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Modelling of magnetotransport of hot electrons in a spin-valve transistor
Jisang Honga)
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~Received 13 August 2001; accepted for publication 22 January 2002!

This article explores the magnitude of spin dependent collector current in a spin-valve transistor
varying the combination of ferromagnetic layers at finite temperatures. In these calculations, the
spatial inhomogeneity of the Schottky barrier at the emitter side and spin dependent self-energy
effect in ferromagnets have been taken into account. In addition, the magnetocurrent has been
presented as well. It has been ascertained that the magnitude of spin dependent collector current
strongly depends on the type of spin-valve base since the inelastic scattering strength is different in
each material. These calculations may help find the best structural combination of ferromagnetic
layers in the spin-valve base. ©2002 American Institute of Physics.@DOI: 10.1063/1.1461061#
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I. INTRODUCTION

Magnetic multilayer structures provide many interesti
phenomena. For instance, the magnetic tunneling junc
~MTJ!1 is being widely explored for the purpose of magn
toelectronic device. However, one difficulty for real devi
application in a MTJ is that the magnetoresistance decre
rapidly with applied bias voltage.2 Interestingly, a new type
of promising magnetoelectronic device, the so-called sp
valve transistor~SVT!,3 has been suggested by Monsm
et al. as well. Unlike the conventional MTJ, one encounte
different structure4 and properties in this SVT. For instanc
a SVT typically has aSi/N1 /F1 /N2 /F2 /N3 /Si structure
whereNi( i 51...3) represents normal metal, andFi( i 51,2)
stands for ferromagnetic layer. In this structure, electr
crossing the Schottky barrier~emitter side! penetrate the
spin-valve base, and the energy of hot electrons is above
Fermi level of metallic base. Thus,hot electron magne-
totransport should be taken into account when one expl
the SVT.

In the magnetic tunneling junction, electrons near
Fermi level mostly contribute to the tunneling current, a
spin polarization of these Fermi electrons strongly depe
on the density of states near the Fermi level. In contrast,
hot electron transport is related to the density of unoccup
states above the Fermi level, and it has an exponential
pendence on electron inelastic mean free path.5 The expo-
nential dependence on the inelastic mean free path resu
many interesting features in a hot electron device such as
SVT ~incorporated with magnetism!. For instance, a collec
tor current has strong sensitivity to the relative spin orien
tion in the ferromagnetic layers because of its exponen
dependence on the inelastic mean free path, and magnet
rent does not depend on any spin independent attenua
These properties indicate that the SVT can be a very fa
able candidate for a magnetoelectronic device. Very rece
Jansenet al.6 reported the temperature dependence of col
tor current and magnetocurrent as a function of the rela
spin orientation in the ferromagnetic layers. They obtain
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huge magnetocurrent even at room temperature and unu
temperature dependence of collector current. On the the
side, the role of hot electron spin polarization at a fin
temperature has been explored to understand the spin de
dence of hot electron magnetotransport.7,8According to these
theoretical results, the spin dependent hot electron mag
totransport is substantially influenced by the hot elect
spin polarization at finite temperatures.

As remarked earlier, the SVT has been suggested as
other type of magnetoelectronic device for real applicatio
A major advantage of this structure is in the sensitivity
collector current to the relative spin orientation of the ferr
magnetic layers because of an exponential dependence o
collector current on the inelastic mean free path. On the o
hand, it has a serious difficulty for practical purposes sin
the output collector current is small. According to th
measurement,6 when the relative spin orientation of the fe
romagnetic layers is parallel, the collector current~parallel
collector current! is roughly 8–10 nA, and the antiparalle
collector current is around 2–3 nA with 2 mA input curren
Thus, a major effort in this area is to find the best struct
for large output collector current. Bearing this in mind, w
shall study the spin dependent collector current varying
combination of the ferromagnetic layers in the spin-va
base, and explore how the magnitude of current and Mo
Carlo ~MC! depend on the combination at finite temper
tures.

II. MODEL

In these model calculations, the normal metal layers
considered to be the same material, hence, the focus o
terest is on the magnetotransport in the ferromagnetic lay
As experimentally presented, the Schottky barrier has a s
tial distribution,9 thus one should take into account the effe
of the Schottky barrier distribution phenomenological
Here, one should note that the Schottky barrier exists at
interface of normal metal and semiconductor without a
spin dependence, so that the spatial inhomogeneity of
Schottky barrier only effects the magnitude of the collec
current with the same weight for a parallel and antipara
0 © 2002 American Institute of Physics
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configuration. In addition, it does not change the MC. No
the central issue of this work is to analyze the magnitude
the collector current and the magnetocurrent at finite te
peratures changing the ferromagnetic layer combination.
the sake of argument, the SVT structure is denoted asF1 /F2

because normal metal layers are not changed at all in
calculations of this model. The Fe/Fe, Ni/Fe, and Ni/
structures will be explored in this work because Fe has
largest magnetic moment, and Ni has the smallest one ind
ferromagnetic transition metals.

Once the hot electrons start to penetrate the spin-v
base, one then needs to explore the Green’s func
Gs(k,E), which describes the propagation of the electr
~spin up and spin down! in each material. One can write th
as

Gs~k,E!5
1

E2es~k!2Ss~k,E!
. ~1!

Theoretical calculations of spin dependent self-energy10 in-
cluding the effect of spin wave excitations, Stoner exci
tions, and various spin–nonflip processes in ferromagn
have been presented. The theoretical calculations show
the self-energySs(k,E) has a strong spin dependence
ferromagnets, so that the inelastic mean free path is
dependent in the ferromagnetic materials. This author defi
gMi

(E,T) to describe the spin dependent inelastic scatte
effect of majority spin electrons in ferromagnetic materialFi

at finite temperatures andgmi
(E,T) for minority spin elec-

trons. One can write this as gMi (mi )
(E,T)

5exp@2wi /lMi(mi)
(E,T)#, where l M i (mi )

(E,T) is the inelastic
mean free path of majority~minority! spin electron in ferro-
magnetic layerFi at temperature T, andwi is the thickness of
that material. One can also relate thesegMi

(E,T) and
gmi

(E,T) to the hot electron spin polarization. Definitel
there will be an attenuation when the hot electrons are p
ing through the normal metal layerN as well as ferromag-
netic layer Fi . The author denotes the attenuation in t
normal metal layerN asGN(E,T). As remarked herein, the
current has an exponential dependence on the electron in
tic mean free path, therefore, the inelastic scattering effec
a normal metal layer has the same influence on any com
nation of ferromagnetic layers giving exactly the same c
tribution to the parallel and antiparallel collector curre
This exponential dependence of the collector current on
inelastic mean free path enables us to focus only on the
romagnetic layers. As remarked in the beginning, the issu
this work is the ferromagnetic layer dependence of hot e
tron magnetotransport at finite temperatures, thus inter
scattering due to band mismatch11 has not been considered
these calculations assuming weak temperature depende

Since the hot electrons are not spin polarized until th
reach the first ferromagnetic layer, we therefore can say
N0/2 spin up and spin down electrons are injected into
spin-valve base per unit time per unit area, respectiv
Here,N0 is the total number of injected hot electrons acro
the Schottky barrier including spin up and spin down. Af
they enter the ferromagnetic layer, the hot electrons will s
fer from strong spin dependent inelastic scatterings. Si
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the inelastic scattering scattering rate depends on energy
needs to know the energy distribution of the injected h
electrons at finite temperatures. Based on the Schottky
rier heights measurement,9 in these calculations, one can a
sume that the energy of hot electrons has a Gaussian d
bution at zero temperature. At finite temperatures, the ene
of hot electrons will be redistributed due to thermal effec
From the experimental measurement of the Schottky bar
distribution9 and according to Jansenet al.,6 it is supposed
that the hot electron has a 4kBT distribution at temperature
T, and one can write

ẽ~T8!5e14kBT8, ~2!

wheree is the energy at zero temperature. Now, the ene
distribution of injected hot electrons at finite temperatureT is
modeled as

D@ ẽ~T8!#5
N0

2
c1 exp@2a1~e2em!2#

3c2 exp@2a2~4kBT8/4kBT!#, ~3!

where thec1 and c2 are the normalization constants,em is
the energy of the maximum distribution at zero temperatu
anda1 anda2 describe the width of the distribution.

Taking into account the inelastic scattering in the sp
valve base, one obtains the spin dependent parallel colle
current

I P~T!5E
e l

em
deE

0

T

dT8D@ ẽ~T8!#GN
3 @ ẽ~T8!#gM1

@ ẽ~T8!#

3gM2
@ ẽ~T8!#3F 11

gm1
@e~ T̃8!#

gM1
@e~ T̃8!#

gm2
@e~ T̃8!#

gM2
@e~ T̃8!#

G
3t@ ẽ~T8!,Vb#Q@ẽ~T8!2Vb#, ~4!

and the antiparallel collector current is

I AP~T!5E
e l

em
deE

0

T

dT8D@ ẽ~T8!#GN
3 @ ẽ~T8!#gM1

@ ẽ~T8!#

3gM2
@ ẽ~T8!#3F gm1

@e~ T̃8!#

gM1
@e~ T̃8!#

1
gm2

@e~ T̃8!#

gM2
@e~ T̃8!#

G
3t@ ẽ~T8!,Vb#Q@ẽ~T8!2Vb#, ~5!

where t@ ẽ(T8),Vb# describe the quantum mechanical tran
mission probability in the presence of a potential barrierVb .
One can rewrite the aforementioned expressions in term
hot electron spin polarization7

I P~T!5E
e l

em
deE

0

T

dT8D@ ẽ~T8!#GN
3 @ ẽ~T8!#g1@ ẽ~T8!#

3g2@ ẽ~T8!#Q@ẽ~T8!2Vb#3$11PH1
@ ẽ~T8!#%

3$11PH2
@ ẽ~T8!#-t@ ẽ~T8!,Vb#%

33F11
12PH1

@ ẽ~T8!#

11PH1
@ ẽ~T8!#

12PH2
@ ẽ~T8!#

11PH2
@ ẽ~T8!#

, ~6!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



o
-
n

ne
e

et
n
nc
th
r

nt
s
o
a

ar-
is-
of

er
stic
35
ers
the
ua-
and
not
lly
the

ec-

ed.
ious
lve
anti-
re

ent
-
ost

to
nce,

cu cur-

5102 J. Appl. Phys., Vol. 91, No. 8, 15 April 2002 Jisang Hong
I AP~T!5E
e l

em
deE

0

T

dT8D@ ẽ~T8!#GN
3 @ ẽ~T8!#g1@ ẽ~T8!#

3g2@ ẽ~T8!#Q@ẽ~T8!2Vb#

3$11PH1
@ ẽ~T8!#%11PH2

@ ẽ~T8!#%t@ ẽ~T8!,Vb#

3F12PH1
@ ẽ~T8!#

11PH1
@ ẽ~T8!#

1
12PH2

@ ẽ~T8!#

11PH2
@ ẽ~T8!#

, ~7!

wheregi@ ẽ(T8)# is a spin averaged attenuation in the ferr
magnetic layer, andPH2

@ ẽ(T8)# is the hot electron spin po
larization. Then, one can easily obtain the MC by the defi
tion

MC~T!5
I P~T!2I AP~T!

I AP~T!
. ~8!

For a quantitative analysis of the hot electron mag
totransport, it is necessary to know the temperature dep
dence of the inelastic mean free path in the ferromagn
layers as well as in the normal metals. Unfortunately,
adequate reliable data is available. Here, it is of importa
to note that the attenuation of low energy electron in
normal metal is around 100 Å.12 It is several times greate
than that in the ferromagnets.10 This implies that the inelastic
scattering in the ferromagnetic layers enters importantly i
the magnetotransport. Hence, in these model calculation
is assumed that the attenuation in the normal metal is c
stant within the energy and temperature of interest. This
thor also takes the spin averaged quantitygi(E,T) at T50.

FIG. 1. Temperature dependence of parallel and antiparallel collector
rent with Ni/Ni base.
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III. RESULTS AND DISCUSSION

From the experimental measurement of the Schottky b
rier height, the author chose 0.2 eV width in the energy d
tribution at zero temperature taking 0.9 eV as an energy
maximum distribution, and the collector Schottky barri
height is assumed to be 0.87 eV. 90 Å was taken for inela
mean free path in the normal metal layer with thickness
Å. The thickness of the first and second ferromagnetic lay
is 60 Å and 30 Å, respectively. We take advantage of
theoretical results in Ref. 10 for the spin averaged atten
tion in the ferromagnetic layers. Since the temperature
energy dependence of hot electron spin polarization is
clearly understood neither theoretically nor experimenta
so far, we model the hot electron spin polarization. Since
number of thermal spin waves is proportional toT3/2,
PH(E,T)5P0(E)(12@T/TC#2/3) was taken, whereP0(E) is
the hot electron spin polarization at zero temperature, andTC

is the critical temperature of ferromagnetic material. TheTC

for Ni and Fe has been taken as 630 K and 1200 K, resp
tively.

The results of the model calculations are now discuss
Presented is the spin dependent collector current for var
combinations of the ferromagnetic layer in the spin-va
base from Figs. 1–3. One can see that the parallel and
parallel collector current behave differently with temperatu
T in any combination. Since the experimental measurem6

has been made with Ni80Fe20/Co spin-valve base, the theo
retical calculations with Ni/Fe base in Fig. 2 may be the m
relevant structure to the experimental reality, if one wants
compare the results with the experimental data. For insta

r-FIG. 2. Temperature dependence of parallel and antiparallel collector
rent with Ni/Fe base.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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parallel collector current increases up to around 150 K
starts to decrease beyond it while the antiparallel collec
current increases up to room temperature. With different
romagnetic layers in the base, one also obtains almost
same temperature dependence. This feature is attribute
the effect of hot electron spin polarization. The role of h
electron spin polarization has been well explained in Ref
and 8. Now, the interest of this author is in the the magnitu
of the collector current for different combinations since f
application purposes the magnitude of collector current
been one of the main issues in the SVT. One can clearly
that the largest collector current can be obtained from Ni
as shown in the Fig. 1, while the Fe/Fe structure in Fig
produces the smallest collector current. For example, the
tiparallel collector current of Ni/Ni base is greater by almo
one order of magnitude compared with that of the Fe
base. For parallel current, the author also obtained a sim
trend. This was interpreted in terms of spin dependent ine
tic mean free path in the ferromagnetic materials. As p
sented in Ref. 10, the hot electron has a very stronger ine
tic scattering strength in Fe than in Ni. Thus, the inelas
mean free path in Fe is shorter than in Ni, therefore the Ni
combination produces the largest collector current. Figur
represents the magnetocurrent at finite temperatures.
Ni/Ni combination displays the smallest magnetocurrent a
the most rapid temperature variation while we obtain
largest output collector current. In contrast, the Fe/Fe has
opposite property. This temperature dependence of ma
tocurrent can be understood in terms of hot electron s
polarization at finite temperatures. Since the critical tempe

FIG. 3. Temperature dependence of parallel and antiparallel collector
rent with Fe/Fe base.
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ture of Fe is roughly twice that of Ni, the hot electron sp
polarization varies rapidly in Ni compared to Fe.

In conclusion, the spin dependent collector current a
magnetocurrent as a function of the ferromagnetic layer co
bination have been explored. It was ascertained that
Ni/Ni combination produces the largest output collector c
rent. The magnetocurrent shows the most rapid tempera
variation with the smallest magnitude. The Fe/Fe struct
has the opposite property. Since the magnitude of the col
tor current has been one of the issues in the SVT for pract
applications, it is intended that this work will stimulate e
perimental investigation.
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