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Spin-polarized tunneling in ferromagnet/unconventional superconductor junctions
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We study tunneling in ferromagnet/unconventional superconductor~F/S! 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.
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Spin-polarized transport and tunneling between ferrom
netic and superconducting materials has become a vigoro
pursued area of research. The studies performed1–5 have im-
plications for the understanding of unconventional superc
ductivty and for the development of devices using sp
polarized current.1,2,6 A recent study of a ferromagne
unconventional superconductor~F/S! system has revealed5 a
differential conductance dip at zero bias~ZBCD!, attributed
to suppression of Andreev reflection~AR! as a consequenc
of high spin polarization in the ferromagnet. While there
substantial work1,2,7,8on the interplay of ferromagnetism an
superconductivty in tunneling properties involvings-wave
superconductors, there is still no adequate theory for th
phenomena in the context of unconventional superconduc
ity. Replacing ans-wave superconductor by an unconve
tional one in a normal-metal/superconductor~N/S! structure
can drastically alter the conductance spectrum,9–11 and im-
portant changes should also occur when such replaceme
made in a F/S structure. For N/S junctions, zero-bias cond
tance peaks~ZBCP! observed in high-temperature superco
ductors ~HTSC’s! are interpreted as arising from the sig
change of the pair potential~PP! that leads to the formation9

of midgap surface states. The spectral weight of these s
has, for adx22y2 state, a maximum for~110! oriented sur-
faces and vanishes for~100! surfaces. The absence of ZBC
in Nd1.85Ce0.15CuO4 is considered evidence10 for a dominant
s-wave component.

Previously published work on tunneling in unconve
tional superconductors examined the unpolarized case9,11

or1,2,8 F/S junctions with ans-wave PP.12 Here we consider
the theory of tunneling spectroscopy for an F/S junction w
arbitrary spin polarization. We investigate the interplay
ferromagnetism and unconventional superconductivity
forming ZBCP, ZBCD, and other features at finite bias. W
include the effects of the exchange energy~related to the
degree of polarization! interfacial barrier height and Ferm
wave-vector mismatch~FWM! in the magnitude of the Ferm
wave vectors in the F and S regions. Variation of these
rameters leads to rich behavior and novel features in
conductance, which require careful interpretation. Th
FWM and spin polarization can combine to yield a ZBCP
ans-wave superconductor, while if one neglects FWM~Refs.
1, 2, 8, and 12! the effect of spin polarization invariabl
leads to suppression of AR.
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We solve the Bogoliubov–de Gennes~BdG!
equations8,9,11,13 for a ballistic F/S junction. We extend th
usual one-body Hamiltonian approach of Ref. 8 to inclu
~1! scattering at the F/S interface,x50, modeled by a poten
tial V(r )5Hd(x), whereH is the strength of the potentia
barrier, and~2! allow for FWM, i.e.,EF5\2kF

2/2m in the F
region at x,0 @EF is the spin averaged value,EF
5(\2kF↑

2 /2m1\2kF↓
2 /2m)/2], and EF85\2kF8

2/2m in the S
region at x.0. We include the exchange energy8 h(r )
5h0Q(2x) @Q(x) is a step function#, and the pair
potential9,11 D(k8,r )5D(k8)Q(x). From the invariance of
the Hamiltonian with respect to translations parallel tox
50, the parallel component of the wave vector is conser
at the junction.11,13 Then, the parallel component of the s
lutions of the BdG equations is a plane wave, and the pr
lem reduces to a one-dimensional one.

For an electron injected from the F side, with spinS
5↑,↓, excitation energye, and wave vectorkS

1 at an angleu
from the interface normal, there are~without spin-flip scat-
tering! four scattering processes11,14 with different ampli-
tudes. For specular reflection at the interface, these are~1!
Andreev reflection8,13,15 with amplitudeaS as a hole with
spin, wave vector, and angle with the interface normalS̄
~opposite toS), kS̄

2 , and u S̄ , generally different fromu,
respectively.~2! Ordinary reflection with amplitudebS as an
electron with variablesS, 2u. ~3! Transmission with ampli-
tudecS as an electronlike quasiparticle~ELQ! with kS8

1 and
uS8 . ~4! Transmission~amplitudedS) as a holelike quasipar
ticle ~HLQ! defined by 2kS8

2 and 2uS8 . Here we have
used8,11 kS

6'kFS and k8S
6'kF8 , as explained below. The

ELQ and HLQ have different, spin-dependent wave vecto
and therefore they feel different pair potentialsDS1 and
DS2 , with DS65uDS6uexp(ifS6). The spin dependenc
~even without FWM! of wave vectors and PP’s is a nov
feature of F/S junctions.

Conservation ofkiS yields the analog of Snell’s law
kFS sinu5kF8 sinuS8 5kFSsinu S̄, S5↑,↓, and for kFS.kF8
there is a spin-dependent angle of total reflection. For a P
the dx22y2 form, and allowing for different anglesaP
(2p/2,p/2) between the crystallographica axis and the in-
terface normal, we haveDS65D0 cos(2uS68 ), whereuS68 are
related touS8 ~and thus to the incident angleu, from ‘‘Snell’s
law’’ ! by uS68 5uS87a. The spin dependence of these ang
will produce more complicated conductance features.
6320 ©1999 The American Physical Society
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In solving the BdG equations in the direction normal
the interface, we have for the magnitude of the relevant w
vectors: in the F region,kS

65(2m/\2)1/2@EF6e1rSh0#1/2,
where rS561 for S5↑ (↓), and in the S region,k8S

6

5(2m/\2)1/2@EF86(e22uDS6u2)1/2#1/2. In the regime of in-
terest, EF ,EF8@max(e,uDS6u) and8,11,16 we have kS

6'kFS

[(2m/\2)1/2@EF1rSh0#1/2, k8S
6'kF8 . From this and

‘‘Snell’s law,’’ the components ofkS
6 and k8S

6 normal and
parallel to the interface can be found. We writekS

6

[(kS ,kiS), andk8S
6[(kS8 ,kiS), in the F and S regions.

The conductance spectrum is calculated via the Blond
Tinkham-Klapwijk method14 extended to include unconven
tional superconductivity11 and net spin polarization. It is
sufficient11,14 to calculateaS andbS :

aS5
4tSLSG1e2 ifS1

USS1US̄S22VSS2VS̄S1G1G2ei (fS22fS1)
, ~1!

bS5
VSS1US̄S22USS2VS̄S1G1G2ei (fS22fS1)

USS1US̄S22VSS2VS̄S1G1G2ei (fS22fS1)
, ~2!

where we introduceG6[@e2(e22uDS6u2)1/2#/uDS6u, LS

[L0 cosuS8/ cosu, L0[kF8 /kF , describing FWM, tS[(1
1rSX)1/2, t S̄[(12rSX)1/2cosuS̄/cosu, X[h0 /EF , which
defines the degree of polarization,US̄S6[t S̄1wS6 , VSS6

[tS2wS6 , wS6[LS62iZ, Z[Z0 /cosu, and Z0
[mH/\kF is the interfacial barrier parameter. The norm
ized differential conductance11 ~in units of e2/h) is then

G[G↑1G↓5 (
S5↑,↓

PSS 11
kS̄

kS
uaSu22ubSu2D , ~3!

where the probabilities of an incident electron with spinS,
PS , satisfy,8 P↑ /P↓5(11X)/(12X). At X50 we recover
the results of Ref. 11. The ratio of wave vectors in Eq.~3!
reflects that the incident electron and the AR hole belong
different spin bands. One can use the conservation of p
ability current14 to generalize the sum rule for the reflectio
coefficients in the case of subgap conductance (e,uDS6u),
for the unpolarized case. We get (kS̄ /kS)uaSu21ubSu251 and
thenGS can be expressed in terms of the AR amplitude on
For kFS.kF8 , one sees from Eq.~3! and Snell’s law, that for
uuu greater than the angle of total reflection (aS50) GS
50. We define the angularly averaged~AA ! conductance,11

^GS&, as ^GS&5*VS
du cosuGS(u)/*VS

du cosu, whereVS is
limited by the angle of total reflection or by experimen
setup.

We concentrate on thedx22y2 state and take paramete
values appropriate for HTSC’s and ongoing experimen17

on the effect of spin polarization onG. Typically there is a
small interface resistance,5 i.e., smallZ0 values, away from
the tunneling limit Z0@1.7 The experiments use5 half-
metallic ferromagnets withX˜1 and FWM values ofL0
,1.17 We present our results forG and^G& as a function of
dimensionless energyE[eV/D0, whereV is the bias volt-
age. We takeEF8 /D0512.5, with EF5EF8 (L051) andEF

54EF8 (L051/2), to consider the influence of FWM.
In Fig. 1, we show results forG(E) at u50, anda50

@i.e., an F/S interface along the~100! plane#. This behavior is
e

r-

-

o
b-

.

l

the same as for ans-wave superconductor (DS65D0). In
panel~a!, at zero interfacial barrier, we display the effect
increasingX. The solid lines represent results with FWM
L051/2. The behavior of the amplitude ofG at zero bias
~AZB! reflects the interplay between the effects of FWM a
ferromagnetism. AtX50 there is a ZBCD, as in previou
work.18 This is caused by the effective barrier introduced
FWM ~even atZ050), at the interface that separates regio
with different Fermi energies. With increased exchange
ergy the ZBCD evolves into a ZBCP, which narrows wi
decreasingL0. The ZBCP in this case is not due to unco
ventional superconductivity, since there is no sign chang
the PP’s experienced by ELQ and HLQ. For reasonable
ues of the FWM, the maximum AZB is 2, independent ofX.
The AZB maximum is obtained from the conditionk↑k↓
5kS8

2[kF8
2 . For L051/2, this occurs atX'0.968. Thus, in

the presence of FWM Andreev reflection can be enhanced
spin polarization and can even become maximal at a spe
value ofX. These results differ from those obtained witho
FWM when AR is always suppressed andG decreases with
X. The dashed lines~no FWM! illustrate this point. In panel
~b! we show the influence of barrier strength at fixedX
50.6. In the presence of FWM the subgap conductanc
more reduced, with sharper peaks atE51 than for the same
Z0 at L051 ~dashed lines!, since the effective barrie
strength18 is enhanced.

In Fig. 2 we use the same parameter values and nota
as in Fig. 1 to display the effect of AA onG for s wave
(DS65D0 for all angles!. In panel~a! the solid curves~with
FWM! show that the ZBCP at fixed X remains after AA
while its amplitude is typically reduced. We see that, unli
in the unpolarized case,18 FWM can actually enhanceG(0)
at fixed polarization. In panel~b! we show that the effects o
interfacial barrier on̂G& are similar to those given in Fig. 1

We now turn to the effects of the sign change of the P

FIG. 1. G(E) @Eq. ~3!#. E[eV/D0. Results are foru50 ~nor-
mal incidence! anda50. The solid curves are forL051/2 ~FWM
present!: in panel ~a! at Z050 ~no barrier! they are~from top to
bottom at E.1) for exchange energies X[h0 /EF

50, 0.6, 0.8, 0.968, 0.99, 0.9999, while in panel~b! they are atX
50.6 and~from top to bottom! Z050, 0.25, 0.5, 1, 1.5. The dashe
curves are forL051 ~no FWM!. In panel~a! X50, 0.6, 0.968, in
panel~b! they are atZ050,0.5.
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6322 PRB 60BRIEF REPORTS
i.e., of the unconventional nature of the S region. We ta
aÞ0 and uÞ0 so that ELQ and HLQ may feel PP’s o
opposite sign. First, in Fig. 3, we consider the limit of n
FWM, with u5p/12 anda5p/4. We examine the depen
dence of the AZB onX andZ0. In panel~a! we see that the
ZBCD becomes more pronounced with higherX, because of
suppressed AR. In the limit (EF2h0)˜0, the subgap con
ductance vanishes, due to the vanishing of the minority s
density of states~see the bottommost curve!. For X50.4
there appears a finite bias peak~FBCP!, which moves to
lower energy with increasingX. This follows from Snell’s
law. At larger X, there will be an increased difference b
tweenkS andkS8 , anduS8 will depart more fromu. ELQ and
HLQ feel PP’s with increasingly different spin-depende

FIG. 2. ^G(E)&, the u-averaged conductance, for the same p
rameter values and curve identifications as in Fig. 1. Results in
figure are averaged over all angles.

FIG. 3. G(E) for u5p/12, a5p/4, andL051. In ~a!, at Z0

50, the curves are forX50, 0.4, 0.6, 0.7, 0.8, 0.85, 0.9, 0.99~top
to bottom atE50.! In ~b!, the solid curves correspond, from top
bottom atE52, to Z050,0. 25, 0.5, 1, 1.5. The dashed and da
dotted curves are, respectively, theG↑ andG↓ conductances atZ0

50.
e

in

t

magnitude:G↑ and G↓ are governed by different energ
scales. WhenaÞ0,p/4, G(E) displays two or four distinct
features determined by up to four different PP values.
panel ~b! we show the decomposition of theX50.6 result
into its G↑ andG↓ components. The position of the FBCP
discussed above, is at the maximum ofG↓ . We also examine
the effect ofZ0 at constantX. With increasedZ0, the FBCP
evolves towards smaller energies. Eventually, the barrier
fects dominate those ofX and the ZBCP resembles tha
found in the N/S junctions, attributed to midgap surfa
states.9,11

In Fig. 4 we illustrate the effect of AA using the param
eters from Fig. 3. The solid curves represent AA over

-
is

-

FIG. 4. ^G(E)& for the data in Fig. 3. The solid curves ar
averages over allu while the dashed curves are over a region
width p/24 centered atp/12. The curves shown are, respectively,
the same order as those in Fig. 3, except that in~a! results forX
50.4, 0.7, 0.85 have been excluded for clarity.

FIG. 5. G(E) for u5p/12, a5p/4, and FWM withL051/2. In
~a!, Z050, and the curves are forX50, 0.4, 0.6, 0.7, 0.8, 0.85, 0.9
~top to bottom atE50). In ~b!, the influence ofZ0 is shown for
X50.7. The curves correspond, from top to bottom atE52, to
Z050, 0.25, 0.5, 1, 1.5.
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angles below total reflection and the dashed curves are a
ages over a narrower region. Panel~a! displays the conduc
tance for different polarizations andZ050. The ZBCD re-
ported in Ref. 5 resembles the bottommost solid curve.
parameter values for this curve agree with their values in
experiment, as mentioned above. We see that the ZBCD
^G& occurs only at largeX. The curves are then qualitativel
different from those found in the tunneling limit for a
s-wave superconductor, where the peak in^G& is sharp and
at the gap energy. In panel~b! we show that formation of
ZBCP with increasingZ0 is a robust feature present in bo
types of AA.

In Fig. 5 we consider the interplay of FWM and unco
ventional superconductivity. We takeL051/2. In panel~a!
we show the results atZ050 for a range of values ofX. The
ZBCP evolves into a ZBCD. In panel~b! at X50.7, we see
that with increasingZ0 a FBCP forms and then evolves to
n
:

er-

e
is
in

ZBCP. The FBCP here has a different origin than the bre
ing of the time-reversal symmetry state in the N/
system.9,11,19From Eqs.~1!–~3! it is simple and instructive to
obtain otherG(E) results.

We have shown here that spin-polarized tunneling sp
troscopy of F/S junctions displays qualitatively novel beha
ior. The variety of features inG(E) and^G(E)& arises from
the interplay among the form of the pair potential, the e
change energy of a ferromagnet modifying the AR, and t
Fermi energies and interface properties of the F and S
gions. The results are quite sensitive to FWM that should
carefully taken into account in interpreting spin-polarized e
periments and cannot, in the polarized case, be simply
placed by a change in parameterZ0.
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P.A. Kraus, A. J. Millis, S.W. Pierson, and L. Glazman fo
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