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Zero-bias conductance vanishing induced by the same-spin-band Andreev reflection
in half-metallic ferromagnet/superconductor contacts
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The Blonder-Tinkham-Klapwijk approach is extended to study conductance spectra of half-metallic
ferromagnet/s-wave superconductor contacts. It is found that a distinct Andreev reflection (AR) does exist in
which the incident electron and the Andreev-reflected hole belong to the same-spin subband, provided that
spin-flip scattering is present at the interface. The predicted distinguishing mark of the same-spin-band AR is
the zero-bias conductance vanishing and finite V-shape conductance within the energy gap. Its experimental
observation will provide a conclusive proof for the same-spin-band AR and also a best judgement about the

half-metallic ferromagnet.
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The Andreev reflection (AR) was proposed in 1964 at a
normal-metal/superconductor (N/S) interface,! and applied
by Blonder, Tinkham, and Klapwijk (BTK) (Ref. 2) to N/S
microconstriction contacts to describe the crossover from
metallic to tunnel junction behavior. In recent years, the AR
idea has been widely applied to study the ferromagnet/
superconductor (F/S) junctions, multiterminal N/S or F/S
structures, and graphene-based N/S or F/S junction, a num-
ber of new physical effects emerging. There is a virtual AR
process at the F/S junction®=® in which the AR may become
evanescent wave depending on the injection angle of the
quasiparticle due to the Fermi-surface mismatch between
spin-up and spin-down components, making the AR-induced
current largely suppressed. In the multiterminal structures,
there is a crossed AR (Refs. 7 and 8) in which the incident
electron and the retroreflected hole may be transmitted
through different contacts, as long as the distance between
the two contacts does not exceed the superconducting coher-
ent length. A graphene-based N/S or F/S junction may ex-
hibit both Andreev retroreflection and specular AR due to the
unique energy-band structures of graphene’ and there is a
transition between them with varying the exchange energy of
the ferromagnetic graphene.'®

In various AR mentioned above, the incident electron and
the Andreev-reflected hole belong to different spin subbands,
leading to a singlet pairing with opposite spins in the S. Here
we propose a type of AR effect at the F/S interface with spin
flip in which the incident electron and the Andreev-reflected
hole belong to the same-spin subband, forming the singlet
pairing via spin flip at the interface. For a half-metallic F
(HMF)/S junction since in the HMF, there is only one spin
channel for electrons at the Fermi level, the conventional AR
cannot occur at the HMF/S interface but the same-spin-band
AR can do. Recently, Keizer et al.!' reported a long-range
Josephson supercurrent between two s-wave superconduct-
ing NbTiN electrodes through a half-metallic CrO,. Since
singlet Cooper pairs cannot exist in the HMEF, it was
assumed!!~!® that a spin-triplet supercurrent passes through
the HMF and a conversion from the spin-singlet to spin-
triplet pairing takes place at the F/S interfaces. This result
can be understood by the same-spin-band AR processes of
quasiparticles with energy smaller than the superconducting
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energy gap. In the half-metallic region, a spin-up electron
impinging on one of the interfaces is same-spin-band An-
dreev reflected and converted into a hole still in the spin-up
subband moving in the opposite direction, thus generating a
singlet Cooper pair in one S due to the spin-flip scattering at
the interface. This hole in the spin-up subband is conse-
quently same-spin-band Andreev reflected at the second in-
terface and is converted back to a spin-up electron, leading to
the destruction of the Cooper pair in the other S. As a result
of this cycle, a singlet Cooper pair is transferred from one S
to another, with the aid of a pair of correlated electron and
hole in the same-spin subband of the half-metallic link, both
of them being converted into each other via the same-spin-
band AR at the two interfaces.

To make this theoretical explanation creditable, it is nec-
essary to verify the existence of the same-spin-band AR ef-
fect by designing an experiment as simple as possible and by
predicting a distinguishing mark. In this work, we extend the
approach developed by BTK (Ref. 2) to study the conduc-
tance spectra in F/s-wave S contacts by taking into account
interfacial potentials with spin flip. This potential at the F/S
interface can be regarded as an effective interfacial potential
of an F/F/S structure with noncollinear magnetization'® in
the limit of the thickness of the middle F layer tending van-
ishing. It is found that not only the conventional AR but also
the same-spin-band AR may appear at F/S interfaces in the
presence of spin-flip scattering. More interestingly, for the
HMEF/s-wave S contacts, only the same-spin-band AR occurs
at the interface with spin flip. Its distinguishing mark is the
zero-bias conductance vanishing (ZBCV) and finite V-shape
conductance within the energy gap, which is called the
ZBCYV feature here. To be able to observe the ZBCV feature
induced by the same-spin-band AR in experiments, three
conditions are necessary: the F is half metallic, the S is
s-wave pairing, and the spin flip is present at the F/S inter-
face. If these conditions are satisfied, such a ZBCV feature
will be obtained. With the spin polarization of the F deviated
from 1, the ZBCV evolves a zero-bias conductance dip
(ZBCD), the latter being also easily distinguished. As a re-
sult, the ZBCV (ZBCD) feature can be regarded as a distin-
guishing mark of the half-metallic (strongly spin-polarized)
F. From a serious symmetric study, it is found that the ZBCV
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feature obtained arises from the electron-hole symmetry at
the Fermi level for the AR in the same-spin subband.

Consider an F/s-wave S junction in which the F and the S
are separated by an interface at x=0. To capture the essential
effect of the interfacial scattering with spin flip, we model it
by a 4 X4 matrix form

1=

. U\ + U6, 0
H . (x) (1)
0 - Uyl + U6,

with &, as the Pauli matrix and I the unit matrix acting in
spin space. Here U, is the interfacial scattering potential in
the BTK approach and U, plays a part of the spin flip at the
interface. The Hamiltonian of the S is described by the BCS
one of 4 X 4 matrix,

. HJ A6,
Hge= A . 9w, (2)
—-iAG, —Hyl

where Hy=-%%V?/2m+V(x)—Ep is the free-electron Hamil-
tonian with V(x) as the potential energy and Ej the Fermi
energy, A is the superconducting pair potential, and O (x) is
the unit step function. The Hamiltonian of the F is given by

ho\~ h
<H0+—°)1——°&, 0
i L2 ()
" ho\s o *
0 —|\Hy+— |I+— 0,
2 2

3)

with h, as the exchange energy. For simplicity, it has been
assumed here that the spin-up subband of the F and the band
of the S have the same energy bottom, which dose not
change the main results of this work. If we define hy=MEF,
the condition of the HMF is M =1, for which the whole
spin-down subband is above Er so that the Fermi level cuts
across only the spin-up subband.

By use of the Bogoliubov-de Gennes (BdG) equation, the
BTK approach? is extended to study the F/S junctions. This
approach has been widely applied to describing quasiparticle
states in the S with spatially varying pair potentials. In the
present F/S junction with spin flip, the quasiparticle states
must be expressed by four-spinor wave functions. In the fer-
romagnetic region, the basis wave functions are given by
é,=(1,0,0,0)7, é,=(0,1,0,0)7, é;=(0,0,1,0)7, and é,
=(0,0,0,1)7, respectively, for the spin-up electron, spin-
down electron, spin-up hole, and spin-down hole. Consider a
spin-up electron with energy E just above Er incident on the
interface at x=0 from the left F. With general solutions of the
BdG equation, the wave function for x<<0 is given by

W, (x) = (e + bie7*e1X)é | + bye"el*é, + aye’n¥é,
+611€Khlxé4, (4)
where k) =kp and K, = VM -1k, for M=1 and
Fivl=Mkp for M <1, with k, as the Fermi wave vector.
Here coefficients by, b,, a,, and a; correspond, respectively,

to the normal reflection, the normal reflection with spin flip,
the AR in the spin-up subband, and the conventional AR in
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the spin-down subband. In the case of the HMF (M =1),
both the normal reflected electron and the Andreev-reflected
hole in the spin-down subband are evanescent waves. In the
right S region of x>0, we have

lﬂR(X) = Cléseik"’x + C2é6€ik+x + dzé']e_ik_x + dlége_ik_x. (5)

Here é5=(u,0,0,v)", é¢=(0,u,-v,0)", é,=(0,v,-u,0)7,
and é3=(v,0,0,u)” are the basis wave functions, respec-
tively, for the spin-up and spin-down electronlike quasiparti-
cles (ELQs), and the spin-up and spin-down holelike quasi-
particles (HLQs), which are obtained from Hgcif=E with E
measured from Ey. In Eq. (5), k™ =kg, u=(E+Q)/2W, and
v=V(E-Q)/2W, with Q=VE?>~A? and W=E for E=A, and
Q=iyA?-E? and W=A for E<A. If the spin-flip scattering
is absent, the four-component BdG equation may be decou-
pled into two sets of two-component equations: one for the
spin-up ELQ and spin-down HLQ wave functions é5 and ég,
the other for é¢ and é;.

The coefficients in Egs. (4) and (5) can be determined by
matching boundary conditions at the interfaces, yielding

W (00) =Wg(0,),

9

J
axq’R(OJr) - EWL(O—)

Z\1+ 2,6,
=2kp

o )%(o_x ©)
le— Z20'y

where Z,=U,/fvy and Z,=U,/hvp are dimensionless pa-
rameters describing the interfacial scattering with and with-
out spin flip, respectively, with vy as the Fermi velocity.

The zero-temperature differential conductance of the
present tunnel junction can be obtained as o(E)=0(E)
+0|(E), where

2
o(E) = %(1 +M)[1+ |ay]* = |by* + (Ja, [ = |y V1 = M],

)

for M <1, and o(E) is given in a similar way with a spin-
down electron (é,) impinging on the barrier. In the case of
the HMF (M = 1), there are no spin-down incident electrons,
and the normal reflected electron and the Andreev-reflected
hole in the spin-down subband have no contribution to the
conductance, so that o(E)=(2¢?/h)(1+|a,/*~|b,|*). For en-
ergies below the gap (|E| <A), the current conservation reads
|by|>+|as)>=1 and the differential conductance reduces to
o(E)=(4€*/h)|ay|*. Tt indicates that in the HMF case, the
conductance spectrum within the gap arises only from the
same-spin-band AR.

It is well known that, for an HMF/s-wave S junction, the
conductance within the energy gap should be zero in the
absence of spin-flip effect at the interface, as shown by the
solid line in Fig. 1. This is because the conductance within
the gap arises from the conventional AR in the spin-down
subband but there is no spin-down electron band across E in
a half metal. Figure 1 shows the conductance spectra for
different Z, with M=1 and Z,=0. The presence of Z, leads
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FIG. 1. (Color) spectra  of

to conductance structures within the gap, which must arise
from the AR in the spin-up subband. A most conspicuous
sign there is the ZBCV feature, the conductance vanishing at
E=0 and finite V-shape conductance within the energy gap.
The present Z;=0 corresponds to the metallic contact in the
BTK theory, and nonzero Z, plays a part in the spin-flip
scattering at the interface. With increasing Z,, the V-shape
conductance within the gap is enhanced by the increasing
spin-flip scattering, as shown in Fig. 1. If Z; is increased with
Z, fixed, the V-shape conductance within the gap will gradu-
ally decrease due to the suppression of the same-spin-band
AR effect, and finally evolve into the U-shape one in the
tunnel junction.

The ZBCV and finite V-shape conductance shown in Fig.
1 can be interpreted only by the same-spin-band AR, rather
than by the conventional AR. This is because (i) the finite-
conductance structure arises from the AR, (ii) the conven-
tional AR needs two spin subbands on the metallic side, and
(iii) the half metal has only one spin subband across the
Fermi level. The present conclusion is a general one, depend-
ing neither on the BTK approach nor on the choice of pa-
rameters used here. As a result, the ZBCV feature can be
regarded as a distinguishing mark of the same-spin-band AR
appearing at an HMF/s-wave S interface.

What is the origin of the conductance vanishing at E=0?
It comes from the electron-hole symmetry in the same-spin
subband, which is unique in the same-spin-band AR process.

Define an electron-hole transformation U=7,® 1, where T is

the Pauli matrix acting in the electron-hole space and 1 is the
unit matrix in the spin space. After this transformation, the
spin-up and spin-down electrons é; and ¢, become the holes
é; and ¢, in the spin-up and spin-down band, respectively.
For the s-wave paring, the pair potential is antisymmetric by
interchanging the spin indices (A; ==A ;) so that both the
single-particle term and the pairing term in Eq. (2) change
the sign under the U transformation. Therefore, for the
Hamiltonian in the F, in the s-wave pairing S, or at the in-

terface, we all have UI:IU":—I:I*, which leads to an
electron-hole symmetry lying at the Fermi level (E=0).
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FIG. 2. (Color) Differential conductance spectra of strongly po-
larized F/s-wave S contacts (Z;=0) for (a) Z,=0.1 and (b) Z,=0
with various P indicated.

In the HMF case, only the spin-up band crosses the Fermi
level and contributes to the conductance. Consider the scat-
tering processes of the electrons and holes in the spin-up
band incident on the interface and reflected as electrons and
holes in the same-spin subband of the left HMF. The incident
wave function is (e;,,h;,)” and the reflected one is given by

e e b, ay\[e,
i S L ) [ S
hout hin ay b] hin

where coefficients a, and b; indicate the same-spin-band AR
and the normal reflection processes for an incident electron,
respectively, and a; and b| indicate the corresponding pro-
cesses for an incident hole. In the HMF, only one spin sub-
band is involved in the scattering and the matrix U is reduced
to 7, acting only in the electron-hole space. At the Fermi
level, the electron-hole symmetry requires that %XS%;1=S*,
which leads to ay=a5 and b{=b]. The conservation of the
particle numbers requires the unitarity of the S matrix and
finally we get a5b;=0. Since the choice of b;=0 and |a,|
=1 is impossible in the presence of tunnel barrier (Z, #0),
the sole choice is a,=0 at E=0, resulting in the ZBCV. The
argument above indicates that the electron-hole symmetry at
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E=0 for the same-spin-band AR is responsible for the ZBCV
found in the present work. For E # 0, the electron-hole sym-
metry is broken and a finite conductance comes into being.
For an N/S contact in the conventional BTK approach, since
the incident electron and the Andreev-reflected hole are in
two different spin subbands, the transformation U cannot be
reduced to a 2 X2 matrix 7, acting only in the electron-hole
space but maps é5 and ég in one current channel into é, and
¢, in another channel. In this case, it can be easily shown that
the zero-bias conductance is finite in metallic limit. We also
wish to point out that the electron-hole symmetry above for
the s-wave S may not be valid for the anisotropic S in which
the ELQ and HLQ moving along the same direction feel the
pair potentials with opposite signs,?” which may result in the
absence of the ZBCV. Therefore, the ZBCV feature here is a
hallmark of the HMF/s-wave S contact with the distinct AR
and spin-flip effect at the interface, protected by the electron-
hole symmetry in the same-spin subband.

For the ZBCV feature as a result of the same-spin-band
AR alone, its appearance requires that the F is half metallic.
For an F of P<1 with P as the spin polarization, since the
conventional AR also has contribution to o(E), the ZBCV
evolves a ZBCD, as shown in Fig. 2(a). With P deviated
from 1, the ZBCD is suppressed gradually and even disap-
pears for small P. As a result, using an F/s-wave S contact
with spin-flip scattering at the interface, one can distinguish
the half metal from the ferromagnetic metal of P<<1 by the
ZBCV or ZBCD feature. The closer to the ZBCV the ZBCD
is, the closer to 1 the spin polarization is. As a result, the
ZBCD feature can be regarded as a mark of a strong spin
polarization of the F. If the spin flip is absent (Z,=0), each
V-shape conductance curve with ZBCD becomes a horizon-
tal line of 2(1—P) within the gap, as shown in Fig. 2(b). In
this case, there is no same-spin-band AR so that the conven-
tional AR alone is responsible for the conductance spectra.

Finally we wish to make a comparison between the

PHYSICAL REVIEW B 81, 224510 (2010)

present theory and related experiments. It was reported!! that
CrO, is a half metal with P=0.96 close to 1. Experimental
conductance vs bias voltage for Nb/CrO, point contacts (Z
=0) measured at 1.8 K showed a V-shape curve within the
energy gap, whose zero-bias conductance is close to
vanishing.?! The similar V-shape conductance was also ob-
served in Pb/CrO, point contacts, as shown by Fig. 4b of
Ref. 22. Such a finite V-shape conductance is in qualitative
agreement with curves in Figs. 1 and 2(a) but does not agree
with the sharp U-shape one shown in Fig. 2(b). It then fol-
lows that the present theory can reproduce essential features
of conductance spectra in the HMF/s-wave S contacts, and
provide a more reasonable physical explanation for experi-
mental results. Nadgorny et al.>3 used the point-contact AR
technique to carry out a systematic study of the spin polar-
ization in La, ;Sry sMnO;5 and applied a modified BTK model
with two adjustable parameters: P and Z, to well fit the ex-
perimental data for P=0.6. In our opinion, however, such a
fitting will be more and more difficult with P further increas-
ing toward 1. In contrast, the same-spin-band AR provides a
natural physical mechanism for the finite-conductance struc-
ture within the energy gap even at P=1. From Fig. 2(a), it
follows that the present theory is suitable not only to P=1
but also to the case of P<1.

In summary, we have extended the BTK approach to
study the HMF/s-wave S contacts and to find the ZBCV
feature in their conductance spectra, which is protected by
the electron-hole symmetry in the same-spin subband. The
experimental observation of the ZBCV feature will provide a
conclusive proof for the same-spin-band AR. The ZBCV or
ZBCD feature can also be a distinguishing mark for the half-
metallic or strongly polarized F.
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