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The Blonder-Tinkham-Klapwijk approach is applied to studying spin-polarized quasiparticle transport in
ferromagne{FM)/d-wave superconductdSC) junctions by taking into account the roughness of the interfa-
cial barrier, broken time-reversal symmetBTRYS) states near the surface of the SC, and exchange interac-
tions in the FM. It is shown thatl) the exchange splitting in the FM decreases the height of the zero-bias
conductance pealgBCP) and may induce a zero-bias conductance(@iBCD), (2) the presence of the BTRS
states in the SC may make the ZBCP split into two peaks,(@nthe interface roughness obstructs the ZBCP
splitting and decreases the height of the ZBCP. The calculated results can account for the ZBCD observed
experimentally in LgsBa;sMnO3/DyBa,CusO; and LgsBa; sMnO5/YBa,Cus O, 5 junctions.

DOI: 10.1103/PhysRevB.63.144520 PACS nuni®er74.80.Fp, 74.50:r, 74.76.Bz

The tunneling spectroscopy in  normal-metal/ in the half metallic FM'® Very recently, the differential con-
superconductofNM/SC) tunnel junctions can provide useful ductance in LgsBa;;sMnO;/YBa,Cu;O;_ 5 junctions was
information on the superconducting mechanism and gap. letected by Sawat al,*® exhibiting a small central peak in
was indicated theoretically that the unconventiodalave the ZBCD. The tunneling spectroscopy of the FEMiave
symmetry could lead to phenomena such as midgap surfac®C junctions were analyzed theoreticafly?’ Qualitative
state$ and a zero-bias conductance pe&BCP) due to the features in the zero-bias conductance may be reproduced, the
sign change in the pair potential. Observations of a ZBCP ireffects of the exchange interactions in the FM or/and in the
the in-plane conductance were reported for NM/SC tunnebarrier, the barrier height, and the Fermi wave-vector mis-
junctions on oriented higfix. superconducting films such as match between the FM and SC regions have also been stud-
YBa,Cu;0,_ 5,2~ Tl,Ba,CaCuy0,® Bi,S,CaCyOg, 5, ied.
and La gsSry 1Cu0, (Ref. 7 films. The peak height in the In this paper, we extend the Blonder-Tinkham-Klapwijk
experiment was found to be somewhat lowered comparetBTK) theory?! which was previously used to calculate dif-
with that in the theory; the agreement in the peak height waferential conductance of an NigWwave SC junction, to
suggested to be improved by taking account of impurity scatstudy that of an FMd-wave SC junction by taking into ac-
tering and interface roughness in the calculafitinis highly ~ count the broken time-reversal symmetBTRS) states and
desirable to perform a serious calculation on the interfacg¢he barrier roughness. The former is considered by introduc-
roughness effect on the ZBEFON the other hand, it was ing ans-wave component near the surface of the@ave SC,
reported that when a magnetic field of a few tesla was apforming a mixed (+is)-wave staté®?? The rough barrier
plied, some of the ZBCP’s split into two peaks, while someis described by a comple&-function potential with the real
of them only broadened without splittifigFurther, a ZBCP  and imaginary prefactors indicating the barrier strength and
splitting of a few meV was observed at low temperatures irroughness, respectively. It is shown that the BTRS states
zero field® The splitting of the ZBCP was attributed to the may give rise to a splitting of the ZBCP, while the barrier
presence of a spontaneously broken time-reversal symmetrpughness plays a role in obstructing the splitting of the
phase in the surface state ofdg 2 state!® However, the ZBCP. As a result, whether or not the ZBCP splits into two
presence of the ZBCP splitting at zero field and the absencgeaks is determined by a competition between the above two
of the splitting in some junctions under applied magneticfactors. Both the exchange splitting in the FM and the inter-
fields are yet to be understood theoretically. face roughness result in a decrease in height of the ZBCP. In

Recently, transport properties in hybrid structures bethe case of the half metallic FM, the ZBCD behavior ob-
tween ferromagnetFM) and highT, SC’s have received served in experiments can be reproduced by taking account
considerable theoretical and experimental attenttolf For  of the interface roughness effects.

a LayBasMn0O5/DyBa,Cu;O; junction, a zero-bias con- Consider an FM/SC junction structure of semi-infinite FM
ductance dip(ZBCD) was observed at zero field and low and SC films separated by a very thin insulating filmxat
temperatures, and was attributed to a suppression of Andreev0. As shown in Fig. 1, there are three regions: an FM
reflectiort’ (AR) as a consequence of high spin polarizationregion ofx<0, a bulk SC region o&>L with a pured-wave
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Ferromaghet Insulator  d+iswave  d-wave Here Ho(r)=—#%2V2/2m+V(r)—Eg with V(r) the usual
superconductor static potential, andh(r)=hy®(—x) with hy the exchange
energy in the FM and®(x) the unit step function. The ex-
citation energyE is measured relative to the Fermi energy
! Er. For thed- or (d+is)-wave SC, bothu; andv as well
asA are angle dependent.

In the presence of interface roughness, the FM/SC inter-
face barrier ak=0 can be described by &type potential
8(x) with a random roughness functiag(y,z) so that the
barrier potential is given byJ(r)=Ud(x)g(y,z). In the
Green'’s function approach under the “white noise” approxi-
. mation, the self-energy contains an imaginary part indepen-
q dent of momentum. It then follows that the interface barrier
may be modeled by an effective interface potefitial

US(X)=(Ugl—iPT3)8(X), 2)

Y

where 1is the unit matrix andrz the Pauli matrix. In this
FIG. 1. Schematic illustration of reflections and transmissions ofeffective potential,U, indicates the barrier strength aii

quasiparticles in the FM/SC junction. describes the scattering effect during tunneling through the
rough barrier.
order parameter, and a surface SC regionax@<L with a Consider a beam of spin-up electrons incident on the in-

(d+is)-wave state in which the time-reversal symmetry isterface ax=0 from the FM at an angl@ to the interface
locally broken. As is well understood, an inhomogeneity in anormal. As shown in Fig. 1, there are four possible trajecto-
d-wave SC will induce arswave component, such as the fes: normal reflectionlf;), Andreev reflectiond,), trans-
surface of ad-wave SC and the FMkwave SC interface Mission to the SC as electronlike quasiparticles) ( and
under consideration het82223Owing to proximity effects ~transmission as holelike quasiparticles,)( We wish to

of the FM/SC structure, a BTRS state must appear at thBoInt out here that the AR coefficiert, is labeled with
ﬁybscrlptl because the AR results in an electron deficiency

in the spin-down subband of the FM, even though it is at
times called a spin-up hole. With general solutions of the
BdG equation(1), the wave functions in three regions are
described by

ducting coherence length. Such a BTRS state should be
assumed to be thed{-is)-wave state, and. to be of the
order of £&. The pair potential takes different forms in the
three regions.A(x)=0 for x<0. For x>L, A(x)=A%
=Aq cos(Xs+2a), WhereAi andAY stand for the pair po- A 0\ 1\

tentials for electronlike and holelike quasiparticles, respec- \If|=<0)e'%x cosfta, l)e'%st@H b, O)e—quxcosa
tively, « is the angle between tteeaxis of the crystal and the (33
interface normal, andg has been indicated in Fig. 1. For O

<x<L, A(X)=AT=A,cos(H+2a)+iAs, where Ay and for x<O,

A, are the magnitude of thet ands-wave components of the -
pair potential, respectively. It is worth noting that the effec- ( uTe'¢+

m i¢T
v-e efika cos b
um

tive pair potentials experienced by the electronlike and hole-Yi =8

like excitations in thed-wave SC are usually different and

may even have opposite signs under certain circumstances. ( umeio”
+gi|

) eikTx cosds - f,
U
o7t

We adopt the Bogoliubov-de Genn@dG) approach® to * ) glkx cosbg
study the FM/SC junction. Within the Stoner model, the mo-
tion of conduction electrons inside the FM can be described (3b)
by an effective single-particle Hamiltonian with an exchange
interaction. In the absence of spin-flip scattering, the spinfor 0<x<L, and
dependentfour-component BdG equations are decoupled

m

) efif'fx costs 4 h,
pm

. . o d o d

into two sets of(two-component equations: one for the u‘ie"”+ ik x cosp viel?- —ik% x cos
spin-up electronlike and spin-down holelike quasiparticle ¥ =C; L e s+d 4d e °
wave functions ¢, , v,), the other for ¢, v;).*® The BdG * - (30

equation for (1;, v ) is given by

for x>L. Here qT:\/Zm(EFthO)/h2 and q
=~ 2m(Eg—ho)/%?, indicating different Fermi wave vec-

Ho(r)—h(r) A(X,0) us(x,6) us(x,6) tors for the spin-up and spin-down subbands in the FM. In
A*(x,0)  —Ho()*—h(n)|lv,(x,6)] “|v,(x,0)]  the surface SC regiorkT=ke[1+ VE?—|AT|?/E£]Y? and

(1) KP=ke[17 VEZ—[AT[?/EE]Y% and in the bulk SC region,
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kS =ke[1= VE?—[AT[YEE]"? whereke=2mE-/A” is UM i@l o™ _ my
the Fermi wave vector in the SC. All the wave vectors in Q_=
Egs.(3b) and(30), kT, k™ andk? , are approximately equal 11
to ke. (UM)?=1—(vM)2=3(1+ 1-[AT/E[?) and )2

—1—-(v%)2=1(1+V1—[AY/E[). In Egs.(3b) and (3¢,  Here r1=a; costl(kecosey, r =0, costa/(kscosty), Z,

4™ and ¢? are given by =Z,9/c0sbs, andZ,=Z,y/cosbs with Z,,=mU, /% ke and

* * Z,0=mP/%%k:. In Egs. (5)—(11), all the wave vectors of

electronlike and holelike quasiparticles in the two SC regions

exp —i(k™—k™L cosés].

d
vTviei(d’g_d’T)—uTu(i

#"=cos . cos A 05+ o) 1 (4a) have been replaced W except those appearing in the ex-
- VCoS2( 05 a) + (Ag/Ag)? ponents. For spin-down electrons incident on the interface at
_ x=0, a; andb, can be similarly obtained, having symmetric
$¢ —cos 1 cos A Os+ ) (ab) expressions compared with Eq&)—(11). Besides, for an
- |cosA0sF a)||’ incident electron with spin down, since its wave vectors are

always smaller than those of the hole due to AR<q;), ¢

is always greater thafl, and there is no virtual AR for any
incident angle.

The tunneling conductance of an N&wave SC junction

s been given by the BTK theofywith the contribution of

R being included. The BTK approach is readily extended
to the spin-dependent transport through an &Miave SC
junction, and the differential conductance is giverfby

In the FM, g, is greater thar; due to the presence of the
exchange splitting B,. Also, neither of them is equal to-

in the SC. However, they must satisfy the condition
g, sinf=q, sin O4=Kke sin 6 to guarantee the conservation of ha
the momentum components parallel to the interface. As =N
result, 0, 65, and 64 differ from each other except wheh
=0; in the present case};>ke>(q; so that < s<6.
With increasingé, both 6, and 65 become large. A9 ex-

ceeds siﬁl(ql /g;), the x component of the wave vector in 2e2

the AR process/q?—q? sir?@ will become purely imaginary G(g):GT“‘GL:TReS;H

so that the Andreev reflected quasiparticles do not propagate, '

and they were referred to as virtual AR. Further, wh&n 0sCOSOa, ., )
>sin‘1(kF/qT), the transmitted quasiparticles do not propa- XPg| 1+ —qs coso |ast?=[bg|* |, (12)
gate and so the net charge current from the FM to SC van-

All coefficients in Egs.(38—(3c) can be determined by polarizations in the FM for up and down spins, respectively,
boundary conditions ak=0 andx=L. They are ,(0) and s stands for the spin opposite # In the experiments,
=,(0), (depyy 1dX)y—o— (diy 1dX)—o=2m U, (0) /%2, the measured conductance is given by a weighted average
(LY=o, (L), and @y, /dx),— = (dyy,, /dX),— . Us-  over contributions from all possible electron trajectories,
ing the boundary conditions on the wave functions and car-

rying out a little tedious algebra, we find G= %f’”z d6cosoG(6). (13)
—7l2
al:4rTu,u+e*‘¢T/D, (5)
In what follows we calculate the conductance spectrum in
by={[2(iZ,+Z5) —r;—1][2(iZ,-Z,)—r |+ 1lv_ terms of Eqgs(12) and(13) together with Eqs(S)—(ll). Let
us first study effects of the exchange splitting on the conduc-
xu__e‘(¢T‘¢T)—[2(izl+ Z,)—r,+1] tance spectrum in the absence of BTRS in the SC and inter-
o face roughness by takind,=0 and Z,=0. Figure Za)
X[2(iZy—2Z5)—r—1Ju,u_}/D, (6) shows the normalized conductanGeversus scaled energy
with E/A, for different hg/Eg. It is found that with increasing
the exchange splitting, the ZBCP is lowered rapidly and
— 9/ R L U — evolved gradually into a set of zero-bias conductance dips
D=l[2(12y+2p)+ 1y +1][2(12,= Z5) =1y~ 1]u U with surviving central peaks. Alsy/Ef is increased to 0.999
—[2(1Z1+Zy) +r—1][2(1Z2,—Z5) (i.e., the FM becomes a half metathe central peak in the
e ZBCD disappears. The drop of the zero-bias conductance
—r,+1Jv v €= (7)  shown in Fig. 2a) can be attributed to the fact that for a
B given incident angle, witly/Er increased beyond a thresh-
u.=ul—Q.ov7, (8) old, the AR process for the incident electron with spin up
- - vanishes and only the AR of the spin-down electrons has
v.=vT-Q.uT, (9)  contributed to the ZBCP. Taking into account the condition
D sing>q, /g, with (q, /d;)%=(Er—ho)/(Er + ho), we get the
oMyd @i (6= 0T _ym. d - threshold forhy/E equal to co%/(1+sirfé). .
S ~exf i (KT —K™M)L coséy], In the presence of BTRS surface states, by takimgé
uTudel(¢=-94)—pmyd =hve/mAo, the calculated results farg/A4=0.5 and 1 are

(10 shown in Figs. &) and (c), respectively. Two interesting
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20f (a) -

G (2e*/h)

G (2e%/h)

G(2e?/h)

FIG. 2. Normalized conductance spectra for differbgt Ex
=0 (a), 0.3 (b), 0.5 (c), 0.7 d), 0.8 (e), 0.9 (f), and 0.9990g)
with A;/A4=0 (a), 0.5 (b), and 1(c). Here a==/4, Z,;=0.5,
Z,,=0, andA4/A,=0.5.
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1.4 . : . . . :

G (2¢%/h)

G (2e°/h)

FIG. 3. Normalized conductance spectra for differ@ng=0
(a), 0.1 (b), 0.3 (c), 0.5 (d), and 0.7(e) with (a) A;=0 and
hy/Er=0.5, and(b) A;/A4=2 andhy,=0. The other parameters
are the same as in Fig. 2.

features are found. First, the ZBCP is split into two peaks
due to the presence of tteawave component at the surface
of the d-wave SC; the ZBCP splitting becomes large with
increasingA¢/A. This result indicates that the ZBCP split-
ting may appear at zero magnetic field, which is consistent
with the suggestion of Fogelstrom, Rainer, and S&liEhis
point can account for the experimental observations by
Convingtonet al® Second, theswave component will also
lower slightly the ZBCP height.

We now study effects of the interface roughness on the
differential conductance of FMFfwave SC junctions. Figure
3(a) shows the normalized conductance spectra for different
Z,5o by takingAg=0 andhy/E=0.5. It is found that as the
interface roughness is increased by increasiigy, the
ZBCP is gradually lowered, and the ZBCD with surviving
central peak may appear. From this point, the effect of the
interface roughness is similar to that of the exchange split-
ting in the FM. The difference between them is that the in-
terface roughness has another important effect of resisting

144520-4
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the splitting of the ZBCP, which can be seen in Figh)3
With Z,, increased, the ZBCP splitting due to the BTRS
surface states becomes small and disappears gradually. As
result, the interface roughness has at least two effects on th
conductance spectra: to resist the splitting of the ZBCP anc
to lower the height of the ZBCP. From the discussions 0.4
above, it follows that whether the ZBCP splits into two peaks §

is mainly determined by the competition between two fac- %,
tors. One is the BTRS due to tisewave component at the £ 4,
surface of the SC, which is favorable to the splitting of the
ZBCP; the other is the interface roughness that obstructs thi
ZBCP splitting, as shown in Fig.(B). The suppression effect

of the interface roughness on the ZBCP splitting results anc 90
the competition between the above two factors may accoun

0.6

for inconsistent experimental reports. The ZBCP splitting .2 ' - ' 0 ' 1 ' 2
observed in some NM/SC junctions at zero magnetic Yield E/A
may be attributed to a strong BTRS and a weak interface 0

roughness, while the absence of the ZBCP splitting in other g, 4. Normalized conductance spectra for differggg=0

NM/SC junctions even under applied magnetic fiélds in (a), 0.02 (b), 0.03 (), 0.05 @), 0.07 @), 0.1 (f), and 0.3(g)
the FM/d-wave SC junctionS'*® may arise from the strong with h,/Er=0.999 andA.=0. The other parameters are the same
suppression effect of rough interfaces. To make a comparis in Fig. 2.

son between the theoretical and experimental reSuifsye

plot the calculated conductance spectra for a half metallic . . . .
FM/d-wave SC tunnel junction in Fig. 4, wherey/E zero-bias conductance dip. Another important result is that
- . 4, .

=0.999 and different values &f,, are taken. All the curves the BTRS states in the SC may give rise to the ZBCP split-

exhibit the ZBCD behavior that is evidently a feature of thetmg’ but the interface scattering due to barrier rough-

half metallic FM electrode. In the absence of the inten‘aceneSS resists it. As a result, whether or not the zero-bias

roughnessZ,,=0). curvea in Fig. 4 corresponds to cung conductance splits is determined by the competition
20— YY), :
in Fig. 2(a). A central peak is induced at the ZBCD by the between them. The present calculated results can account

interface roughness and the peak becomes gradually high]:aorr the  zero-bias ~ conductance dip  observed

. . X X . 8xperimentally in  LgsBa;sMnO;/DyBa,Cu;0; and
with Z,q increased. It is found that the experimental curve in X i
Ref. 15 is like curvea in Fig. 4 while that in Ref. 16 is like LaygBay,MnO;/YBa,CusO; -, junctions. In the present

N ) ... ._model, we have neglected the spatial variation of the pair

curvec or d, indicating that besides the exchange splitting in - ;= oo
: . potential in the SC due to proximity effects and the spin flip
the FM, the effect of the interface roughness plays an impor: . . .
: - of the spin-polarized currents. Inclusion of these effects
tant role in determining the shape of the conductance spec- . ;
trum would be necessary for a complete theory, which merits fur-

In summary we have employed an effective model to de—ther study.

scribe the roughness of the interfacial barrier and the broken This work was supported by a grant of the Research Grant
time-reversal symmetry states in FiAivave SC junctions. It Council of Hong Kong, and a grant for the State Key Pro-
is shown that the exchange splitting in the FM and the intergram for Basic Research of China, and a grdhb.
face roughness can lead to a decrease of the zero-bias cd887401) of the National Natural Science Foundation of
ductance peak, in particular, the former may give rise to &hina.
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