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Spin-polarized quasiparticle transport in ferromagnet—d-wave-superconductor junctions
with a {110 interface
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Within a scattering framework, a theoretical study is presented for the spin-polarized quasiparticle transport
in ferromagnetd-wave-superconductor junctions wifi1G interface. We find that the subgap conductance
behaviors are qualitatively different from a nonmagnetic case, due to the modification of Andreev reflection by
the exchange field in the ferromagnet, and can also be significantly different from those of a ferromagnet—
s-wave junction because of the sign change of dheave order parameter along th&10 direction of the
crystal. For a ballistic ferromagnet-wave-superconductor junction, a zero-bias conductance minimum is
achieved. In addition, a conductance maximum at finite bias can also be evolved by interfacial scattering. For
a normal-metal—ferromagned-wave-superconductor junction, conductance resonances are predicted.
[S0163-182009)10213-3

Due to the past several years of experimental and theores-wave-superconductor—ferromagnet multilay&rsthe Jo-
ical efforts, it has been widely accepted that high-criticalsephson critical current in superconductor-ferromagnet-
temperature T.) superconductors havedgz_,2-wave pair- ~ superconductor junctior’s;"? and the magnetic coupling in
a b ferromagnet-superconductor-ferromagnet multilay&ré.in
cs ao . L an earlier time, the tunneling properties of superconductor
Ao(kz—kp), has a sign change at some directions of th§ tions with a ferromagnet involved were investigated on

Fermi wave vector. This feature is dramatically differenty,q region where AR was unimportaiitRecently, the spin
from the case in a conventionslvave superconductor. AS a gpjitting effect on the Andreev reflection in ferromagnet—

direct consequence of this sign change, it was predicted s-wave-superconductor junctions has been explored
a sizable areal density of midgap stafes., states with en- theoretically®*” and experimentally More recently, the ex-

ergy arbitrarily close to the Fermi surfgoexists on §1100  perimental study has been extended to ferromagnet-high-
surface of ad,2_2-wave superconductor. These midgap g perconductor junctiol€.However, we have not seen any
states have been used to expldithe zero-bias conductance theoretical work taking into account the unconventional pair-
peak observed in most high: superconductor junctions. ing symmetry, which is relevant to the high- supercon-
The fundamental process central to this explanation is Aneuctor junctions. In this work, we are mainly concerned with
dreev reflection(AR),” that is, an electron incident with an the spin-polarized quasiparticle transport in ferromagnet—
energy below the superconducting energy gap cannot draig-wave-superconductor junctions. We first study a
off into the superconductor. It is instead reflected at the inferromagnet-superconductor junction to show the suppres-
terface as a hole by transferring a Cooper pair to the supesion of AR at the interface by the spin splitting of energy
conductor. For a normal-metad-wave-superconductor junc- bands in the ferromagnet. We then calculate the differential
tion, as the interfacial scattering strength is increased, AR isonductance in a normal-metal—ferromagnet-superconductor
suppressed. For a normal-metdiwave-superconductor junction. Because of the different spin-up and spin-down
junction, a hole is fully Andreev reflected through the sur-wave vectors in the ferromagnet, a quantum interference ef-
face midgap states, regardless of the interfacial scatterinfgct manifests itself through the resonance in the subgap con-
strength. Note that the incoming electron and the Andreewductance. This interference effect is diminished by the bar-
reflected hole occupy energy bands with opposite spins. Faier scattering at the interface between the ferromagnet and
the case of normal metals, due to the spin degeneracy a&fuperconductor. Most importantly, the typical behaviors ex-
energy levels, no spin effects associated with AR occurhibited in the conductance ofdawave-superconductor junc-
However, in a(metallio ferromagnet, the energy band is tion are, due to the sign change of the order parameter along
spin split. There has been considerable interest in studyinthe {110, crystalline direction, significantly different from
the interplay of superconductivity and ferromagnetism inthose ofs-wave counterparts, which may explain some re-
combined structures involving superconducting and ferrofated experimental observations.

magnetic materials. A lot of works have focused on the We adopt the Bogoliubov—de GennédG) (Ref. 20
changes of the critical temperature of the superconductor iapproach to ferromagnet-superconductor junctions. Within

ing symmetryt The energy gap of such a pairing state,
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the Stoner model, the motion of conduction electrons inside F I S
the ferromagnet can be described by an effective single-
particle Hamiltonian with an exchange interaction. The influ-
ence of the magnetization of the ferromagnet on the orbital et o
motion of conduction electrons is neglected since it is much %)i
smaller than that via the exchange interaction. In the absence

of spin-flip scattering, the spin-dependédfdur-component 0
BdG equations are decoupled into two sets (bivo- 9
component equations, one for the spin-up electron, spin-

down hole quasiparticle wave functionsi;(v ) and the ot

other for (U, ,v). The equation for; ,v ) can be written hy X
as

, FIG. 1. Schematic geometry of the ferromagritvave-
[He(r)—h(r)Ju; (r)+ f dr'A(r,r)uv (r) =Eu(r), superconductor junction. The thick solid line represents the interfa-
(1a cial scattering layer. Also shown is thltwave order parameter
profile and the angle: of the crystalline orientation with respect to
- , , . _ the interface. The wave vectors &g+ q, ,k,) andh:(q, ,k,) in
dr'A*(r,rHuy(r’) —[He (r)+h(r) v (r)=Ev (r). the ferromagnet, ane: (ke ,k,) andh:(—ky,k,) in the supercon-
(1b) ductor, respectively. Andreev reflection: A beam of spin-up elec-
L . . trons incident with angle® and energy within the gap are normally
Here the excitation energf is measured relative t0 the |efiected as spin-up electrons and Andreev reflected as spin-down
Fermi energ)EszizkE/Zme with kg the Fermi wave vector, pgles.
the single-particle Hamiltonian is given by
wave vectors, respectively,k, =(ky,k,) and k_=
(—ky.,ky), the pair potential ford-wave superconductivity

h2v? takes the form

He(r)=— TV(r)—Ee )

2me A(k-)=Aqc0526-). 3)

Here 6. = 6 « with 6 the incident angle of electron exci-
with V(r) the usual static potential but without the exchangetations injected from the ferromagnet aadthe misorienta-
interaction, andh(r) is the exchange energy which is explic- tion angle of the crystalline axis along which tldewave
itly given in Eq.(1). A(r,r') is a nons-wave pair potential, order parameter reaches the maximum. Bétland « are
which not only depends on the center-of-mass coordinateseasured relative to the positiveaxis. The above expres-
R=(r+r’")/2=(x,y,z) but also on the relative coordinates sion shows that the effective pair potentials experienced by
s=r—r’', or after a Fourier transform, on the relative wavethe electronlike and holelike excitations in the supercon-
vector k.?! In the weak-coupling theory, the pairing only ductor are usually different and can even have opposite signs
occurs near the Fermi surface, thus only the direction of theinder appropriate arrangements.

Fermi wave vectolkg=kg/kg is a variable. As shown in A beam of incident electrons from the ferromagnet is ei-
Fig. 1, we define the interface at=0 with the regionx  ther normally reflected as electrons at the same spin state or

<0 occupied by the ferromagnet and that with 0 by the ~ Andreev reflected as holes at the opposite spin state. Using
superconductor. We take both the pair potential and the exhe matching condition of the wave functionW(x)

change energy as a step functiar(R,k) = Ao(K)®(x) and  ~ Ui(¥).01 (X)),

h(R)=hy®(—x), where @(x) is the unit step function. V0)=W¥40), (4a)
Moreover, to capture the essential interfacial scattering at the

interface, ad-function potentialV(x)=H §(x) is included. d¥q d¥e 2mH

The metallic and tunnel junctions correspond to two limits x| dx ZF\PF(O)v (4b)
H=0 and H—x, respectively. The BdG equation for x=0 x=0

(u;,v;) is obtained by simply changing the sign befoi) the Andreev and normal reflection amplitudes, andr;,
in Eq. (1). If we denote the incident and specularly reflectedare found to be

20 (v /us)(Ketky)e ™ 9+
r,=-— - - - - ,
U k(0 — K+ 2ikee2) (0] — Ke— 2ikgx2) = (0 + Ko+ 2iKg2) (0 + Ky — 2iKg,2)

(5

- k(0 +Kn—2iKpy2) (0 —Ke= 2iKpy2) = (0 —Ke = 2ikgy2) (g + Ky — 2iKgx2)

(6)
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Here z=m.H/%%kg, with kp,=kgcos@) represents the
strength of interfacial scattering. The wave vectors in the 2.0

ferromagnet and the superconductor are, respectively,

om 1/2
qm[(ﬁ—; [Ein(E"‘ho)]] (7
and
Ke, + =Kyt (ﬁ:( >¢E2—|A<k:>|2], (8a)
Fx
K+ =Key— (ﬁink )¢E2—|A<k+>|2], (80)
Fx

whereEFX=h2k§X/2me. The variablex is given by

U,0U_

K=(U+u_)exr{—i<¢+—¢_>], ©)

where the BCS coherence factors are

=2 _ 2
ung(ﬂw), (10a
2 E
E2_ 2
Uzizl(l_w), (10b)
2 E
and
o cosA 6+ a)
¢.= cos ! m . (17)

The reflection amplitudes;, andr , can be obtained by

changing the sign before, .
The transport properties of a

regarded as the earliest version of the Landauetigu®

; FS junction with various values o
formula applied to the coherent transport through a normal;
PP : g K but fixed barrier strengthy = mgH/#% %k =0, andG,; for the

metal—superconductor structiffe.We extend the BT

theory to the spin-dependent transport through ferromagnetPP

superconductor junctions by writing the conductdfice

2 _
€ q
GU:F l+q_g|r;U|2_|UU|2 '
o
which shows clearly that an incoming electron of spiris
normally reflected as an electron of the same spimnd

Andreev reflected as a hole of the opposite s;ersually,

12

normal-metal—
superconductor junction can be described by the Blonde
Tinkham-Klapwijk (BTK) theory?? which expresses the dif-
ferential conductance in terms of the Andreev and norm
reflection probabilities. In contrast to the tunneling Hamil-
tonian model, which requires an opaque barrier at the inte
face, the BTK theory can consider the case of an arbitrar§
barrier strength. Also noticeably, the BTK formalism can be

r-

G4 (€%h)

1.5

N —
oo
.

1.5

Gy (e%h)
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FIG. 2. Conductance versus incident eneEjyA, with various
values ofhy/A, indicated in the figure for a FDa) and a FS(b)
junction. Herezy=0 andG,;  are shown in the upper and lower
panels, respectively.

tion, to understand the spin splitting effect on the subgap
conductance in the ferromagnetwave-superconductor
junction.

To study the conductance of a ferromagribtrvave-
superconductor junction, we typically discuss the arrange-
menta= 6= /4 [a=m/4 corresponds to £110 junction],
which gives¢, =0 while ¢_= . In this case, the energy
gaps felt by electrons and holes have the same absolute mag-
nitudes but opposite signs, which is a unique feature of
d-wave superconductivity. We refer to this junction as a FD
junction. By simply takingr=60=0 (a=0 corresponds to a

a{100} junction) (thus ¢, = ¢_=0) so that the gaps experi-

enced by electrons and holes are identical, a ferromagnet—

I,§-Wave-superconductor junctidineferred to as FS junction

an also be studied. In our following calculations,/E¢
=0.1 is chosen. In Fig. 2, the conductanGeversus the
scaled energ¥e/A is plotted for(a) a FD junction andb) a
f exchange enengyA,

er panel an@, for the lower panel. The conductanGe

of the FD junction increases slowly with for a weak ex-
change interaction, while the conductance of the FS junction
decreases monotonically with the incident energy with its
maximum located aE=0. The conductanc&, of the FD
junction is increased witlk in the whole gap range, and a
conductance minimum appears at zero energy. Correspond-
ingly, it implies a resistance peak at zero energy. In addition,
the largerthy is, the larger is the conductance slope within the

the conductance for each incident direction is the sum oflap. However, the subgap conductance of the FS junction

contributions from both spin direction§=G,+G,. Con-
sidering that the decrease of allowed channel nuntber,

first increases slightly and then decreases slowly &ithive
have studied other arrangemerts a=#/6 (i.e., A, =4,

the number of allowedt, values with the spin splitting has andA_=—Ay/2), §=a=5m/24 (i.e.,A.=Ao andA_=

been well understootf, here we are most interested in the —3A¢/2), and ==/4 and a=u/6 (i.e., A,=—A_
transport with both the single incident wave direction and the= 3A4/2) and found that the above features qualitatively
single spin direction, which can give more detailed informa-are unchanged. Therefore, we can conclude that the dramati-



PRB 59 SPIN-POLARIZED QUASIPARTICLE TRANSPORT IN ... 9561

@) {b) @ (b)
20 PO
15 15 RV 3‘\
© qoftt CRCIN
(.';- [ (f)— i \\//
0.5 05|
0.0 (2)8 P BT |
2.0 ———— RN
\ RN /?
15 I 15 [ ¥/
I AN E
 qgfli \ 2 1'0_1“‘\ d'/
LN 5 i\
g B N [0 , \/
(0] [ ~ 05§
05/ = O~ °l
00 L 0.0 Lot Lot L PR
"00 04 08 12 1600 04 08 12 16 00 04 08 12 1600 04 08 12 16
e, Eia, E/A, E/A,

FIG. 4. Conductance vers&s A, with various values ofiy /A,

FIG. 3. Conductance versli§ A, with various values of for - '
for an NFD(a) and an NFSb) junction. HereL=2¢&, andz,=0.

a FD(a) and a FSDb) junction. Here the value df, /A is shown in

each case. . . . .
wave vectors associated with an electron and a hole is quite

large. When the width of the ferromagnet layer is relatively

cally different behaviors between the FS and FD junctionssmall, it is easier for constructive interference to take place
are caused by the sign change of theave order parameter. between the electron wave and its Andreev-reflected hole
Most importantly, our calculation demonstrates tbatave  wave than to occur between the electron wave and its normal
pairing symmetry may be essential to explain thereflected counterpart. In Fig. 4, the conductance is plotted for
experimental observation of a zero-bias resistancearious values of exchange energy (@ a normal-metal—
peak in ferromagnet/high: superconductor junctions ferromagnetd-wave{NFD) superconductor junction ar{t)
Lay/sBay,sMNO;/DyBa,CusO;.*° Common to both the FD  a normal-metal—ferromagnet-wave{NFS) superconductor
and FS junctions, the subgap conductance at a given energiynction in the absence of the interfacial barrier scattering
E is suppressed by the exchange interaction due to the supz,=0). The width of the ferromagnet layer is=2¢,,
pression of AR. where &y,=hv/2A, is the superconducting coherence

In Fig. 3, we plot the conductance spectrum for a varietylength. For the small exchange interaction, the conductance
of values of the barrier strength but with fixed exchangeweakly oscillates as a function of the energy in both cases.
energy. ForG,; of the FD junction, when a weak interfacial As the exchange interaction is intermediately strong, a very
barrier scattering is introduced, a conductance peak evolvesharp conductance peak can show up in both junctions. In
at a finite energy. With the increase of the barrier scatteringaddition, if the exchange energy is so large as to exceed the
the width of the conductance peak becomes narrower, arkinetic energy of the Andreev-reflected holes, the hole waves
simultaneously the peak position is shifted to zero energybecome exponentially damped along the posikiwirection.
This shift of the conductance peak comes from the competiThen there is no interference between the electron and hole
tion between the constructive interference of electrons andvaves. In particular, due to the dramatical suppression of
holes at zero energy and the suppression of AR by the ferAR, there is no conduction through the structure within the
romagnetic exchange interaction. Therefore, it has a differerénergy gap. The theoretical motivation for putting the ferro-
mechanism than that observed in normal-metal-figlsu-  magnet in contact with an additional normal metal is to make
perconductor junction®, which was interpreted by the en- the scattering approach well defined for the strong exchange
ergy shift of Andreev bound states in a broken-time-reversalinteraction. Figure 5 shows the effect of an interfacial scat-
symmetry surface staf&?’However, forG ,» we do not see tering between the ferromagnet and the superconductor on
the shift of zero-bias conductance pg@BCP) in the pres- the NFD and NFS structure with the other parameters the
ence of exchange interaction in the FD junction. For the FSame as those in Fig. 4. As the interfacial scattering is in-
junction, no pronounced anomalous behaviors show up imreased, a zero-bias conductance peak appears and becomes
conductance. sharper in the NFD junction, but there is no such ZBCP

Now we would like to discuss a new kind of subgap reso-appearing in the NFS junction. Of particular interest, we find
nance by studying a normal-metal-ferromagnet-that the subgap resonant conductance peak occurring in both
superconductor junction. First we give an intuitive descrip-junctions is suppressed by the interfacial scattering but with
tion for the phase-coherent transport through this structurdts position unchanged. Physically, this behavior demon-
In a normal metal, electrons and holes at energy close to thetrates convincingly that the ZBCP is due to electron and
Fermi energy almost have the same wave vectors. Howevehple coherence at the surface of th&ave superconductor,
when they travel in the ferromagnet, the difference of thewhile the subgap resonance comes from the interference of
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pressed near the low transparent interface for some crystal-
line orientation of thed-wave superconductor. At low
temperatures, the suppression region is at a disténéem

the interface. Based on the quasiclassical anaf{<i&t was
found that in addition to the zero-energy bound state as a
consequence of the sign change of the order parameter, a
nonzero-energy bound state can also exist for some special
incident momentum and crystalline orientation, due to the
depletion of the order parameter. However, the results from
an extended Hubbard model did not find this feafiite. our

case witha= 6= /4, if we assume that the order parameter
is suppressed to zero with the regiofrom the interface, the

Gy (€%h)

«ﬁ existence of at least one nonzero-energy bound state should
- satisfy the condition w&y/2L= J2.4 Since L~¢,, the
© 05 nonzero-energy bound state may not exist in our case. There-

Ly S L T, fore, as done in many other workse.g., Refs. 2-} it is a

0.0 Lol B H et T reasonable approximation to use the step function for the
00 04 08 12 1600 04 08 12 1.6 order parameter. However, to give a more rigorous and sys-

E/A, E/A, tematic study, a self-consistent calculation is still useful,

which goes beyond the present work.
FIG. 5. Conductance versi& A, with various values of, for In conclusion, we have found that the subgap conductance
an NFD(a) and an NFSb) junction. HerelL =2&, and the value of behavior of a ferromagnet-wave-superconductor junction
ho/A, is shown in each case. is qualitatively different from a nonmagnetic junction, due to

. ] ~ the modification of AR by the exchange interaction in the
electrons and holes in the ferromagnetic layer. As the interterromagnet, and can also be dramatically different from
facial scattering is strong, the probability for holes to beinose of the ferromagnes-wave junction because of the
created by AR becomes smaller. Thus the corresponding insign change of thel-wave order parameter. For a ballistic
terference in the ferromagnetic layer is suppressed. FD junction, under appropriate conditions, a zero-hias con-

We believe the above phenomena can be experimentally;ctance minimum could be achieved, which is lacking in a
accessible. The scanning tunneling spectroscopy is best sujtg junction. In addition, a conductance maximum at finite
able for exploring the directionality of transmissithfor a  pias could be evolved by interfacial scattering. For an NFD

point contact junction, an average should be taken over inCiynction, conductance resonances are predicted because elec-
dent directions? We find that the ZBCP is robust against the t,on and hole wave vectors disperse greatly in the ferromag-

average. However, the subgap resonant behavior is very sefat.

sitive to the incident direction because the resonant condition

is difficult to satisfy for the different absolute magnitude of

the effective energy gaps experienced by electrons and holes. We thank Professor C. W. J. Beenakker and Professor A.
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