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Abstract

When a current flows through a heavy metal (HM), the spin of the current carriers is
polarized by the spin Hall effect (SHE). In a junction of a HM and a ferromagnetic metal
(FM), the spin current flows into the FM from the HM and gives spin-transfer torque to
the magnetic moments of the FM. We calculate the spin current in a layer of HM/FM with
the SHE. We use a spin-resolved electrochemical potential including the SHE in the
calculation of the spin current. The spin current flowing into the FM depends strongly on
the thickness of the HM.

1 Introduction

Spin injected into a ferromagnetic metal (FM) rotates the magnetic moments of the
FM.”? The spin injection reverses the magnetization of a nanosized FM® and drives a
magnetic domain produced in a thin nanowire of FM.Y A spin-orbit torque method is
attracting attention as a method to apply torque to the magnetization of FM by spin
injection.” In the structure of a heavy metal (HM) and FM multilayer, as shown in Fig. 1(a),
the spin-orbit torque acts on magnetic moments in the FM. When a current flows through the
HM, the spin of the current carriers is polarized by the spin Hall effect (SHE)®” because the
spin-orbit interaction of the HM is strong. The polarized spins are injected into the FM. A
current of the polarized spin is called a spin current. The spin current flowing into the FM

V2 Ag a result, the magnetic

gives the spin-transfer torque the magnetic moments of the FM.
moments in the FM take the torque owing to the spin-orbit interaction in the HM when the
current flows through the HM. This is the spin-orbit torque.

In spintronics devices such as magnetoresistive random access memory (MRAM) ¥ and
racetrack memoryg), the magnetization of the FM is controlled. These high-speed spintronics
devices require a fast magnetization reversal or a fast domain motion. The larger the spin-
orbit torque is, the faster the domain moves."” In other words, the more spins are injected into
the FM from the HM per unit time, the faster the domain moves. When the thickness of the
HM is sufficiently longer than the spin diffusion length of the HM, the spin polarizes
sufficiently. When the thickness of the FM is sufficiently longer than the spin diffusion length
of the FM, the injected spin diffuses sufficiently in the FM. Both the spin diffusion lengths of
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W1 However, the MRAM and the racetrack memory

the HM and FM are a few nanometers.
with the spin-orbit torque method are composed of a HM/FM layer with a few nanometers
thickness. Hence both the spin polarization in the HM and the spin diffusion in the FM may
be insufficient.

Designing devices using the spin-orbit torque requires clarification of the relation between
the thickness of the HM/FM layer and the spin current flowing into the FM. We analyze the
spin current flows into the FM from the HM in the HM/FM layer with a few nanometers
thickness using a spin-resolved continuity equation of the carriers.

(a)
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Fig. 1. Illustrations of (a) a domain motion due to a spin injection via a SHE of the HM layer in a
HM/FM layer and (b) a one-dimensional model of the HM/FM layer with w,-thickness-HM
and w,-thickness-FM.

Spin current

2 Calculation results of the spin current

We focus on a HM/FM layer with finite thicknesses and infinite planes. An interface of the
HM/FM layer is parallel to an 2 plane. In the HM with w,-thickness, a current is flowing
along the —x-direction. The spins of the +y-direction are curved in the 2-direction due to the
SHE. The spins of the —y-direction are curved in the —2z-direction due to the SHE. Hence,
the spins are polarized. The FM with w,-thickness is set on the HM. Because not all variables
depend on the x- or y-position, we use a one-dimensional model along the z-direction, as
shown in Fig. 1(b).

A continuity equation of density of the spin-up of the carrier (#,) is given as

dn, — 1dj, m LM
dt q dz 27y, 27,

and that of the spin-down of the carrier (#,) is given as

an, _ 14, _m  m @

dt qdz 2ty 2z,
where ¢ is time, ¢ is the electron charge of —16x10"" C, and j (,, are the spin-resolved
current densities of the spin-up (down) along the y-direction, T (), are the spin relaxation
times of spin-up (down). Here, the spin-up is pointing in the +y-direction and the spin-down
is pointing in the -y-direction. 27 (;), correspond to the time that the spin-up (down) state
changes to the spin-down (up) state. For example, the second term of the right-hand side in
Eq. (1) represents the amount by which the spin-up changes to spin-down per unit time. In a
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paramagnetic metal such as a HM, the spin relaxation time is spin-independent (T, = T,,).
In contrast, the spin relaxation time usually depends on the spin in the FM (t:, # 7,,). We
assume that T does not depend on the spin of FM (7, = 7,,= 7).

The spin-resolved current densities j; () are given as

on n
. =0.E.—qD,— -0, — 1 (3)
Jr 2, —qhy o SHHT‘H”L]C
and
. on noo.
Jy=0E. —qD, i+9s14 - Je (4)
oz n,+n,

where o () is the conductivity of each spin, E, is an electric field along the 2-direction, D ()
is the diffusion coefficient of each spin, Oy is the spin Hall constant, and . is the density of the
current along the —x-direction. On the right-hand side of these equations, the first term is the
density of the drift current, the second term is the density of the diffusion current, and the
third term is the density of the spin-resolved current due to the SHE. Since the current flows
along the —x-direction, the spin current flows through along the z-direction due to the SHE.
Because the current density j. and the spin-resolved current due to the SHE do not depend
on the x- or y-positions, /4, and #;(;, do not depend on the %- or y-positions. The electric
field E, occurs owing to the z-position-dependence of #; + #, under the SHE but we do not
estimate 7, + n,. We assume that the conductivity o4 (;, and diffusion coefficient D, ,, are
spin-independent (6; = ¢, = 0, D; = D, = D) and that the current density j. does not
depend on the z-position in the HM. Spin current density j is

hi,.

J :Eg(h_ﬁ), (5)

where /2 is the spin angular momentum and 7 is the Dirac’s constant. We define the
difference of a spin-resolved electrochemical potential including the SHE ox as

n n

Sp = kBT_T_kBT_¢+10SHch, (6)
g Ny, ©

where 7 + (| ), is the number of spin-up (down) of the carriers for a equilibrium state. By

om, jy — J, for j is described as

6(nT_n¢)_gs j :_286_'“
HJc .

7
cz q Cz @

Jr—J = —qD
Here we used the Einstein relation, which relates the diffusion coefficient and electrical
mobility u, given as
_ ,uquT _ UkBT
= =—2—,

q qn

where #, is electron mobility, ks is the Boltzmann's constant, 7' is temperature, and # is the
density of each carrier. Under the steady-state (dn,,,/dt = 0), a general solution of &g,

D

(8)



54 Yoshikazu Yamaki, Syuta Honda, and Hiroyoshi Itoh

du = Aexp[£j+Bexp(—£j+i6’SHjcz (9)
A A) o

is led, where A and B are arbitrary constants and A is a spin diffusion length defined as 1 =
(D7t)"*. Based on this general solution (9), we obtain the spin current density j, in the HM/
FM layer. In the HM (—w, < z < 0), the SHE occurs (Ogy > 0,7. > 0), In the FM (0 < z < w,),
the SHE does not occur (05 = 0).

The general solution of d#in the HM ( duy,) becomes

Optipg = Ay €XP (Lj—l—BﬁM exp[_ij""iemjcz (10)
o Ay Oum

M

and the general solution of dxin the FM ( dpuy,;) becomes

z z
Oty = Ay €XP (%—MJ + By, exp[—er : (11)

If the spin scattering is neglected at both the interface and the surfaces, the boundary
conditions are fn (—w;) = 0, fu (0) = oy (0), Jipy () =0, and Optyy (0) = Oty (0). Hence

AHM = 2§GHM |:2"HM Orm Slnh( iFM J+ ﬂ’FMGHM (exp( ;V:I\I\: j—lJCOSh (ZL:]} . (12)
D cosh( ﬂ (13)
Ay

Ay = —E{ATM sinh? (2%1\4 exp| — } (14)

__n :
By = 2o, l:ﬂﬂMGFM Smh( A, J—I—X’FMGHM (1 eXp(

(15)

By = —g{ﬂm sinh’ [21}' exp

are led. Here, # and & are given as

1N =q05J A (16)

w ) % ) % w
HM Jsmh[ M ) + Ay Oy SINQ (ﬂj cosh [ﬂJ : (17)
Arana Apn Aiana Arn
respectively.
The density of the spin current through the HM j and the FM jgy are led as

. h o z z /] .
Jsam = T L - |:AHM eXp [mj —Byy exp(_mJ} +ZHSH]0 (18)

and

¢ =m0 COSh(

and
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. h owy z z
_ POy | Z B exp -2 || 19)
Joru 2q qApy |: ™ p(ﬂﬁw J ™ p( Apn j}

respectively. Although the spin current is generated in the HM, the spin current depends on

the spin diffusion length and the conductivity of the FM. The spin current in the FM
decreases with increasing distance from the interface. The decay rate of the spin current in
the FM depends on the spin diffusion length of FM.

In the cases of magnetization reversal and domain motion owing to the spin injection from
the HM, the spin current density at the interface j,, is important. The larger j, is, the larger
the torque acting on the magnetic moments of the FM. From (19), the spin current density at
the interface 7 is led as

izt
Jo=7——-2 sinh”| —_ |sinh| /™ | |- (20)
T2 g MM 22 )

Under the limits of wyy >> Ay and wey >> Apy, 7o becomes

_ E AimOrem Osii e
2 AHMGFM +2’FMO—HM q

The spin current density at the interface j,, increases with the decreasing spin diffusion length

Jso (21)

of the FM Ay and increasing conductivity of the FM opy. The jy is proportional to the
current density J. and the spin Hall angle 604 When wy, is equal to Ay and wyy, is equal to A
s Jo becomes

_ E (6—1)2 A Ten OsuiJ. ~ 0'35E A em OsuiJ. . (22)
2 1+¢° A + AT 4 2 2O + AeniOun - 4
This jis lesser than jy, with the limits of wyy >> Agy and Wey >> Ay
We calculated numerically the spin current by using (12) to (19). The spin-diffusion

jsO

lengths in the HM and FM were set to 1.0 nm and 2.0 nm, respectively. The following two
types of the set (wyy,, wpy) of the thicknesses of the HM and FM were chosen: (wyy, W) =
(15 nm, 15 nm) and (5.0 nm, 1.0 nm). The situation of the thicknesses of (15 nm, 15 nm) was
substituted for that of wyy >> Aypy and wgy >> Apy. The thicknesses of (5.0 nm, 1.0 nm) are
often used for that of the HM/FM layer, namely, Ta/CoFeB and Pt/CoFeB layers, for the
magnetization reversal with the spin-orbit torque.””"” Figure 2 shows the j, normalized by
h0su7./ (2]q|), respectively. The j, had positive values in the HM/FM layer in each situation. In
other words, the spin current flowed to the +z-direction in the HM owing to the SHE and
flowed into the FM.
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Fig. 2. Calculation results of the normalized spin current density in (a) 15-nm-HM/15-nm-FM layer
and (b) 5-nm-HM/1-nm-FM layer.

When the thicknesses were (wyy, wry) = (15 nm, 15 nm) (Fig. 2(a)), the spin current
density was close to %0sy./ (2|q|) inside the HM. This is because the spin was polarized
sufficiently in the HM owing to the SHE. The spin current density decreased toward the
interface. The spin current was more than zero at the interface and in the FM. This means
that the spin current generated by the SHE flowed into the FM. The density of the spin
current was 0.5h0gy7./(2]|q|). The injected spin current decreased exponentially with
increasing distance from the interface.

When the thicknesses were (wy, wpy) = (5.0 nm, 1.0 nm) (Fig. 2(b)), the spin current
density was lesser than /0gy7./ (2|q]) inside the HM. Since the HM thickness wy, was not
sufficiently long, the spin was not sufficiently polarized in the HM. The spin current density
was approximately 0.43%6,7./ (2|q]) at the interface, which was lesser than that of the layer
with (wyy;, wry) = (15 nm, 15 nm).

Figure 3 shows the differences of the spin-resolved electrochemical potentials including
the SHE dx in the HM/FM layer with (wy,, wgy) of (15 nm, 15 nm) and (5.0 nm, 1.0 nm). Sx
was the maximum value at the HM surface in each HM/FM layer. Both oJx decreased
monotonically with increasing z. This was consistent with the fact that the spin current flows
to the +z-direction in all regions in the HM/FM layer except 2 = — wy, and wpy. In the region
of z > 5 nm of the HM/FM layer with (wy, wgy) of (15 nm, 15 nm), dx was almost zero.
Hence, the spin-up and down are equilibrium state. In other words, the spin diffused
sufficiently in this region, and the spin current was zero in this region. In the HM/FM layer
with (wyy, wgy) of (5 nm, 1 nm), Jx was larger than zero, even at the FM surface. This
indicates that the spin did not diffuse sufficiently in the FM. This is one of the reasons why
the spin current injected into the FM in the HM/FM layer with (wyy,, wry) of (5 nm, 1 nm)
was lesser than that of the layer with (wyy, wgy) = (15 nm, 15 nm).
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Fig. 3. Calculation results of the difference of the spin-resolved electrochemical potential including
the SHE 6 in (a) 15-nm-HM/15-nm-FM layer and (b) 5-nm-HM/1-nm-FM layer. The
solid curve indicates o%. The broken curve indicates the difference of the spin-resolved
electrochemical potential without the SHE . Inset of (a) shows an enlarged view of du
around the interface of the HM/FM layer.

3 Discussion

We compare the above spin current with the spin current used in other studies. In the
studies for the magnetization control owing to the spin-orbit torque, the density of the spin

current injected into the FM is related to j. and 8¢ as follows: V"

_hb. (23)
Jso = .
2 q
This is equal to the density of the spin current flowing near the center of the HM with wyy
>> Jn. From (20) to (22), we find that the spin current injected into the FM is lesser than
the spin current expressed by (23).
We have calculated the spin current using the electrochemical potential including the SHE.
In other calculations of the spin current in the HM with the SHE, a spin-resolved
electrochemical potential without the SHE (#; and #/) is usually used in the analysis of the
spin current."” Examples of these potentials are given as

on on on, —on
,u%:eEz+kBT—T, izeEz+kBT—¢, S,Lt':,u%—,uL:kBT#v (24)
ny n, 0
where on,=mn,—n, and on,=n,— n, Here, n,,=mn,, = n, are assumed. Hence j;—j, are
given as
.. _eoou .
Jr=Jy ==+ O (25)
0 | o Oz SH

All boundary conditions in this case are the same as the aforementioned boundary conditions.
oy’ estimated with the same parameters with the aforementioned parameters are plotted by
broken curves in Fig. 3. Since oy is proportional to #y—# ,, ' corresponds to the spin
accumulation. Hence, we can easily read the spin accumulation from the graph of dx . Since
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o’ was maximum at the interface, we find that the spin most positively polarizes at the
interface. Similarly, the spin most negatively polarized at the HM surface. Since the SHE does
not occur in the FM, the values of " are equal to those of Jx at the same z-positions in the
FM. In the case of the HM/FM layer with 15-nm-width HM, the spin polarizability decreased
exponentially with increasing distance from the interface in the FM and the density of spin-
up #; was similar to that of spin-down 7, at 2> 5 nm. In the case of 1-nm-width HM, #; is
larger than #, at 2z = 1 nm of the FM surface. When the SHE occurs, however, reading the
spin current from the graph of J%° may be difficult. Meanwhile, the gradient of Jx
corresponds to the spin current. Hence we may easily read the spin current from the graph of
ou. The gradient of ox shown in Fig. 3 corresponds well to the spin current shown in Fig. 2.

When the density of spin—up is equal to the density of spin-down in the equilibrium state
such as the HM, the difference between equation (1) and equation (2) becomes

don 1 doj on
— = (26)
dt qdz 1

where on=n,—mn, 6j=j+—7j,, and T1,=7,,=7. Eq. (26) is often used as a continuity
equation for the spin accumulation. Since T is the spin relaxation time, which is the time
required to return from the spin-accumulating state to the equilibrium state, the factor of 7 is
one in Eq. (26) and 7, and t,, are multiplied by two in the second and the third terms of
Egs. (1) and (2). When the density of spin-up is not equal to the density of spin-down in the
equilibrium state such as FM, o#z is defined as a difference from the density of spin in the
equilibrium state.

4 Conclusion

We have calculated the spin current flowing through the HM/FM layer by using the spin-
resolved electrochemical potential including the SHE oJx. Jx has shown the current direction
of the spin current. The spin current, which is generated in the HM owing to the SHE, has
flown into the FM. For the FM with shorter spin diffusion length and larger conductivity, the
amount of the spin current flowing into the FM has increased. When the thicknesses of the
HM and the FM is similar to the spin-diffusion length or less, the amount of the spin current
flowing into the FM decreases.
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