F/S junction withE-Q and HLQ have different, spin-dependent wave vectors,
arbitrary spin polarization. We investigate the interplay of2nd therefore they feel different pair potentials, and
ferromagnetism and unconventional superconductivity s With As.=|As.[exp(és.). The spin dependence
forming ZBCP, ZBCD, and other features at finite bias. We(€Ven without FWM of wave vectors and PP's is a novel
include the effects of the exchange enefgglated to the feature of F/S junctions. ,

degree of polarizationinterfacial barrier height and Fermi ~ Conservation ofkjs yields the analog of Snell's law,
wave-vector mismatctFWM) in the magnitude of the Fermi  KrsSin#=kgsinfs=kessinds, S=1,|, and for kes>kg
wave vectors in the F and S regions. Variation of these pathere is a spin-dependent angle of total reflection. For a PP of
rameters leads to rich behavior and novel features in thie dx2-y2 form, and allowing for different anglese
conductance, which require careful interpretation. Thus(— 7/2,m/2) between the crystallographéicaxis and the in-
FWM and spin polarization can combine to yield a ZBCP interface normal, we hav&s. = A, cos(Zs.), whereds. are
ans-wave superconductor, while if one neglects FWRkfs.  related tofg (and thus to the incident angte from “Snell's
1,2,8, and 1P the effect of spin polarization invariably law”) by 65. = 65+ «. The spin dependence of these angles
leads to suppression of AR. will produce more complicated conductance features.
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In solving the BAG equations in the direction normal to 200F<s===------ Zo=0 (a)
the interface, we have for the magnitude of the relevant wave Loe1/2 (solid
o Lt 21/ 112 1.50 (=172 (solid)
vectors: in the F regionkg =(2m/%°) 2[E,:i e+pshel™s Lo=1 (dashed)
where ps=+1 for S=1 (|), and in the S regionk’g O 100 e P
=(2m/A%) Y EL+ (€2~ |Ag-|D)Y?])Y2 In the regime of in- '

terest, Eg ,Ef>max(e|As.) and® we have kg ~kgg 0.50 —
=(2m/%%) Y Ee+pshol¥?, k's~ki. From this and

FT Pstlo STRE , , | .
“Snell's law,” the components okg andk’s normal and 200 —-~-__ o X=06 _ (b)

parallel to the interface can be found. We writg
=(ks,Kjg), andk’iz(k’s,kus), in the F and S regions. <

The conductance spectrum is calculated via the Blonder- Cro0 T NS T
Tinkham-Klapwijk method* extended to include unconven-

1.50 Lo=1/2 (solid)

tional superconductivit} and net spin polarization. It is 0.50
sufficient**to calculateag andbs: 0.00
0.00 0.50 1.00 1.50 2.00
‘]-tSI-SF-FeiI(bSJr (1) E
aS: f 3

UssiUss. —Vss Ves I T _ge'(#s-~¢s+) FIG. 1. G(E) [Eq. (3)]. E=eV/A,. Results are fod=0 (nor-
mal incidencg¢ and «=0. The solid curves are fdry=1/2 (FWM
Vss: Ugs__Ussrvgs+r+r_ei(</>s:¢s+) present in panel(a) at Z,=0 (no barriej they ar_e(frorE top to
5= — — Tt 2 bottom at E>1) for exchange energies X=h,/Eg
UssiUss- —Vss Vsg I' It ¥s- 7 %s+ =0, 0.6, 0.8, 0.968, 0.99, 0.9999, while in parie) they are atX

=0.6 and(from top to bottom Z,=0, 0.25, 0.5, 1, 1.5. The dashed
curves are folLg=1 (no FWM). In panel(a) X=0, 0.6, 0.968, in
panel(b) they are aZ,=0,0.5.

where we introducel . =[e—(e*—|Ag:|?)Y?)/|As|, Lsg
=L,cosfy cost, Lo=kg/ke, describing FWM, ts=(1
+pX) Y2, ts=(1— psX)Y?coshslcoss, X=h,y/Er, which
defines the degree of polarizatiobgs. =tg+Wg+, Vggr
=tg—Wsg+, Wg.=Lg*t2iZ, Z=Zy/cosh, and Z,
=mH/#hke is the interfacial barrier parameter. The normal-
ized differential conductané&(in units ofe?/h) is then

the same as for as-wave superconductorA(g. =Ag). In
panel(a), at zero interfacial barrier, we display the effect of
increasingX. The solid lines represent results with FWM,
Lo=1/2. The behavior of the amplitude & at zero bias
- (AZB) reflects the interplay between the effects of FWM and
G=G;+G,= > Pgl 1+ k—s|as|2_|bs|2 , ©) ferror?sagn_etl'sm. AiX=0 there is a'ZBCD,.aslln previous
S=1.1 s work.”® This is caused by the effective barrier introduced by
FWM (even atZ,=0), at the interface that separates regions
Ps, satisfy® P, /P, — (14 X)/(1—X). At X=0 we recover with different Fermi energies. With increaeed exchange'en-
thse, results7of I?efl 11. The ratio of.wave vectors in E) ergy the ZBCD evolves |r_1to a ZBCP’.WhICh narrows with
reflects that the iﬁcident electron and the AR hole beloﬁg tdecreasmg_o. The ZBC.P. n th|s case Is not du_e to uncon-
different spin bands. One can use the conservation of proQ/_entlonal superconducuvny, since there is no sign change in
> 4 ' . ) b[he PP’s experienced by ELQ and HLQ. For reasonable val-
ability current* to generalize the sum rule for the reflection ues of the FWM, the maximum AZB is 2, independentof
coefficients in the case of subgap conductanee|Qs. ), The AZB maxirﬁum is obtained from t,he conditidn k
for the unpolarized case. We géds(ks)|ag|?+ |bg/?’=1 and K2=K2 F _ : L
: . =kg"=kg". For Lo=1/2, this occurs aK~0.968. Thus, in
thenGg can be expressed in terms of the AR amplitude only. :
For k<> k. , one sees from Eq3) and Snell's law, that for the presence pf FWM Andreev reflection can 'be enhanced by
FS™ E . ' spin polarization and can even become maximal at a special
6] greater Fhan the angle of total reflectioas¢0) G§ value of X. These results differ from those obtained without
=0. We define the angularly averagGiiA) conductance, FWM when AR is always suppressed a@ddecreases with
(Gs), as(Gs)=J A0 costG(d)/[o dbcose, where€Qsis  y The gashed linego FWM) illustrate this point. In panel
limited by the angle of total reflection or by experimental (h) we show the influence of barrier strength at fixxd
setup. =0.6. In the presence of FWM the subgap conductance is
We concentrate on the,2_,2 state and take parameter more reduced, with sharper peaksgat 1 than for the same
values appropriate for HTSC's and ongoing experimeénts 7, at L,=1 (dashed lings since the effective barrier
on the effect of spin polarization oB. Typically there is a strengtti® is enhanced.
small interface reSiStanéd,e., Sma"ZO Values, away from In F|g 2 we use the same parameter values and notation
the tunneling limit Z;>1." The experiments uSehalf- a5 in Fig. 1 to display the effect of AA ofs for s wave
metallic ferromagnets wittKk—1 and FWM values of_ (As. =A, for all angles. In panel(a) the solid curveswith
<1 We present our results f@ and(G) as a function of  FwM) show that the ZBCP at fixed X remains after AA,
dimensionless energ=eV/A,, whereV is the bias volt-  while its amplitude is typically reduced. We see that, unlike
age. We takeEg/Ag=12.5, withEg=E¢ (Lo=1) andEg  in the unpolarized casé,FWM can actually enhanc&(0)
=4E{ (Lo=1/2), to consider the influence of FWM. at fixed polarization. In panéb) we show that the effects of
In Fig. 1, we show results foG(E) at =0, anda=0 interfacial barrier o G) are similar to those given in Fig. 1.
[i.e., an F/S interface along tl&00) plang. This behavior is We now turn to the effects of the sign change of the PP,

where the probabilities of an incident electron with sfin
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FIG. 2. (G(E)), the #-averaged conductance, for the same pa- FIG. 4. (G(E)) for_ the data in Fig. 3. The solid curves are
rameter values and curve identifications as in Fig. 1. Results in thig yerages over alb while the dashed curves are over a region .Of
figure are averaged over all angles. width /24 centered atr/12: Thg curves shown are, respectively, in
the same order as those in Fig. 3, except thatnresults forX
=0.4, 0.7, 0.85 have been excluded for clarity.
i.e., of the unconventional nature of the S region. We take
a#0 and #0 so that ELQ and HLQ may feel PP’s of magnitude:G, and G, are governed by different energy
opposite sign. First, in Fig. 3, we consider the limit of no scales. Whenv+0,7/4, G(E) displays two or four distinct
FWM, with §=7/12 anda=m/4. We examine the depen- features determined by up to four different PP values. In
dence of the AZB orX andZ,,. In panel(a) we see that the panel(b) we show the decomposition of tH=0.6 result
ZBCD becomes more pronounced with highemecause of into its G, and G, components. The position of the FBCP,
suppressed AR. In the limit5e —ho)—0, the subgap con- discussed above, is at the maximun@f. We also examine
ductance vanishes, due to the vanishing of the minority spitthe effect ofZ, at constaniX. With increased,, the FBCP
density of stategsee the bottommost curveFor X=0.4  eyolves towards smaller energies. Eventually, the barrier ef-
there appears a finite bias pe@kBCP), which moves to fects dominate those ok and the ZBCP resembles that
lower energy with increasing. This follows from Snell's  found in the N/S junctions, attributed to midgap surface
law. At larger X, there will be an increased difference be- stgted 11
tweenks andkg, and g will depart more froméd. ELQ and In Fig. 4 we illustrate the effect of AA using the param-
HLQ feel PP’s with increasingly different spin-dependenteters from Fig. 3. The solid curves represent AA over all
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FIG. 3. G(E) for 6=n/12, a=ml4, andLy=1. In (a), at Z,
=0, the curves are foK=0, 0.4, 0.6, 0.7, 0.8, 0.85, 0.9, 0.9®p FIG. 5. G(E) for = /12, a= m/4, and FWM withLy=1/2. In
to bottom atE=0.) In (b), the solid curves correspond, from top to (a), Z,=0, and the curves are fot=0, 0.4, 0.6, 0.7, 0.8, 0.85, 0.9
bottom atE=2, to Z,=0,0. 25, 0.5, 1, 1.5. The dashed and dash-(top to bottom atE=0). In (b), the influence ofZ; is shown for
dotted curves are, respectively, t&e andG, conductances &, X=0.7. The curves correspond, from top to bottomEat 2, to
=0. Z,=0,0.25,05,1, 1.5.
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angles below total reflection and the dashed curves are avefBCP. The FBCP here has a different origin than the break-
ages over a narrower region. Pai@| displays the conduc- ing of the time-reversal symmetry state in the N/S
tance for different polarizations arigh=0. The ZBCD re-  systent***°From Egs(1)—(3) it is simple and instructive to
ported in Ref. 5 resembles the bottommost solid curve. Th@btain otherG(E) results.
parameter values for this curve agree with their values in this We have shown here that spin-polarized tunneling spec-
experiment, as mentioned above. We see that the ZBCD iffoscopy of F/S junctions displays qualitatively novel behav-
(G) occurs only at larg&. The curves are then qualitatively 107- The variety of features iG(E) and(G(E)) arises from
different from those found in the tunneling limit for an the interplay among the form of the pair potential, the ex-
swave superconductor, where the peak @) is sharp and ~¢hange energy of a ferromagnet modifying the AR, and the
at the gap energy. In panéb) we show that formation of Fermi energies and mterface properties of the F and S re-
ZBCP with increasind, is a robust feature present in both gions. The resglts are quite .se.nsmve t9 FWM that should be
types of AA. cargfully taken into accopnt in mterpretmg spm-polar!zed ex-
In Fig. 5 we consider the interplay of FWM and uncon- periments and cannot, in the polarized case, be simply re-
ventional superconductivity. We take,=1/2. In panel(a) placed by a change in paramefy.

we show the results at;=0 for a range of values of. The We thank A.M. Goldman, V.A. Vas’ko, K.R. Nikolaev,
ZBCP evolves into a ZBCD. In pané¢b) at X=0.7, we see P.A. Kraus, A. J. Millis, S.W. Pierson, and L. Glazman for
that with increasingZy a FBCP forms and then evolves to a discussions.
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