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The study and understanding of spin-transport mechanisms including thermal fluctuation are required for

the development and design of spintronic devices. In this paper, we present an approach to investigate the

temperature dependence of spin-transport behavior within the magnetic structure by using the generalized spin

accumulation model. The temperature affects not only the magnetization orientation, but also the spin-transport

properties. Its effect on transport parameters can be taken into account by considering the spin-dependent resis-

tivity at any finite temperature. This leads to the calculation of temperature-dependent spin-transport parameters

and eventually allows the calculation of the thermal effects on spin accumulation, spin current, and spin torque. It

is observed that increasing temperature is likely to decrease the value of key transport parameters relevant to the

magnitude of spin torque. This study demonstrates the importance of thermal effects on spin-transport behavior

which needs to be considered for spin-transfer torque based device design with high performance.

DOI: 10.1103/PhysRevB.102.134427

I. INTRODUCTION

The emergence of spintronics has had a rapid impact on

the development of future data storage technology. Exploiting

electron spin in addition to the electron charge to store and

transport information offers the possibility to improve the per-

formance of devices with nonvolatility, high operation speed,

and low power consumption [1–5]. It is evidently shown that

the electron spin plays a key role in the transport properties,

in particular for the spin-transfer torque (STT)-based devices

with dimensions much less than the spin-diffusion length of

the material such as spin-transfer torque magnetic random

access memory (STT-MRAM), racetrack memory, magnetic

tunneling junction (MTJ), and read sensors for magnetic

recording [6–10]. The understanding of the STT phenomenon

and spin-transport behavior in magnetic structures is of great

importance since it opens novel possibilities to manipulate

and control the magnetization for write and read processes

in magnetic memory devices. The physics underlying STT

can be described in terms of a spin accumulation via the

s-d exchange interaction. The mechanism starts with injecting

the spin current into the magnetic structure. As a result of

the exchange interaction between spin current and the local

magnetization, the spin-polarized current then flows through

the magnetic layer and exerts a torque on the magnetization,

which tends to reorient in the direction of the spin-polarized

current [11,12].

For the write and read processes of STT-based devices, the

spin torque property is used to write the desired magnetic state

of the data bits in the memory array. The charge current is

injected into the magnetic structure to control the direction

of magnetization to store the data bits in the write process

*phanwadee.c@msu.ac.th

and, at a lower current density, to detect the readback signal

during reading. The injected current increases the temperature

and generates the additional heat in the devices, the so-called

Joule heating effect [13–15]. Therefore, understanding the

effect of temperature on the operation of devices is crucial

since it provides insight into the underlying physics and also

the mechanism of STT in the presence of thermal fluctuation.

It has been reported that the temperature effect arising from

the injected current density leads to the reduction of STT and

eventually increases the difficulty for write and read processes

[16]. Importantly, a high temperature caused by Joule heating

could cause thermal instability of data bits. For the efficient

development and design of STT-based devices, it is important

to understand the spin-transport property, particularly includ-

ing the effect of temperature.

The spin-transport behavior in magnetic structures can

be described by using a generalized spin-accumulation

model based on the drift-diffusion equation [17–23]. To

understand the physics and mechanism of STT including

temperature effects, the temperature dependence of spin-

transport parameters is required as important information for

spin-accumulation calculations. However, it has not been in-

vestigated intensively. Some transport parameters, i.e., the

spin-diffusion length, spin polarization, and resistivity as a

function of temperature, have been experimentally studied

via the spin-relaxation mechanism [24–29], but other key

parameters contributing to spin-transport behavior still remain

to be investigated. For a promising step towards potential

STT-based device design, in this work, we investigate spin-

transport behavior in the magnetic structure in the presence of

thermal fluctuation via the physical quantity of spin accumu-

lation, spin current, and STT. As is well known, the thermal

fluctuation affects not only the spin-transport behavior, but

also the magnetization profile. Here, the atomistic model

implemented in the open-source VAMPIRE software package

2469-9950/2020/102(13)/134427(8) 134427-1 ©2020 American Physical Society
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[30] is employed to investigate the magnetization profile of

the magnetic structure at nonzero temperature. Meanwhile,

the spin-accumulation model is used to present a qualitative

description of the STT acting on the magnetization. In this

computational study, the investigation is presented in two

stages. First, we calculate the temperature dependence of

spin-transport parameters by using the approach based on the

two-channel model [26] through the spin-dependent resistiv-

ity of the material. Subsequently, the influence of temperature

on the spin-transfer torque occurring in the magnetic structure

is considered.

II. MODEL DESCRIPTION

To investigate the spin-transfer torque including the effect

of temperature, there are two necessary parts to determine.

The first part is the calculation of the temperature dependence

of transport parameters, which will be used for the second part

providing the detail of STT determination in the presence of

temperature.

A. Temperature dependence of transport parameters

In order to characterize the spin-dependent transport

parameters at any finite temperature, the spin-dependent re-

sistivity of the ferromagnetic 3d transition material is first

considered in the following form [26,31,32]:

ρi = ρ0i + αT + AiT
2, (1)

where ρ0i is the low-temperature resistivity accounting for the

spin-flip scattering, α and Ai are empirical constants, and i

represents the spin-up (↑), spin-down (↓), and spin-mixing

(↑↓) resistivities. However, it is generally found that the co-

efficient α is relatively small, for example, lower than 0.01 ×
10−11 � cm K−1 for Co. The second term in the right-hand

side of the above equation can be negligible. Subsequently,

the conductivities of up- and down-spin channels can be ex-

pressed in terms of the spin-dependent resistivity given by

σ↑(↓) =
ρ↓(↑) + 2ρ↑↓

ρ↑ρ↓ + ρ↑↓(ρ↑ + ρ↓)
. (2)

Subsequently, the key spin-transport parameters at any

given temperature used to describe the spin-transport behavior

within a magnetic structure are considered directly from the

spin-dependent conductivities. The spin-polarization param-

eters of conductivity (β) as a function of temperature can

be first calculated from the following relationship with the

assumption that the coefficient A, indicating the strength of

the temperature effect on the spin-flip scattering, is fixed as

A = A↑ = A↓ = A↑↓:

β(T ) =
σ↑ − σ↓

σ↑ + σ↓
=

ρ0↓ − ρ0↑

ρ0↓ + ρ0↑ + 4ρ0↑↓ + 6AT 2
, (3)

and the spin-polarization parameter of diffusion constant (β ′)
can be expressed in terms of the conductivity from the Ein-

stein relation, σ = e2N (EF )D, given by

β ′(T ) =
D↑ − D↓

D↑ + D↓
=

N↓σ↑ − N↑σ↓

N↓σ↑ + N↑σ↓

=
β(T ) − β ′′

1 − β(T )β ′′

=
(ρ0↓ − ρ0↑) − β ′′(ρ0↓ + ρ0↑ + 4ρ0↑↓ + 6AT 2)

(ρ0↓ + ρ0↑ + 4ρ0↑↓ + 6AT 2) − β ′′(ρ0↓ − ρ0↑)
,

(4)

with β ′′ = N↑(EF )−N↓(EF )

N↑(EF )+N↓(EF )
, where N↑(↓)(EF ) is the density of

state for up (down) spin at the Fermi energy level.

The spin-diffusion length is an important length scale over

which the spin of the electrons diffuses between spin-flip

scattering events. It is defined as λsdl = λsf

√

1 − ββ́ and

λsf =
√

2D0τsf , with D0 being the diffusion constant. A num-

ber of experimental studies show that the spin-diffusion length

is linearly proportional to 1/ρ as seen in Eq. (5). This rela-

tionship indicates the main contribution from the Elliott-Yafet

(EY) scattering to the spin-relaxation mechanism [26,28,33],

λsdl =
C

ρ
= C(σ↑ + σ↓), (5)

where C is an empirical constant obtained from experiment.

The spin-diffusion length can be expressed in terms of spin-

dependent resistivity and temperature by putting Eqs. (1) and

(2) into (5); therefore we obtain

λsdl(T ) = C

[

ρ0↓ + ρ0↑ + 4ρ0↑↓ + 6AT 2

B + 2AT 2(ρ0↑ + ρ0↓ + ρ0↑↓) + 3A2T 4

]

, (6)

where B = ρ0↓ρ0↑ + ρ0↑↓(ρ0↓ + ρ0↑).

So far, several experimental studies have focused mostly on

determining the temperature dependence of the spin-diffusion

length and spin polarization of lateral spin valve structures

[26,28,33,34]. However, to investigate the temperature de-

pendence of spin-transfer torque (STT) arising from the s-d

exchange interaction between the transverse spin accumula-

tion and local magnetization, it is important to consider the

diffusion constant (D0) as a function of temperature since

the magnitude of STT decays over the length scale, λJ =√
2h̄D0/J , associated with the diffusion constant [35]. Ac-

cording to the EY mechanism, the spin-relaxation time (τsf )

is proportional to the conductivity (σ ) [34,36–39], written as

τsf =
τp

ǫ
= κσ, (7)

with the coefficient κ = me/ne2ǫ, where τp is the momentum

relaxation time, ǫ is the spin-flip probability occurring at

momentum scattering events, and n is the conduction electron

density. Thus the temperature dependence of the diffusion

constant can be represented as follows:

D0 =
λ2

sdl

2κσ (1 − ββ́ )
. (8)

The spin-transport parameters as a function of temperature

can be evaluated by using Eqs. (1)–(8) as described above.

Subsequently, the calculation of spin-transfer torque acting

on the magnetization in a magnetic structure at any given

temperature is achieved by using a model of spin accumu-

lation, described in the next section, in which the polarized

spin current interacts with the local magnetization via the s-d

exchange interaction.

134427-2



TEMPERATURE DEPENDENCE OF SPIN-TRANSPORT … PHYSICAL REVIEW B 102, 134427 (2020)

B. Spin-transfer torque (STT)

The STT arising from the s-d exchange interaction be-

tween the nonequilibrium conduction electrons and the local

magnetization can be qualitatively described by the gen-

eralized spin-accumulation model based on drift-diffusion

equations [23,35,40]. The spin accumulation is defined as

the difference of the spin-up and spin-down density of states

(DOS) and its general solution in the rotated coordinate sys-

tem b̂1, b̂2, and b̂3 consists of longitudinal (m‖) and transverse

(m⊥) components which are parallel and perpendicular to the

local magnetization expressed in the following form:

m‖(x) = [m‖(∞) + [m‖(0) − m‖(∞)]e−x/λsdl ]b̂1,

m⊥,2(x) = 2e−k1x[u cos(k2x) − v sin(k2x)]b̂2, (9)

m⊥,3(x) = 2e−k1x[u sin(k2x) + v cos(k2x)]b̂3,

with

(k1 ± ik2) =
√

λ−2
trans ± iλ−2

J .

The transverse length scale (λtrans) including the dephasing

effect [19,35] is defined as λ−2
trans = λ−2

φ + λ−2
sf , with λφ the

spin dephasing length. The unknown coefficients m‖(0), u,

and v can be calculated by imposing the boundary condition

of the continuity of the spin current. The spin current (jm),

which is temperature and position dependent, can be written

in terms of the transport parameters, the charge current density

( je), and the gradient of spin accumulation as follows:

jm = β jeM − 2D0

[∂m

∂x
− ββ ′M

(

M ·
∂m

∂x

)]

, (10)

where M is the unit vector of the magnetization and x is the

direction of the injected current.

The mechanism of STT involving the s-d exchange inter-

action can be theoretically described by considering the spin

current carried by the conduction electrons into the magnetic

structure. The STT acts on the spin current to adiabatically

align in the direction of the local magnetization. According

to the conservation of angular momentum, a reaction torque

proportional to the spin current density is simultaneously cre-

ated on the local magnetization. The STT (τSTT), naturally

including the adiabatic (AST, τAST) and nonadiabatic spin

torques (NAST, τNAST), can be quantitatively described in the

following form:

τSTT = τAST + τNAST =
∂jm

∂x

= −(J/h̄)(m × M) − (J/h̄)
ℓL

ℓ⊥
[M × (m × M)]

−
2D0

λ2
sf

m

=
2D0

λ2
J

(M × m) +
2D0

λ2
φ

[M × (M × m)]−
2D0

λ2
sf

m, (11)

where λJ =
√

2h̄D0/J and the spin dephasing length λφ =√
2h̄D0ℓ⊥/(JℓL ). Parameters ℓL and ℓ⊥ are the spin preces-

sion length and spin coherence length [19], respectively.

Next the STT arising from the transverse component of

spin accumulation (m⊥) is decomposed into two components:

The in-plane torque (AST) and the fieldlike torque or the out-

of-plane torque (NAST). They can be derived in the rotated

basis system where the AST and NAST are along the direc-

tions of b̂2 and b̂3, respectively [23]. We substitute M = b̂1

and m = m⊥,2b̂2 + m⊥,3b̂3 into the above equation; therefore,

we obtain

τSTT =
2D0

λ2
J

(−m⊥,3b̂2+m⊥,2b̂3) +
2D0

λ2
φ

(−m⊥,2b̂2 − m⊥,3b̂3)

−
2D0

λ2
sf

(+m⊥,2b̂2 + m⊥,3b̂3)

= 2D0

[(

−
m⊥,2

λ2
trans

−
m⊥,3

λ2
J

)

b̂2 +
(

m⊥,2

λ2
J

+
m⊥,3

λ2
trans

)

b̂3

]

,

(12)

where the first and second terms of the above equation repre-

sent AST and NAST as follows:

τAST = −
2D0

λ2
Jλ

2
trans

(

λ2
Jm⊥,2 + λ2

transm⊥,3

)

b̂2,

τNAST =
2D0

λ2
Jλ

2
trans

(

λ2
transm⊥,2 + λ2

Jm⊥,3

)

b̂3. (13)

As clearly seen in Eq. (13), STT strongly depends on the

transport parameters and decays over the length scale of λJ

and λtrans associated with D0. Therefore, it is important to

consider these parameters correctly for the appropriate design

of STT-based devices.

III. RESULTS AND DISCUSSION

The aim of this paper is to understand the temperature

dependence of STT acting on magnetization in a magnetic

structure and to get insight into the physical description of

the STT mechanism behind the operation of devices. STT

domain-wall (STT-DW) based memory offers a new pos-

sibility to increase the data storage capacity for today’s

information-based society [41]. In this section, we therefore

study the enhancement of STT in the DW structure formed in

the the Co thin film at any finite temperature. The transport

parameters of Co as a function of temperature are first calcu-

lated by using the formalism in Eqs. (1) to (8), and they will

be subsequently used for the calculation of STT.

A. Spin-transport parameters including temperature effect

The temperature dependence of the electrical resistivity

in Eq. (1) plays a key role in the determination of other

transport parameters. According to an experimental study of

Co in Ref. [31], the coefficient α is relatively small and

negligible. Therefore, the spin-dependent resistivity of Co

can be expressed in the following form: ρi = ρ0i + AiT
2.

The empirical constant A↑ = A↓ = A↑↓ is estimated to be

1.6 × 10−7 μ� m K−2. In addition, the values of the low-

temperature resistivity for spin up, spin down, and spin

mixing of Co are taken from experiments [42,43]: ρ0↑ =
0.041 μ� m, ρ0↓ = 0.11 μ� m, and ρ0↑↓ = 0, respectively.

Based on these parameters, the calculated spin-dependent

resistivity is shown in Fig. 1(a), where the calculated total

134427-3
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FIG. 1. Temperature dependence of (a) spin-dependent resistiv-

ity, (b) spin-dependent conductivity, (c) spin-polarization parameters

for the conductivity, and (d) spin-polarization parameters for the

diffusion constant of Co calculated directly from Eqs. (1)–(4) by

using parameters from experiments in Refs. [31,42,43].

resistivity at 4.2 K of ρ4.2K = 0.03 μ� m is close to prior

studies [33,43,44].

Subsequently, the temperature dependence of conductivity,

spin-polarization parameters for conductivity, and diffusion

can be obtained as shown in Figs. 1(b)–1(d). σ↑ is signifi-

cantly decreased by temperature due to the spin-flip scattering

[32,45], whereas σ↓ is relatively unchanged. The behavior

of total conductivity becomes dominated by σ↑. The reduc-

tion of spin-dependent conductivities results in the decrease

of spin-polarization parameters β and β ′, as expected [32].

In addition, the value of the spin-polarization parameter of

conductivity is predicted to have a value of β = 0.457 at low

temperature, which is in good agreement with experimental

studies [33,46]. This confirms the validity of the parameters

used in this paper.

The spin-diffusion length and diffusion constant of Co as

a function of temperature are next considered by using the

experimental values of λsdl and the resistivity at any given

temperature, as shown in Table I. The results show the inverse

proportionality of the spin-diffusion length to the resistivity.

The coefficient C = 2.09 f � m2 in Eq. (5) was evaluated

from a linear fit to the results of λsdl versus 1/ρ obtained

from the literature in Refs. [42,47], as illustrated in Fig. 2

(inset). The empirical constant from the best fit is used to

determine the temperature-dependent λsdl by substitution into

Eq. (6). At low temperature, the spin-diffusion length varies

slowly with a more rapid decrease at high temperature. The

thermal effect gives rise to a high probability of spin flipping

within the material, which finally leads to the reduction of

the spin-diffusion length. Our simulated results are similar to

TABLE I. Spin-diffusion length and conductivity of Co at any

given temperature [42,47].

Temperature (K) λsdl (nm) ρ (n� m)

0 60 30

77 59 ± 18 160

300 38 ± 12 210
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λ
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(n
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m
)

1/ρ  (MSm−1)
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D
0
  

(c
m

2
s−

1
)

Temperature  (K)

FIG. 2. Spin-diffusion length and diffusion constant as a func-

tion of temperature: An inset shows the linear dependence of the

spin-diffusion length and 1/ρ extracted from previous experiments

[42,47]. The solid line (inset) is the best fit to the experimental data.

previous reports [37,39,47,48]. The diffusion constant is next

considered due to its importance in relation to the magnitude

of STT. The temperature dependence of D0 can be obtained

by substituting the calculated σ , β, β ′, and λsdl into Eq. (8)

with the constant κ = 3 × 10−20 � ms [42]. As clearly seen

in Fig. 2, there is a strong decrease of the diffusion constant

with increasing temperature. This indicates the fast change of

the spin direction stimulated by thermal fluctuation [34].

These results emphasize the significant effect of tem-

perature on the spin-transport parameters. To describe the

spin-transport behavior in a magnetic structure, in the follow-

ing section, the temperature-dependent transport parameter

will be used for the calculation of spin accumulation, spin

current, and STT acting on a domain wall in Co. This study

demonstrates the importance of applying the empirical pro-

cess outlined here to materials for spintronic device design

since these devices are operated at finite temperature.

B. STT calculation in the presence of thermal effect

The thermal fluctuation strongly influences the magnetic

and transport properties. Here we choose to investigate the

temperature dependence of the STT on a domain-wall (DW)

structure in a Co thin film using an atomistic model based

on the VAMPIRE software package [30]. The combination of

the atomistic spin model and the temperature-dependent spin

accumulation allows the calculation of the corresponding tem-

perature dependence of the spin-transfer torque acting on the

domain wall. We first evaluate the temperature dependence

of the magnetization of Co using the Monte Carlo method

implemented in the VAMPIRE software package [30], as de-

picted in Fig. 3 where the Curie temperature is approximately

Tc = 1400 K. The parameters for Co are a uniaxial anisotropy

constant of ku = 6.69 × 10−24 J/atom, exchange energy Ji j =

134427-4
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FIG. 3. Temperature-dependent magnetization of Co obtained

from atomistic simulation.

6.064 × 10−21 J/link, and the atomic spin moment of μs =
1.72μb.

The DW structure in a Co thin film with the dimensions of

70 × 35 × 1.75 nm3 at different temperatures ranging from

0 to 1200 K is next investigated by employing the atomistic

spin dynamic simulations. The dynamical behavior of each

local spin (Si) in the magnetic system can be described by the

stochastic Landau-Lifshitz-Gilbert equation given by

∂Si

∂t
= −

γ

(1 + α2)
(Si × Beff,i ) −

γα

(1 + α2)
[Si × (Si × Beff,i )],

(14)

with the local field given by

Beff,i =
∑

i 	= j

Ji jS j

|μs|
+

2ku

|μs|
(Si · e)e + Bdip,k + Bth,i, (15)

where Si is the normalized spin moment at site i, γ is the mod-

ulus of the gyromagnetic ratio, α is the damping constant, and

Beff,i denotes the effective field of local spin i. The constant

Ji j is the nearest-neighbor spin exchange energy between spin

sites i and j, ku is the uniaxial anisotropy constant, e is the unit

vector of the easy axis, and |μs| is the magnitude of the spin

moment.

The first two terms in Eq. (15) represent the contribution

of the exchange interaction field and anisotropy field, respec-

tively. Due to the expensive computation time, the inclusion

of a demagnetization field is considered separately using the

macrocell approach [23,30] under the assumption that the de-

magnetizing field of macrocell k containing spin i is constant

over the cell given by

Bdip,k =
μ0

4π

∑

l 	=k

[3(μl · r̂kl )r̂kl − μl

|rkl |3
]

(16)

and

μl = μs

natom
∑

i=1

Si, (17)

where μl is the vector of the magnetic moment in the macro-

cell site l , μ0 is the permeability of free space, V is the

−1

−0.5

 0

 0.5

 1

M
y

0 K
600 K
900 K

1200 K

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  5  10  15  20  25  30  35  40

M
t

No. layers

FIG. 4. Schematic representation of the easy axis (My) and trans-

verse (Mt) components of magnetization in domain-wall formation

with different temperatures obtained from atomistic simulation: The

distance between layers is 1.75 nm. Lines provide a guide to the eye.

volume of the macrocell, rkl is the distance and r̂kl is the

corresponding unit vector between macrocell sites k and l , and

natom is the number of atoms in each macrocell.

Finally, the contribution of a random thermal field acting

on the spin site i is introduced into the atomistic model by a

Gaussian distribution Ŵ with a mean of zero as follows:

Bth,i = Ŵ

√

2αkBT

γμs�t
, (18)

where kB is the Boltzmann constant, T is the system tempera-

ture in Kelvin, and �t is the time step.

In order to quantify the DW profile, the spin accumulation,

and the spin torque, the system is discretized into macrocells

1.75 × 1.75 × 1.75 nm3 in size. The equilibrium domain-wall

structure at any finite temperature can be obtained by

pinning the magnetization at the boundaries of the film

along the easy axis direction, ±y, to force a domain wall

into the film. The spin dynamics simulation is performed

as described above. Figure 4 demonstrates the easy axis

and transverse components of the magnetization in a DW

formed in a Co thin film. The thermal fluctuation results in

the decrease of magnetization and a Bloch wall is observed

at high temperature. Next, the domain-wall width (δ) at

any temperature can be evaluated from the easy axis or

y component of the magnetization in DW obtained from

simulation, as seen in Fig. 5. The results clearly show an

increase in the domain-wall width with temperature consistent

with previous work [49]. This can be explained since the DW

width depends on the anisotropy and exchange stiffness,

δ = π
√

A/K , associated with temperature. Since A scales

with M2 and for Co the uniaxial anisotropy scales with M3 and

with increasing temperature, the wall width δ diverges as M−1.

Finally, we investigate the spin accumulation, spin current,

and spin torque in the DW structure as a function of tem-

perature. The simulated magnetization profile in the DW and
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FIG. 5. Temperature dependence of the domain-wall width.

calculated transport parameters presented earlier are used to

determine the spin current, spin accumulation, and spin torque

acting on the magnetization within the DW. The investigation

starts with injecting a charge current density of 5 × 1011A/m2

into the DW structure along the x direction. For clarity, the

spatial variation of spin accumulation and spin current within

the DW at different temperatures is best presented in the basis

coordinate system showing the longitudinal and transverse

components. The procedure works by a sliding system into

many thin layers (i = 0, 1, 2, . . . , n). Subsequently, Eqs. (9)

and (10) are applied to each thin layer of the system to deter-

mine the spin accumulation and spin current at any position.

It is worth noting that the previous layer (i-1) acts as the

pinned layer for the considered layer (i) [22]. In general,

the spin accumulation and spin current are likely to reach

the equilibrium value in the direction of magnetization. It is

interesting that both spin accumulation and spin current easily

develop towards the direction of the local magnetization at

high temperature, as seen in Figs. 6(a) and 6(c). It is also

important to consider the magnitude of the transverse or out-

of-plane component of the spin accumulation inducing a spin

torque acting on the local magnetization. It physically indi-

cates the degree of spin mistracking, which is the inability of

conduction electrons to follow the magnetization. The results

shown in Figs. 6(b) and 6(d) clearly suggest that the spin

mistracking is strongly dependent on temperature. It can be
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FIG. 6. The spatial variation of the (a) longitudinal and (b) trans-

verse spin accumulation, and the (c) longitudinal and (d) transverse

component of the spin current with various temperatures ranging

from 0 to 1200 K.

seen that the transverse spin accumulation decreases rapidly

with temperature above 300 K.

The spin accumulation strongly depends on the gradient

of magnetization between layers and relaxes towards the di-

rection of magnetization with the characteristic length scale

of the spin-diffusion length. The temperature affects not only

the orientation of magnetization within the DW, but also the

transport parameters, especially the spin-diffusion length and

the spin-polarization parameters. Increasing the temperature

results in a decrease of the anisotropy constant, leading to a

wider DW and a reduction in the spin-diffusion length. At

high temperature, the spins of conduction electrons easily flow

across the DW with small gradient of magnetization and relax

to the equilibrium value with small deviation due to the strong

interaction between the conduction electrons and the magne-

tization. In turn, for a narrow DW and large spin-diffusion

length at low temperature, as seen in Figs. 5 and 2, there is

a large deviation of the longitudinal spin accumulation (m‖)

from the equilibrium value across the DW. As a consequence

of the inability of the spin accumulation to follow the magne-

tization at low temperature, the transverse spin accumulation

arising from the spin mistracking can be clearly observed.

To gain insight into the effect of temperature on the spin-

transport behavior, the spin torque consisting of adiabatic

(AST) and nonadiabatic spin torque (NAST) is discussed

next. Physically, STT originates from the transverse spin

accumulation and its magnitude is related to the phase differ-

ence between the magnetization and spin accumulation [40].

Therefore, the result of spin accumulation depicted in Fig. 6

 0

 15

 30

 45

 60

 75

S
T

to
ta

l  
(m

T
)

0 K
300 K
600 K
900 K

1200 K

 0

 15

 30

 45

 60

 75

A
S

T
  

(m
T

)

−15

−10

−5

 0

 5

 0  10  20  30  40

N
A

S
T

  
(m

T
)

No. layers

FIG. 7. The spin-transfer torque acting on the local magnetiza-

tion within the domain wall.
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can be used to describe the spin torque exerted on the DW.

Figure 7 shows the total spin torque and the contribution of

AST and NAST on the spatially continuous magnetization in

domain walls at different temperatures. For all temperatures,

the magnitude of the STT follows the direction of magneti-

zation within the domain wall. The conduction electron spins

follow the direction of the local magnetization, resulting in a

predominantly adiabatic process dominated by the AST. The

total STT mainly arises from the AST orienting in the plane

of magnetization of the domain wall and the maximum AST

appears at the center of the wall due to the strong gradient

of magnetization. On the other hand, the NAST arising from

the deviation of conduction electrons from the adiabatic pro-

cess is relatively small. Its magnitude is a few times smaller

than that of AST, as illustrated in Fig. 7; however, it may

give rise to the out-of-plane component of magnetization in

dynamic processes. Obviously, the highest spin torque at the

center of the DW is observed since the transverse spin ac-

cumulation is mostly absorbed in this position. In addition,

the results demonstrate that the temperature plays a crucial

role in the spin-transport behavior. The thermal effect on

AST and NAST is larger at low temperature due not only

to the larger magnetization gradient in a narrow DW, but

also to a long spin-diffusion length. The results of this study

provide evidence that increasing the temperature results in

a decrease in spin-diffusion length and an increase in DW

width, which eventually leads to a decrease in spin-torque

magnitude. The proposed model described here can form an

important basis for the understanding of the thermal influence

on spin-transport behavior and implications for the STT-based

device design.

IV. CONCLUSION

In conclusion, the calculation of the temperature depen-

dence of spin-transport parameters, which is required for the

potential applications based on STT, is demonstrated here.

The transport parameters as a function of temperature can be

determined via the spin-dependent resistivity of the material.

The spin-polarization parameter, the spin-diffusion length,

and the diffusion constant are decreased with increasing tem-

perature, in agreement with experiments. As an exemplar,

the calculated transport parameters for Co are taken into the

spin-accumulation model to investigate the thermal effect on

spin-transport behavior within a DW in a Co thin film. STT

arises from the transverse component of spin accumulation,

which is generally small, but it significantly induces the spin

torque in the system. Interestingly, the results also show that

thermal fluctuations have a significant effect on the magnitude

of STT. This is due to the fact that the spin accumulation is

associated with not only the relative orientation of magnetiza-

tion, but also the transport parameters which are temperature

dependent. These investigations are of fundamental interest

and give useful insight into the influence of temperature on the

spin-transport behavior to understand and control the magne-

tization in devices.
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