PHYSICAL REVIEW B 98, 184427 (2018)

Electrical spin injection through dual ferromagnetic electrodes in nonlocal spin valves
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Spin injection efficiency has been a key factor for designing spintronic devices based on the lateral nonlocal
spin valve. Here, we suggest a type of nonlocal spin valve in which the spin is injected electrically via dual
ferromagnetic electrodes similar to a vertical spin valve and the spin detection is done by another ferromagnetic
electrode. Using spin drift-diffusion theory, we study the spin injection, transport, and detection analytically
and numerically. The results show that the spin injection efficiency can be enhanced significantly compared
to the usual single ferromagnetic electrode injection, and thus the detected spin signal is increased greatly.
Besides, by controlling the magnetization orientations of the two injecting ferromagnetic electrodes as well
as the magnetization direction of the detection electrode, one can switch on and off the spin injection and thus
form three or four output spin states. This feature is used for designing all spin-based three-state logic devices.
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I. INTRODUCTION

Spin transport in magnetic nanostructures has been a key
factor for designing spintronic devices [1-4]. Various types
of spin transport phenomena have been reported, including
spin pumping [5-7], spin Hall effect [8—13], spin Seebeck
effect [14-16], and nonlocal spin injection (Refs. [11,17,18]
and others). Also, in semiconductor heterostructures with
spin-orbit interaction (such as the heterostructure grown from
III-V semiconductor compounds), the spin-dependent tunnel-
ing was applied for pure electric injection and detection of
spin-polarized currents [19-22]. Each phenomenon provides
a unique insight into the spin manipulation, and related ap-
plications (for example, magnetic sensors, spin logic devices,
and storage devices) have been proposed [2,4,23,24], among
which the nonlocal lateral spin valves (NLSVs), with the
abilities of separating charge and spin currents, have attracted
a great amount of attention [11,17,18,25]. Comparing with
“local” spin valves consisting of vertical stacks (two ferro-
magnetic metal layers, and nonmagnetic metal spacer in the
middle), the NLSV is more propitious to design semiconduc-
tor spin devices, such as the spin field-effect transistor [26].

A typical NLSV structure consists of a nonmagnetic (NM)
channel connected with two ferromagnetic (FM) electrodes.
As shown in Fig. 1(a), spin is injected into the NM (N) from
the first FM (F1), and the induced spin accumulation at the
interface diffuses in the NM channel, forming a pure spin cur-
rent. The second FM (F2) electrode is used to detect the spin
current via an electric voltage. The spin injection efficiency
and the voltage signal are two key indicators for NLSV. Usu-
ally, for the NLSV with FM/NM interface (i.e., transparent
interface), the nonlocal resistance is only several milliohms,
far smaller than the output of local vertical spin valves [27—
31]. To increase the output voltage, the FM/insulator(/)/NM
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interface (i.e., tunnel junction) is suggested, and several
hundred milliohms are achieved [32—35]. Further increasing
the spin injection efficiency and effectively manipulating the
spin transport are still goals for designing the NLSV and
related devices [36,37].

In this work, we propose a type of NLSV structure as
shown in Fig. 1(b). The spin is injected into NM channel via
a vertical spin valve structure with two FM electrodes (F1
and F3) and detected by F2 electrode. We analytically study
the spin injection, transport, and detection based on the spin
drift-diffusion equations. We show that the spin injection effi-
ciency and the nonlocal resistance are increased by two times
compared with the usual NLSV structure with a single FM
injecting electrode. Numerical simulations confirm the analyt-
ical results. Moreover, by manipulating the relative directions
of the magnetizations of two injecting FM as well as the de-
tecting FM electrodes, we can get three or four output states.
This feature is exploited to design three-state logical gates.

II. THEORETICAL MODEL

The spin transport in FM electrodes and NM channel is
studied based on the spin drift-diffusion equations which are
given by the following equations [18]:

Vot +oypy) =0, (1)

(et = 1y)

5 @)

VAy = ) =

Here, p; is the electrochemical potential for spin channel
s =1 orl, o5 is the electrical conductivity, and A is the
spin diffusion length. The electrical conductivities in NM
are spin independent, i.e., oy = oV = 1/(2py), and py is
resistivity. Those in ferromagnetic layers are spin dependent:
O'FNU = 1/{2pr[1 — (+)B]} for the FM with local magne-
tization along 1, and o ¥4 = 1/{2pr[1 + (—)B]} when the
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FIG. 1. (a) Sketch of the typical NLSV. Electric current Iy
flowing from F1 to the left side of NM channel generates a spin
accumulation at F1/N interface. The spin current is detected by
measuring the spin-dependent voltage V, between F2 and NM. (b)
Sketch of the new NLSV with adding F3. Electric current /; flowing
from F1 to the F3 generates a spin accumulation at the F1/N/F3
interface. The coordinates xg;, xp, and xg; represent the locations
of F1, F2, and F3, respectively.

magnetization is along |,. pr is resistivity and B is the electric
current polarization.

Inside each layer, the electrical current density j; is
determined by the gradient of the spin electrochemical
potential,

, o)
Bty ==Vt (€)

Here, e = |e| represents the electron charge. Across the
FM/NM (or FM/I/NM) interface, the interfacial current
density j{ is determined by

) = )L = rreliiols )

where y' is the coordinate of the interface. For the interface
with local magnetization M along %, the spin-dependent
boundary resistance for a unit surface is ry) = 2rp[1 —
(+)y1, and for opposite magnetization M (along|), ry¢}) =
2rp[1 + (—)y]. Here, y is the interfacial spin asymmetry
coefficient, and r;, is the interface resistance parameter.

The spin current density jg, and spin accumulation du
are defined as jo, = jy—j, and dpu = (uy — py)/2, respec-
tively. The du is detected electrically as a voltage drop
in the detection terminal F2/N, and the nonlocal resistance
is obtained as Ry = pair/(le] x Ip). Here, wuair = [(uy +
W)/ 2y=y@) — [y + 1)/ 2l=xvy. [y + 1)/ 2 =y
represents the total electrochemical potential at the right end
of the NM layer, and [(44 + ty)/2]y=y2) is the potential at
the end of the F2.
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III. ANALYTICAL SOLUTION

In the following, the above spin drift-diffusion equations
are solved analytically for the NLSV with double-FM injec-
tion electrodes as shown in Fig. 1(b). In the F1, F2, and F3
electrodes, the solutions of Egs. (1) and (2) take the form

'ufl = afl —s(1 —sﬂ)K}pe”/AF,
W2 = i — s(1 — sp)K e/, 5)
/Lf3 =pP —s1 - S,B)K%e’y/}”".

Here, the spin channel s equals +(—)1 for the electron spin

parallel (antiparallel) to the local magnetizations Mg, Mg,
and Mg;. The K ; terms represent the spin accumulation in
the Fi electrode near Fi /N interfaces (i = 1, 2, and 3).
' = (Io/Ap)epr(1 — B2y + eV and =
(In/Ap3)epp(1 — B?)y + eV; are linear with y, representing
the charge current I, in F1 and F3. The interface area
Ap1 = wp X wy and Apz = wgy X wy. Here, wg; and wgp
are the width of F1 and F2 along x, and wy is the width
of N along z. if> =eV, is a constant potential with no
charge current in F2. V|, V,, and Vj3 are the voltage drops
(" — @N)/e at the FM-NM interfaces. Combining Eq. (3),
the spin current ISFC" = Af; X Jgp 1s expressed as

miAp

1P = m Bly — ———K Le¥/*r,
. AFepr
myA '
2= 2B g2 (©)
‘ AFepr
IF3 = m3ﬂ10 + —mSAFS K3 efy/)‘"'
e Arepp "

Here, m; = +(—)1 for the Fi with local magnetization
along 1({). In the NM channel with thickness 7y < Ay, the
spin accumulation is almost uniform across the y axis, and
thus wuy only varies with x. The spin-dependent electrochemi-
cal potential has the form

u (x) = @ (x) — s(K el
-|-K]2ve*|x7xpz|/)w + K[S\,e*|x*XF3|/7~N). )

Here iV (x) = 0 (ground level), and the second term on
the right side describes the potential shift of spin-up (s = 1)
and spin-down (s = —1) electrons. The K} terms represent
the spin accumulations near Fi/N interfaces. In general,
the spin accumulation at the interface induces spin currents
propagating in the +x and —x directions simultaneously in
the NM channel. The continuity of the total spin current
at junctions Fi /N gives I./" (x) = (2An /Anepn)K . Here,
the cross-sectional area Ay =ty X wy.

Using the continuity conditions [18] for the spin and charge
currents at the interfaces, we can determine analytically the
variables K., K\, Vi, V3, and V3 in Eqs. (5)—(7). Here, we
focus on the output spin-dependent voltage V, at F2, and
obtain the nonlocal resistance for the new NLSV,

Iy

3 3R 200,24 2, 2 3.3 ’
Pyg — 4cyﬁ — Cpe; (ef + 3+ e3)pys + 2cgcyereres

(8a)
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Ri[tpt(Vp el = T

Here,

e—\XFz—XFl\/)»N’ and e3 = e~ B —xeil /Ay | Ry = pyAn/Ap,

analytical results.

For tunnel junction interface (R; > Rp), the results become

_ 403 R
pyﬂ 4CVR*

cgel(ef + €3 +e3)pyp + 2cﬂcye1eze3

we introduce p,g =2¢, Rp/Ry +2cgR;/Ry +cycg, cg=1— B2, ¢, =1~ y: e =eRTmIAN o =
RF=,0F(1—,32))LF/AF, and R; =rb(1—)/2)/Ap are the NM,
FM, and interface resistances, respectively. The same interface area Ap; = Ap = Apz =

Ap is adopted to simplify the

e e
( 1+ Z)ng

In the limit of transparent interface (R; < RF), the nonlocal resistances are obtained as

Ri[1E T(»L)FZ\LFTJ =+(-)

R[Tei (Dl = —(+)

Ri[tri T (D2 d sl = +(=) (9a)
(e1 —e2)
Ryt (D teal = —(H) =7 Ry. (9)
(61 + 62),321?1\7(21?2 + p-es)Re eg)RF)
" - : (10a)
g3 —ef—e3 —e€3) + ;RN (1+2ei1e2e3 — e} — e — €3)
(e —e2)p RN(ZRF Cﬂ(l;ﬂ)
— t ) (10b)
cg(3—ef—e3 —e3) + fR:/(l—l—Zelezeg—e%—e%—e%)

Apparently, R; is independent of the interface R; in the aforementioned limited cases.

For numerical calculations, material parameters corre-
sponding to the Py/I/Cu system are adopted [18,31]. For
the ferromagnetic Py layer, the spin diffusion length is
Ap = 5nm, resistivity is pr = 100nQ2m, and polarization
is B =0.7. For the Cu channel, the spin diffusion length
is Ay = 700 nm and resistivity is py = 2nQ2m. The tunnel
junction interface is described by a large enough interface
resistance r, > 1 x 10712 Qm?, and spin asymmetry coeffi-
cient y = 0.4 is assumed.

The distributions of spin accumulation du are shown in
Fig. 2. The geoparameters are wp; = wpz = wpry; = 40 nm,
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FIG. 2. Spatial variation of the spin accumulation du = (u1 —
14)/2 in the F1/1/N/I/F3 injection terminal for antiparallel (a) and
parallel (b) My, and M3, and in the NM channel (c). Solid squares
and open circles are numerical and analytical results, respectively.
Here, xg; = xp3 = 0, and xp, = 700 nm.

(

wy = 100nm, and ry = 11 nm. F1 and F3 are located at the
same position, xp; = xp3 = 0. The injected electric current
density jo = In/(wg; x wy) is set to be 1 x 10'> A/m?. One
can control the spin accumulation by manipulating the relative
directions of the magnetizations of the two injecting FM
electrodes. When Mp; is parallel to Mg, [Fig. 2(b)], the
injected spin from the F1 electrode easily transmits through
the F1/1/N and N/I/F3 interfaces, and the accumulation is
totally switched off. In the case that Mg, and Mg3 are an-
tiparallel with each other, most of the injected spin-polarized
current is reflected by the N/I/F3 interface. As a result, a
large spin accumulation dp is generated in the N channel
[Fig. 2(a)]. The obvious discontinuities at F1///N and N/I/F3
interfaces are caused by a very large interface resistance
parameter r, in Eq. (4). If r, =0, du is expected to be
continuous at the interface. The injected spin accumulation
diffuses in the NM channel and exhibits exponential decaying
with distance as shown in Fig. 2(c). At F2/I/N, the tunnel
junction interface makes du discontinuous, and the spin ac-
cumulation in N is not aborted by F2. (du = 0 in F2 is not
shown).

The dependences of nonlocal resistances on the F2 po-
sition xp, and the NM thickness 7y are shown in Figs. 3
and 4, respectively. Here, the results are calculated from
Eq. (9), and xp; = xp3 = 0. R, varies inversely with ty
and decays exponentially with distance L = xpp—xp; be-
tween the injecting and detecting electrodes. For L =
700nm (xp; = 700 nm and xp; = xgz3 = 0) and fy = 11 nm,
Ri[1pi M )mdp] = £77.5m2 when the magnetizations
M and M3 of two injection FM electrodes are antiparallel.
When Mg, and M3 are parallel, the spin injection is switched

off, and Ry (T Tk Tr3) = Rs(TpidpTr3) =0 [e1—e2 =0 in
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FIG. 3. Dependence of the nonlocal resistance amplitude |R;]|
on xp, for the tunnel junction interface with (circles) and without
(squares) F3. The solid and open dots are analytical and simulated
results, respectively. Here, xg; = xp3 = 0.

Eq. (9b)]. For comparison, the nonlocal resistances of the
typical NLSV (i.e., without F3) are also calculated in Figs. 3
and 4. In this case the expression for nonlocal resistance
is Ry[1p1({)r2] = £y2Ryea/2 according to Ref. [18]. We
see that the nonlocal resistances are enhanced by two times
if the spin injection is implemented via two FM electrodes.
The enhancement effect is reflected on the factor (e; + ¢,) in
Eq. (9a).

By staggering positions of F1 and F3, i.e., xp; # xp3, we
can further manipulate the spin accumulation and nonlocal
resistance. Figure 5 shows the variation of nonlocal resistance
R, with the distance Ax(=xp3; — xp;) between the two inject-
ing FM electrodes F1 and F3. When the magnetizations of
two injecting FM electrodes My, and M3 are antiparallel,
Ri[1r1 1 ()r2 p3] increases (or decreases) with the F3 elec-
trode approaching (or leaving) the detecting electrode F2 and
reaches maximum at xp3 = xp. For parallel My, and M3,
the injected spin accumulation du from F1/N and F3/N inter-
faces cannot cancel each other when xp; # xp3, and negative

Ry (Mg Tg2Tg3) Or positive Ry(Tg; g, Tr3) is detected by the
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FIG. 4. Dependence of the nonlocal resistance amplitude |R;|
on ty for the tunnel junction interface with (circles) and without
(squares) F3. The solid and open dots are analytical and simulated
results, respectively. Here, xp; = xp3 = 0, and xg, = 700 nm.
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FIG. 5. Nonlocal resistance R, as a function of the position xg3
of F3 for the tunnel junction interface (a) and transparent interface
(b). Here, xp; = 0 and xp; = 700 nm. The solid and open dots are
simulated and analytical results, respectively.

F2 electrode. Importantly, four different output states can be
generated through controlling the magnetization directions of
F1, F2, and F3 electrodes, which is very useful for designing
spin logic devices.

It is noteworthy that for the transparent interface
(R < Rr), Eq. 10(a) becomes R [T 1 )pdr]=
+()2B% cp) Ry (RE/RY)e2 /(1 —€3)  when  xpi = xp3,
which is the same as the expression R[5 1({)r2]
for the NLSV with single injecting FM electrode [18],
meaning the spin injection is not significantly improved
by adding F3 for the transparent interface. However, the
spin injection via two FM electrodes still plays its role if
the two electrodes are shifted from each other (xp; # xp3)
as shown in Fig. 5(b). Here, r, =0.25 x 1075 Qm? is
used for transparent interface. Four output states are still
attainable although R, becomes much smaller. The influence
of the interface resistance r, on the nonlocal resistance is
analytically calculated and shown in Fig. 6. For a small
rp(<2 x 10713 Qm?), R, increases rapidly with r,. When
rp 1s in the region of tunnel junction (r, > 2 X 10-13 Q@ m?),
R, is mainly determined by Ry according to Eq. (9), and it
barely changes in this region.

IV. SIMULATIONS

To confirm the analytical results, we perform simulations
based on the spin drift-diffusion equations [Eqgs. (1) and
(2)] with the interface condition Eq. (4). The same material
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FIG. 6. Dependence of the nonlocal resistance amplitude |R;|
on the interface resistance parameter r, with (circles) and without
(squares) F3. The solid and open dots are analytical and simulated
results, respectively.

parameters in the analytical calculation are used here. The
finite-difference method is adopted in simulations. The fol-
lowing assumptions are adopted: the thickness (v direction) of
ferromagnetic electrodes (F1, F2, and F3) is much larger than
the spin diffusion length Ag, the width wy (z direction) of
NM channel is much smaller than Xy, and the spin diffusions
in the z direction are neglected. Under these assumptions,
F1, F2, F3 electrodes and NM channel are discretized as
two-dimensional (x—y plane) wires with the cell size 1 nm x
1 nm. The electric current jy is injected from F1 into F3
electrodes, and jo = j; + j,. The boundary condition ji, =
0 @.e., jy =j,) is adopted for the vacuum interface. At
the FM/NM interface, js, is determined by Eq. (4). All the
simulation results are plotted in Figs. 2 —6 together with
the analytical results. It can be seen that the simulations
and analytical solutions are in full agreement, confirming the
validity of the analytical results.

V. DESIGNING OF THREE-STATE LOGIC

We see that the spin injection via two FM electrodes not
only raises the injecting efficiency significantly, but also pro-
vides three and even four output states. The latter is important
for device design. For the typical NLSV with single injecting
electrode F1 [Fig. 7(a)], the output signal (nonlocal resistance
Ry) changes its sign when the magnetization Mg of the input
electrode and My, of the output electrode reorientate from
parallel to antiparallel through external field B as shown in
Fig. 7(a). Here, only two output states are attainable, i.e.,
Ri[1 ki T r2(Up2)] = +(—)|Ro|. If the second injecting elec-
trode is added to the NLSV, by manipulating the relative
orientation of magnetizations of two injecting electrodes (F1
and F3) and detecting electrode (F2), we can obtain three out-
put states as shown in Fig. 7(b), i.e., R[1pi T ()l 73] =
+(=)IRo| and Ry[1g; Tea Tp3]= Rs[Lp1dp2dr3] = 0.

It has been well established that the dual output states of
typical NLSV can be used for logical operation [23,24]. By
defining two output states as state “0” and state “l,” one
can construct logic circuits based on this feature. Here, by
adding the second injecting electrode F3, we are able to realize

150} (a) Without F3
c
é, or LFI\LFZ TFITFZ
<
-150 . TFl‘L.Fz .
-60 -40 =20 0
B (mT)
300f . T Tt With F3
=} 0 F1 F2 F3
g T 11
- F1 F2 F3
g_300_ (b? TF1¢F2¢F3. .
-60 -40 =20 0
B (mT)

FIG. 7. Nonlocal resistance R; as a function of magnetic field B
for the NLSV without (a) and with (b) F3. Initially, the directions of
My, Mg, and My; are all 1. With increasing B, the magnetizations
of F3, F2, and F1 are reversed one by one due to their different
coercivities, giving three output states. Here, xp; = xp3 < Xpp.

the other well-known logical unit, called “three-state logic”
[38]. In some operations, one needs to remove the output
(0 or 1 logical level) of logic unit from the circuit, without
breaking the circuit. To achieve this purpose in the electric
circuit, the electronic three-state logic needs to provide a high
impendence state, in addition to the 0 and 1 states [38]. Here,
the all spin-based three-state logic is easily achieved based on
our design: In the case of antiparallel Mg, and M3, the output
can be negative (defined as 0 logical level) or positive (defined
as 1 logical level), depending on the relative direction between
Mp; and Mp,. Switching to the parallel My, and Mp;, the
output voltage becomes zero independent of Mg;, meaning
the logical unit is removed from the circuit. This is equivalent
to the high impendence state in the electric circuit. Besides,
by shifting the two spin injecting electrodes apart from each
other, one can achieve four output states as shown in Fig. 8.

200
TnTin’Fs
100 Tn‘LFzTFs
g ol
S
e’ F1 F2" F3
-100
TFITFZTFG
TF]‘LFz‘LFs
_200 1 1 1 1
=300 -200 -100 0 100 200
B (mT)

FIG. 8. Nonlocal resistance R, as a function of magnetic field B.
Here xg, = xg3 > xp; and F2 and F3 are antiferromagnetic coupled.
With decreasing magnetic field B, four output states appear sequen-
tially. Each corresponds to different alignment of magnetizations
MF|, MFZ, and MF3.
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The four spin states can be exploited to designing spintronic
devices.

VI. CONCLUSION

To summarize, we proposed a NLSV structure with the
vertical FM/I/NM/I/FM configuration in the spin injection
terminal to improve the spin injection efficiency and the
output spin signal. Adopting spin drift-diffusion simulation,
we proved that the NLSV structure can enhance the output
voltage by two times comparing with the usual NLSV with a
single FM injecting electrode. Varying position of the added

FM, the output can be further improved. Besides, our pro-
posed NLSV can output three and even four different states,
which is really desirable for designing spintronic devices,
such as all spin-based three-state logic or four-state device.
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