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Spin transfer torque in the presence of Andreev reflections
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A first-principles method is developed to study the spin transfer torques in magnetic noncollinear textured
ferromagnet-superconductor heterostructure. We apply the method to study the long-range spin-triplet pairing
(S,=*1) induced by the spin-flip scattering near the ferromagnet-superconductor interface. The long-range
spin-triplet Andreev reflection will saturate to the same value as usual Andreev reflection with strong enough
spin-flip scattering. We find that the giant magnetoresistance effect of a spin valve with a superconductor
contact can be restored by a small amount of interfacial spin-flip scattering.
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I. INTRODUCTION

Ferromagnet-superconductor (F/S) heterostructures attract
considerable interest recently.!~® The electron reflecting from
F/S interfaces will gain a spin-dependent phase shift.” More
interesting the long-range spin-triplet pairing (S.= *1) can
be induced by the noncollinear magnetic texture*®° or mag-
netization precession.’ Similar to the ferromagnet-normal-
metal (F/N) heterostructure, the spin transfer torques'®!!
(STTs) also exist in the present of superconductor leads'? but
acquire new features in magnetic nanopillars connected to
superconducting electrodes.!® Experimentally, dc Josephson
effect in SFNFS junctions has been reported. !

The basic concept of STTs is that spin angular momentum
can be transferred by the flowing electrons from one ferro-
magnetic (FM) material to another FM, which is also identi-
fied experimentally by observation of the magnetization
switching in FM spin valve.'* The theories'>~!® combining
the quantum treatment of the interface scattering and the
Boltzmann-type treatment of the bulk scattering work rea-
sonable well with the experiments of metallic system. Ed-
wards et al.'® and Haney et al.?® performed full quantum
mechanics calculation of STTs in spin valves by Green’s-
function-based formulism.

In fact, F/S interface has been a subtle topic in giant mag-
netoresistance (GMR) effect for many years.?!~2* Phase co-
herent theory predicted the absence of current perpendicular
to the plane GMR due to Andreev reflection (AR) in F/S
structure.2* However, GMR has been observed in magnetic
multilayers sandwiched between superconducting
electrodes® and the measured interface resistance can be
well compared with the numerical study?® without consider-
ing AR. Spin-relaxation and spin-flip scattering could be the
reason for the restoring the GMR effect in F/S system but
whether GMR can be 100% restored is not clear.

AR measurements in normal-metal/superconductor (N/S)
and F/S devices was carefully investigated?’ experimentally.
The inelastic-scattering-induced pair-breaking effects were
believed to be important in explaining the experiment obser-
vation. It is hard to compare experiment to the qualitative
calculation directly due to the poorly formed F/S interfaces.
The bee Fe can be well matched with the fcc Al by rotating
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45°. The interface between superconducting Al and ferro-
magnetic Fe is a good candidate for the detailed study of the
AR spectrum of point contact.”

In this paper, we have generalized the first-principles scat-
tering wave-function method®® to include the AR within
Bogoliubov-de Gennes?® frame. With the scattering wave
function, we calculate the conductance and STT. The rest of
the paper is organized as following. In Sec. II, we present the
details of the formalism for obtaining the scattering wave
functions. In Sec. III, the formula of calculating the STT for
electron and hole is presented. In Sec. IV, method is used to
calculate the long-range spin-triplet AR due to the spin-flip
scattering near Fe/Al interface. In Sec. V, we showed how
the GMR in Fe/Ag/Fe/Al spin valves can be completely re-
stored by a small amount of spin-flip scattering at the Fe/Al
interface. In Sec. VI, we summarize our results.

II. FORMULA

Let us consider ferromagnetic nanopillars connected to a
superconductor sketched in Fig. 1. The ferromagnetic mo-
ments are in general noncollinear. The Bogoliubov-de
Gennes equation® can be written as
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FIG. 1. (Color online) (a) The sketch of F/S junction with in-
serting a fictitious N metal region between F and S. (b) The sketch
of Fe/Ag/Fe spin-valve structure connecting S contact with insert-
ing a normal metal Al for technical convenience.
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where Hy,,(o=1,]) is the single-electron Hamiltonian for
noncollinear magnetic structure. The ¢,,(c;,,) are the coeffi-
cient vectors of the wave function of electrons (holes) with
spin index o in some convenient bases. The A is the super-
conducting pair potential. The excitation energy & is mea-
sured relative to the Fermi energy. Here we label the holes
spin the same as corresponding empty electron states.

The electron Hamiltonian for noncollinear system in
linear-muffin-tin-orbital (LMTO) basis®*3! set |RL{) in the o
representation is a 2X2 matrix in spin space and can be
written as

a S N oo N T
Hy; rrrr = URICReOrrrre + NARSRy iz VAR 1UR
()

where R is the site index and L can be defined by
L=(I,m). [ and m are the azimuthal and magnetic quantum
numbers, respectively. {=1(]) denotes that the basis is
eigenstate in spin space, which is parallel (antiparallel) to
spin-quantization axis. C§, and Af, are 2 X2 potential pa-
rameter matrices expanded in spin space and diagonal in the
local coordinate system. Here the bars above potential pa-
rameters mean that in the local coordinate system.
The unitary rotation matrix at site R can be defined by

Or . O _.
cos—e R _gin—¢I¢R2

UR(HR"PR) = 0 s (3)
sin— ¢i¢r/2 cos?Re"‘PR/2

where Oy, ¢g are the azimuth angles of the local quantization
axis. Screened structure constants SﬁLR, L contain all infor-
mation about the structure, which are block diagonal in the

spin space,

" u 10
SRL,R’L’:SRL,R’L’|:0 1]- (4)

Pg, (&) is the screened potential function matrix and con-
tains all information about the atomic species at site R for
calculating the electronic structure,

PR, (e) = UgPa,(e)Uk. (5)
The Pg, is diagonal in the local coordinate system,
—a,]
—u Prr 0
PRL(S) = |: —a,| :| > (6)
0 prp

where ﬁ{‘{{(“z(E—E{‘{{(”)(Kf{{(“)“.

Let us consider the system always has two-dimensional
(2D) translational symmetry in the plane perpendicular to the
transport direction. All the states can be characterized by a
lateral wave vector k; in the corresponding 2D Brillouin
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zone (BZ). The screened Korringa-Kohn-Rostoker (KKR)
equation®! for electron in the mixed representation of k; and
real-space layer index I [see Fig. 1(b)] is

= 11 Ciy + [Pi(e) = SPICT = 811 Cliy =0. (D)

Here, C,;=C;;=Cgj,; describes the wave-function ampli-
tude in terms of some localized orbital basis where i labels
the atomic orbital and atom site. C; is a 2(I,+1)*?H=2M
dimensional vector describing the amplitudes of the /th layer
with H sites and 2([,,+1)? orbitals per site in the spin
space. Pj\; and S, ; are 2M X 2M matrices. P{,;=U,P{ () Uj is
matrix of potential functions characterizing the AS potentials
of layer I similar to Eq. (5) and

> SYT)e™T, (8)

TE{TIJ}

K _
Sih=

where {T, ;} denotes the set of vectors that connect one lat-
tice site in the /th layer with all lattice sites in the Jth layer.

We also have to write down the equation of motion for the
holes. To make use of the same KKR equation matrix as
electrons, we write the KKR of the holes for its conjugate
wave function as

— S CF + [P(= &) = STHICT = 871, Cl = 0. (9)

The center problem of this paper is to solve scattering
problem of the Bogoliubov-de Gennes equation in Eq. (1).
Adapt the method by Beenakker,’? we insert a fictitious N
metal region between F and S, here the N metal is assumed
to be the S in its normal state, see Fig. 1(a).

When A=0, the Eq. (1) can be divided by two sets of
equations for electrons and holes. The Bloch states of the
normal-metal and ferromagnetic materials can be obtained
and the wave functions of the electron and hole have the
following symmetry:

(e co(-g)
cpy(e) co (=¢)
For a single F/N interface, the total incoming and outgo-

ing scattering wave coefficients (electrons and holes) can be
connected by the scattering matrix,

¢ (F) 6, 000\ [P
cr(N) 5 15, 0 0 c,(N)
g@ [“lo o a ol ae | MY
ci(N) 0 0 &y r5/ \N)

and this matrix can be obtained for realistic materials
based on the local-density approximation.?® At the N/S inter-
face, we only consider the AR and then the coefficient c;’(N ),
¢;(N) and ¢ (N), ¢, (N) have the relations

c;(N) = ac;(N)e', (12)

ci(N) = act(N)e™. (13)

Here « describes the phase shift due to the penetration of the
wave function into the superconductor. For |g|<A,, «
=exp[—i arccos(e/Ag)], |e| > Ay, a=[e—sgn(e)Ve?=A3]/A,,
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sgn(x) is the signal function. In this paper, we only consider
the normal s-wave pair potential.

Considering an electron coming from left lead, denote the
incoming wave function as C{(+). Making use of the prop-
erty of Bloch wave in the ideal leads, we can deduce the
infinite coupled linear equation into finite serials of equa-
tions, the electron satisfies

C;

cs

Cs —

> l=®-9)"

Cj

e

N+1

Soi[F7'(+) = F7'(=)ICH(+)

0
0

X . (14)
0

) = Fi(+)]Cy (=)

The boundary condition on the right side changes com-
paring with the system of normal lead. We have, Cj,,(-)
=a’(1=a’r5,r) ' r5yty Ch(+) and the hole’s equation of mo-
tion can be written as

SN+1,N+2[FR(_

cy 0
cr 0
cr - 0
> l=®-8)"
Cy 0
Chyi Snet w2l Fr(=) = Fr(+)1CY5 (=)

(15)

. h i £ \—
with Cy, (=)= ae (1 - a?ryrs,) 1, CH(+).

The above linear equations can be solved by the Green’s-
function method developed early.”® From the scattering wave
function obtained, we get the incoming and reflecting waves

relation as

c,(F) R,. R, \([ci(F)

c(F) Rpe Ry / \c;,(F)
Here the reflect matrix elements of the system are R,, and
R,;, can be obtained by wave function at zeroth layer (C{ and
Cg) and R, and Rj; are defined with a hole comes from the
left.

In the linear-response regime, the spectral conductance
can be written as

2
e "
Grs(e) = Tr(1 =R R, +RyR}) (17)

which can be divided by three parts. It can be written as3
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Grs(e) = Ggp + Gagr + Gnar- (18)
Here Ggp, Gar, and Gyag can be defined by

e
GQ = ;Tr[l Ree ]
6
Gar = ;Tr[R”Rm +RIIRILT,
¢ pllt | plTpllt
GNAR = ;Tr[RheRhe + RheRhe ]

Gop is the quasiparticle-contributed conductance. Gy is
the usual AR, which include the contribution from spin sin-
glet and triplet (S.=0) Andreev reflection.* Gyag is the
long-range spin-triplet component when the aligning magne-
tization vectors are noncollinear.

The AR spectrum can be calculated with scattering wave
function and the well-established scattering matrix
method.3>3%3¢ These two calculations yield exactly the same
results in our calculation. Instead of writing the STT in the
language of Green’s function,?*¥” we calculated the STT
with the aid of the scattering wave functions of the scattering
regime.?838

III. TORQUES
With the scattering wave function we obtained, we can
calculate spin current between Rth and R’th sites (R#R’).

The spin-current operator er’R(k”) from R’th to Rth site
(R#R’) can be written as?®

jR’ R(k\l) E [O-HRL R'L’ + HRL R’L’&_ H.C.],

(19)

where jR’,R(kH) is a vector in spin space.
For a specific state |W%), define (O)=(W*|O|¥k),
(T} (k) can be defined as the difference of the incoming

spin current and outgoing spin current of R site in the /th
principal layer,

(Trk)y= 2 (JTprk)) -

R'el-1,1

> (T,

R’ ell+1
(20)

where the superscript s is used to denote that the incoming
state is parallel or antiparallel to the local spin-quantization
axis of injection lead. After summation over 2D BZ, STTs
acted on Rth atom can be expressed as

hle
Tg= <2>h NHSEkH (TR )V, (21)

where the bias is given by the difference between the elec-
trochemical potentials of the two leads as eV,=u; — tg.

In the presence of AR, the total STTs come from electron
and holes contributions,
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Tr=Ta(+) + Th(-).

Here +(—) denotes direction of incoming wave function from
left (right) lead. Tg(+) is calculated with the wave function
obtained by Eq. (14). T}lll(_) corresponds to the wave func-
tion obtained with Eq. (15). Due to the electron and hole
symmetry, we have T’l’{(—):—Tf{(—).

The out-of-plane STT in the normal state can be obtained
by taking the STT of right-going electrons minus STT of the
left-going holes in linear-response limit.?$3%-4! In the pres-
ence of AR, how to describe the left-going holes from super-
conductor region became complicated. We do not attempt to
discuss the out-of-plane torque component in this paper.

IV. ANDREEV REFLECTION (S,=+1) DUE TO THE
INTERFACIAL SPIN-FLIP SCATTERING

Let us start from Fe/Al (001) interface. The bulk Al has
fce crystal structure with lattice constants 4.05 A. The bulk
Fe has bce crystal structure with lattice constants 2.87 A.
The fcc Al lattice and bee Fe lattice can be well matched in
the (001) direction, by rotating fcc Al lattice 45° around
(001) axis. The mismatch of this structure is less than 1%. In
the paper, we chose the lattice constants of bulk Al un-
changed and the Fe lattice been compressed slightly to match
the Al. The distance of ideal Fe/Al (001) interface can be
determined as following. The interfacial cubic unit cell con-
sists 0.5 Fe atom and 0.5 Al atom, where these Fe and Al
atoms should fill up the space of the cubic with volume
V=d X (ag/2)*. The other distance of between Al-Al and
Fe-Fe monolayers (MLs) remain the same as the bulk values.

Using the tight-binding (TB)-LMTO SGF method* and
the ASA (Ref. 31) technique, we start by calculating self-
consistent potentials of an interface embedded between two
semi-infinite Fe and Al leads. Here we use the density-
functional theory in local spin-density approximation®® and
take the exchange-correlation potential of von Barth-Hedin
parameterization.*? The electron is treated scalar relativistic
and the cutoff of orbital angular momentum of basis is /[,
=2, corresponding to spd basis. The transport calculations
are carried out with a kj-mesh density equivalent to 4900
kj-mesh points in the 2D BZ of a 1 X1 interface unit cell.

For disorder Fe/Al (001) interface, we use the coherent-
potential approximation®® to calculate the charge and spin
densities at the disordered alloy interface FejsAljs. We also
assume the distance of two interfacial Fe and Al ML is same
as the case of ideal interface. The disorder interface of Fe/Al
(001) is modeled by 2 ML 50-50 % alloyed with Al atoms
and Fe atoms at interfacial layers. The other parameters are
the same with the case of ideal interface. After obtaining the
effective potential for the Fe and Al at disorder interface, in
AR calculation an H=H, X H, lateral supercell*® is con-
structed in which the potentials are randomly distributed,
maintaining the concentration for which they were self-
consistently calculated.

The conductance of Fe/Al (001) interfaces in the present
of magnetic misalignment is shown in Fig. 2. Here we define
g(V)=[Gps(V)~Gpn(0)]/ Gpn(0), where  Gpy(0) is  the
normal-state conductance and Ggg(V) is the differential con-
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FIG. 2. (Color online) The normalized conductance spectral for
different spin-flip scattering ratio (A#) through Fe/Al (001) with (a)
ideal interface and (b) rough interface.

ductance for an F/S interface at finite bias. The magnetic
misalignments are introduced by Gaussian random distribu-
tions of magnetic moments orientations near the interface.
The deviation angle between local quantum axis and global
quantum axis within the 7 X7 lateral supercell satisfies the
Gaussian random distribution with the average orientation is
along global quantum axis and the distribution width is A#.
For ideal interface in Fig. 2(a), there are two subgap peaks at
E/A==*0.94 and the minimum of conductance is at zero
bias. Here ideal means there is no any interfacial alloy in the
calculation. These subgap resonances are very sensitive to
the spin-dependent phase shift at the F/S interface and the
detail were discussed by Cottet and Belzig.”

When we take the interfacial alloy into account in Fig.
2(b), the subgap resonance were washed out by random spin-
dependent phase-shift gain at the Fe/Al interface. The maxi-
mum of conductance curve is at the edge of energy gap
(e/Ayp==*1) and the conductance at zero bias is the mini-
mum value.

The conductance due to usual and long-range spin-triplet
AR of disordered Fe/Al (001) at zero bias is shown in Fig.
3(a). The Gag is zero without spin-flip scattering (A6=0).
With increasing the magnetization misalignment, Gyagr(S,
=% 1) increases rapidly while the G g decreases. This is due
to the spin-flip scattering at the interface. For the distribution
width A6>60° the long-range spin-triplet AR has been satu-
rated which is corresponding to the saturation of spin-flip
probability at interface.

When the distribution width A8>60°, the conductance
due to Gyag is close to the G,r and is about the half of the
G g in AG=0 case.

The relation between long-range spin-triplet pairing
(S.==1) and the spin-flip process at interface can be under-
stood as following. Defined spin-flip ratio through a F/N in-
terface as P= (Gl +Gily)/ (GLix+Giily). Here G and G
are conductance through F/N for majority and minority elec-
tron channel without spin-flip scattering and G'*(G'') is con-
ductance of spin-flip process. Let us consider electrons with
majority spin coming from left side and passing through F/N
interface. The ratio of transmitted majority-spin electron is
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FIG. 3. (Color online) (a) The G5r and Gyar Andreev conduc-
tance through Fe/Al (001) as a function of A# with rough interface

at zero bias. (b) The G and Gyag conversion according to the
spin-flip ratio P as a function of distribution width A6.

(1-P) and that of minority spin is P. Assuming no spin-flip
process at N/S interface, the ratio of AR hole with majority
spin is P and that of minority spin is (1—P). These left going
holes will pass through the F/N interface again and with the
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same spin-flip ratio. As a result, in the ferromagnetic
region the ratio of reflection hole with majority spin is
P(1-P)+(1-P)P and the ratio of minority-spin hole
is P?+(1-P)>. Therefore the G,g is proportional to
P2+(1-P)? and Gyag(S.= = 1) is proportional to 2P(1—P).
Figure 3(b) shows P>+ (1—-P)? and 2P(1—-P) as function of
A#6. From Figs. 3(a) and 3(b) it can be seen that the above
argument can well describe the conversion between G, and

GNAR'

V. Fe/Ag/Fe/Al (001) SPIN VALVE

In this section, we will show how the GMR effect can be
restored by the interface spin-flip scattering. The modeling
system we used is Fe/Ag/Fe/Al (001) spin valve with the
polarization direction 6, see Fig. 1(b). Bulk Ag is fcc crystal
structure with lattice constants 4.09 A, which are very close
to that of Al. In the calculation, we chose the lattice constants
of bulk Al(4.05 A) as lattice constants parallel to the layers.
The distance between Fe and Ag at the Fe/Ag interface is
chosen the same as that of Fe/Al interface. The disordered
interface is modeled by 2 ML 50—50 % interfacial alloy. The
other parameters are chosen the same as that of Fe/Al (001)
interface.

Figure 4 shows how the GMR can be restored by the
interface spin-flip scattering in realistic materials. Here the
GMR is defined as GMR=[G(0°)-G(180°)]/G(0°). Top
three panels are the zero-bias conductance through Fe/Ag/
Fe/Al (001) as the function of the relative angle 6 with N and
S contacts.

Conductance (Unit: 10" 'm?)

0.25— T T T T T T 0.36— T T T T T 0.34— — T
—m N contact /'\.\
0.20 ~@ S contact 0.34+ 1 032 L!0.10 ]
7 ] 0324 30.05
0.30{ e 000 4
0.15 4 0.304 5% 1020 30 40 060
istribution width A0
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0.10+ . o o 1
— e o 0.26- 26 ]
0.054— T T T T — T T T T T T 0-26 - T
0.15- 1
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0.02+ i - © 0.090
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(a) ideal interfaces

(b) rough interfaces

(c) rough interfaces with spin-flip scattering

FIG. 4. (Color online) Top three panels are the zero-bias conductance through Fe/Ag/Fe/Al (001) as the function of relative angle 6 with
N and S contacts. Three panels are (a) ideal interfaces, (b) rough interfaces, and (c) rough interfaces with spin-flip scattering A#=60°. The
separate contribution from Andreev conductance is shown in the bottomed panel. They are Ggp, Gagr, and Gyag. The inset of the top panel
in (c) shows GMR of Fe/Ag/Fe/Al (001) at zero bias as a function of distribution width A#. The inset of the bottom panel in (c) represents
the GMR of Fe/Ag/Fe/Al (001) as a function of energy with A@=60° and relative angle 6=60°.
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For the ideal interface, as shown in Fig. 4(a), there is only
very small conductance difference between parallel and an-
tiparallel states in the presence of AR. As discussed by Tad-
dei et al.,** the AR makes each ferromagnetic layer is passed
twice, one by majority-spin electron (hole) and another by
minority-spin hole (electron). The small GMR survived is
due to the interference effect between interfaces. The sepa-
rate contributions are shown in the bottomed panels. GMR
between parallel and antiparallel states comes from Ggp and
G ar- As expected, contribution from the Gy is zero. Be-
cause there is no long-range spin-triplet pairing (S,= = 1) AR
when the magnetizations are all aligned collinearly.

When the interfaces are rough, as shown in Fig. 4(b), the
random-phase shifts due to the interface scattering washed
out all this interference effect, which result in zero GMR
between parallel and antiparallel states. The Gyar(S.= = 1)
is maximum for #=90° while the G,r is minimum as ex-
pected. The total conductance yields small angular depen-
dence.

Figure 4(c) shows the conductances as the function of
relative angle @ between magnetization when the interface is
rough and with spin-flip scattering. The interface spin-flip
scattering is modeled by a Gaussian distribution of the mag-
netic moments near the Fe/Al interface. The magnetic orien-
tation distribution width is A6=60° and the averaged direc-
tion is point to the direction of the magnetization of other
layers. The A6#=60° is close to the theory calculation of non-
collinear magnetic structure in ferromagnet/metal interface.**
There is not much difference between two curves, which
means that the GMR effect at zero bias is complete restored
in the present of the AR with enough spin-flip scattering. As
the relative angle 6 between magnetization changing from 0°
to 180°, the contribution from G,r does not change much
and the contribution from Gyagr(S.=*1) changes about
14%.

The inset of the top panel in Fig. 4(c) shows the zero-bias
GMR effect of Fe/Ag/Fe/Al (001) with different distribution
width A@. Surprisingly, GMR can be restored with small
amount spin-flip scattering and GMR does not change mono-
tonically with A6. The GMR reaches maximum value when
A#=30° in our calculation.

The inset of the bottom panel in Fig. 4(c) shows the GMR
effect of Fe/Ag/Fe/Al (001) with distribution width
A6=60° and relative angle #=60° as a function of energy.
The GMR has the similar shape to the normalized conduc-
tance, see Fig. 2(b).

Next we will see how the STTs changed by the AR. Let us
focused on the zero bias at first, Fig. 5(a) shows in-plane
STT of the free layers as a function of relative 6 with N and
S contacts. Here free layer is the Fe layer embedding be-
tween Ag and Al and all the interfaces contain 2 ML
50-50 % interfacial alloy. The free-layer STTs as the func-
tion relative angle 6 is very similar to the Co/Cu/Co/Cu
results?® when Al is in normal state. However, the symmetry
of the in-plane STT changes in the present of AR. It tends to
be symmetric between 6 and 180- 6, which has been pre-
dicted by modeling study.*> The AR does not change the
magnitude of the STTs much compare without AR.

The spin-flip scattering can restore the normal STT fea-
ture even in the present of AR. Figure 5(b) shows the in-
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FIG. 5. (Color online) The in-plane STT as a function of relative
0 for Fe/Ag/Fe/Al with (a) rough interface and (b) rough interface

with spin-flip scattering A§=60°. Here the contact can be N and S
state.

plane STT on free layer as a function of 8 with and without
AR. Here the in-plane STT summed over all the layers with
considering noncollinear magnetic moments. With consider-
ing the spin-flip scattering, there is almost no difference be-
tween two curves. When 6=0 or 180, the in-plane STT is not
zero because of the existing noncollinear aligned magnetic
moments.

The spectrum of the in-plane STT can also be obtained.
Figure 6 gives in-plane STT as a function of the energy in
the present of AR. Here relative angle is chosen as #=60°.
Figure 6(a) shows the in-plane STT with rough interface but
without spin-flip scattering. Figure 6(b) gives the in-plane
STT of the same structure but with spin-flip scattering. STT
spectrums could have the quite different feature compare
with that of conductance spectrum in Fig. 2.

VI. SUMMARY

In summary, we have developed a method to study the
STTs in magnetic noncollinear textured F/S heterostructure
with realistic electron structure. The method is used to study
the spin-flip scattering-induced long-range spin-triplet AR
and GMR effect in the present of AR. The long-range spin-
triplet pairing (S.= *1) induced by the spin-flip process at
Fe/Al (001) interface can be understood quantitatively in our
calculation. For spin-valve structure Fe/Ag/Fe/Al (001) with
S contact, the GMR effect can be restored by a small amount
of interface noncollinear alignments.

0.020 +— T T T : :
(a) rough interfaces (b) rough interfaces with
. 0.0141  spin-flip scattering
=
20.018
£ 0.012-
»
ST
[}
c 7 \/
© 4 4
s 0.016 0.010
£
0.014— T r T 0.008
0 1 2 3 0 1 2 3
E/A E/A

FIG. 6. The in-plane STT as a function of energy for
Fe/Ag/Fe/Al with (a) rough interface and (b) rough interface with
spin-flip scattering A#=60°. Here the relative angle is chosen as
6=60°. The dot lines denote the in-plane STT with N contacts.
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