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Hot-electron three-terminal devices based on magnetic tunnel junction stacks

M. Hehn, F. Montaigne, and A. Schuhl
Laboratoire de Physique des Mate´riaux, UMR CNRS 7556, BP 239, 54506 Vandoeuvre le`s Nancy Cedex, France

~Received 22 October 2001; revised manuscript received 14 January 2002; published 21 October 2002!

Magnetic-configuration-dependent electrical characteristics of magnetic-tunnel-junction-based three-
terminal devices have been computed in the framework of the parabolic band model. Besides their fundamental
interest in measuring the properties of nonequilibrium spin-dependent hot-electron transport, three-terminal
devices appear to be good candidates for a new generation of magnetic-field-dependent devices. The control of
the hot-electron transmission in a double-tunnel junction is a keystone to ensure asymmetric diodes or hot-
electron magnetic-field-dependent transistors. Based on a basic description of electron scattering and nonco-
herent transport in the structure but using electronic parameters extracted from experiments, we assess the
functionalities of those devices.
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I. INTRODUCTION

The discovery of a tunnel magnetoresistance~TMR! ef-
fect at room temperature in oxide-barrier-based magn
tunnel junctions1 ~MTJ’s! paved the way to intense develo
ments of this field area with many possible applicati
prospects.2 Those numerous studies devoted to different
pects of this topic permit getting a better understanding
the fundamentals of spin-polarized tunneling transport. Fr
the experimental point of view, a large effort was paid
optimize the growth of thin insulating materials3 and to study
magnetization reversal processes, domain formation,
their implications to the TMR signal.4,5 From the theoretica
point of view, the magnetotransport properties were mode
using a transfer Hamiltonian,6 free-electron-like models,7 or
more sophisticated band structure calculations.8 Much of the
attention was then paid to the study of single-tunnel-bar
structures and the quality of the grown materials allows
now to pass a further step.

Indeed, as was previously remarked by Mead9 in the early
1960s,a new class of devices employing the principle
electron tunnel emission from a metal-insulator-metal dio
where the second metal layer is thincan be built.A triode
geometry can then be secured by the addition of a sec
insulator and a metal collector layer. The proposed structur
is not less than a double-tunnel-barrier junction. Up to no
few studies have been devoted to the development of s
structures.10 A transistor effect has been shown in the p
ticular case of an epitaxialM /I /M /I /M structure whereI is
CaF2 andM is CoSi2 ~Ref. 11! ~analog effects are observe
in similar semiconductor structures12!. However, the need o
epitaxy and the lack of magnetism limit the couple ofM /I
which can be used and no spin-dependent transport can
cur. Recently, new experimental achievements have eme
with the development of the hot-electron spin-val
transistor13 or the magnetotunneling injection device.14 In
both systems, spin-dependent tunneling governs the elec
transport in the structure. Nevertheless, in the former,
electrons are concerned but there is a need for a crystallin
emitter and collector and, in the latter, spin accumulat
seems to be at the origin of the magnetoresistance.

In this paper, we propose to combine spin-polarized h
0163-1829/2002/66~14!/144411~7!/$20.00 66 1444
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electron transport with a magnetic-tunnel-junction-bas
three-terminal device. This way, we fully relax the constra
related to the epitaxy ofM /I or Si layers and so enlarge th
number of material combinations to make the desi
M1 /I 1 /M2 /I 2 /M3 structure. The complete stack can then
made with a sputtering machine; the layers can be am
phous, but we show from a theoretical basis that a h
electron transfer can be obtained fromM1 to M3 as was
shown in Ref. 13. Based on experimental tunnel barrier
rameters, magnetic-field-dependent electrical characteris
of magnetic-tunnel-junction-based three-terminal devi
have been computed in the framework of the parabolic b
model. They assess the functionalities of a new generatio
magnetic-field-dependent devices like asymmetric diodes
hot-electron magnetic-field-dependent transistors based
the control of the hot-electron transmission. Furthermore,
sides their applied interest,M1 /I /M2 /I /M3 structure can be
used to measure the properties of nonequilibrium sp
dependent hot-electron transport. Indeed, thanks to an en
injection in the range of 0.5–4 eV~depending on the voltage
breakdown ofI 1), these studies will complete those ded
cated to hot electrons injected from vacuum15,16 with ener-
gies above 3 eV.

After a description of the theoretical model developed
calculate the spin-dependent transport inM1 /I /M2 /I /M3
structures with an electrical contact on eachMi layer, we
give some examples of its use for magnetically progra
mable devices.

II. THEORETICAL DETAILS

In this section, we give the main aspects of the theoret
model which has been used to calculate the field-depen
transport characteristics of hot-electron three-terminal
vices based on magnetic tunnel junction stacks~3TD-MTJ!.
The potential profile of the 3TD-MTJ system under cons
eration is shown in Fig. 1, wheref i anddi are, respectively,
the barrier height and thickness of the barrier number (i ).
The barriers are considered as rectangular in the absen
any applied voltage. Due to the high conductivity of the m
tallic electrodes, the voltage drop is distributed homog
neously only in the barriers leading to the barriers skew
©2002 The American Physical Society11-1



n

de
e
d

i
ju

to
er
to
en

i
v

ti
ra

rri

le
o

a
p
e
ax

B
id

th
od

ul
ve
s

c
a
f
e
a
y

xpo-
nua-
ll
atter-

b-
s-
tter
o-

nes
s-

ase
ular
e

po-
e
r-
ility
tic

f the

ion
the
ed
We
nt,
y to
lec-
by
es-
ry
rgy
x-
us,
is

up-
in-
tic
en-

vel

not
en
t-

n
ase

EB
n

and

al
vo
e
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under given bias voltage. The voltage applied to those tun
barriers is referenced asVBE and VCB . The spin-polarized
current pumped from the emitter-base~EB! junction biased
with voltageVBE is injected in the base magnetic electro
with an energye3VBE above the Fermi level of the bas
electrode. If the thickness of the base is large compare
the mean free path of the electrons,l, each electron ex-
tracted from the emitter electrode would be thermalized
the base and each junction would behave independently
like two resistors in series. If the thickness of the base
comparable tol, some electrons injected from the emitter
the base can travel through the base without being scatt
~ballistic transport! and eventually pass the base-collec
~BC! barrier. As the tunneling probability increases expon
tially with the energy, the transmission of the hot electrons
much higher than the one coming from the base Fermi le
and can be controlled with theVCB voltage, leading to the
appearance of an asymmetric current-voltage characteris

Modeling of this device requires calculation of seve
tunnel currents: the total injected currentJE going through
the EB barrier depends only on the parameters of this ba
~and particularly the applied voltageVBE) independently of
the processes of energy relaxation in the base or if the e
trons will pass or not the BC barrier. Similarly the current
thermal electrons from the base to the collectorJBC ~or from
the collector to the base ifVCB is negative! only depends on
the BC barrier. We consider here that the electrons therm
ized in the base have relaxed both their energy and their s
The ballistic currentJEC is more complex. It depends on th
electron probability to pass the EB barrier, the energy rel
ation processes in the base and the probability to pass the
barrier. Multiple reflections in the base must also be cons
ered since an electron can be reflected by the BC and
the EB barrier. Other currents are simply deduced from n
laws.

The transport of hot electrons injected in the base res
from several complex phenomena and the situation is e
more complex in a ferromagnetic metal in which this tran
port is spin dependent. Different scattering events, elasti
inelastic, are possible including scattering by phonons, m
nons, Stoner excitations~Ref. 17 gives a theoretical study o
these two last phenomenon!, defects, and interfaces. In th
energy range of interest here, these transport phenomen
be studied by ballistic electron emission microscop18

FIG. 1. ~a! Potential profile of the hot-electron three-termin
device based on magnetic tunnel junction stacks under applied
age. ~b! Definition of the current densities flowing through th
three-terminal device.
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~BEEM! or thanks to the spin-valve transistor.13 From these
experiments, an attenuation factor is measured and its e
nential thickness dependence allows us to define an atte
tion lengthl. This length is an effective value including a
the processes decreasing the transmission. Inelastic sc
ing is obviously a major contribution tol since any loss of
energy for an electron will decrease exponentially its pro
ability of being transmitted through the BC barrier. But ela
tic scattering also contributes to the attenuation. As a ma
of fact, the conduction through tunnel barriers being exp
nentially dependent on the perpendicular to multilayer pla
wave vectorkz , the electrons injected in the base move e
sentially perpendicularly to the plane of the layers~this effect
is increased by the electric field present in the emitter-b
barrier which accelerates the electrons in the perpendic
direction!. The probability for an electron in the base to b
transmitted through the base-collector barrier is also ex
nentially dependent onkz . Any elastic scattering in the bas
will statistically deviate the electron from its direction pe
pendicular to the film plane and thus decrease its probab
of being transmitted in the collector. Inelastic and elas
scatterings have thus the same effect, i.e., a reduction o
‘‘direct’’ emitter to collector current.19 Any scattered electron
thus decreases exponentially its probability of transmiss
and will increase its path in the base by reflection on
barriers. In turn, its probability of being further scatter
increases and this until complete thermalization occurs.
will thus consider in our model that any scattering eve
elastic or inelastic, decreases the transmission probabilit
negligible values and leads to the thermalization of the e
tron. This approach is different from the one adopted
Zhang20 who has considered in a similar structure, a progr
sive relaxation of the electron energy. In this vision, eve
electron impinges on the BC barrier with the same ene
which is its initial energy multiplied by a constant term, e
ponentially decreasing with the thickness of the base. Th
there is no electron conserving its initial energy and there
no momentum conservation. However, our approach is s
ported by earlier calculations from Ref. 21 considering
elastic scattering which show that the number of ballis
electrons conserving their initial energy decreases expon
tially whereas a tail of low energy above the base Fermi le
appears.

Furthermore, coherent transport through the base has
been considered for simplicity and also to show that ev
without coherence, highly probable in our 3TD-MTJ, ho
electron-related phenomena can be expected.

With this approximation, the probability for a hot electro
from the emitter to be injected in the base, and pass the b
and BC barrier is

DEB~VBE!exp~2d/l!DBC8 ~VCB!, ~1!

whered is the effective thickness of the base.DEB andDBC8
are, respectively, the transmission probability through the
and BC barriers~the prime indicates that the transmissio
probability of hot electrons has to be considered!. They are
separately deduced from the wave functions in barrier
the electrodes, solutions of the Schro¨dinger equation.

lt-
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HOT-ELECTRON THREE-TERMINAL DEVICES BASED . . . PHYSICAL REVIEW B66, 144411 ~2002!
Similarly, the probability for being reflected by the B
barrier is

DEB~VBE!exp~2d/l!@12DBC8 ~VCB!#. ~2!

The probability for being transmitted after this reflectio
on the BC and then the EC barrier is thus

DEB~VBE!exp~2d/l!@12DBC8 ~VCB!#

3exp~22d/l!DBC8 ~VCB!. ~3!

By extending this to an infinite number of reflections, o
can obtain the ‘‘hot’’ transmission probability

DEC5DEB~VBE!DBC8 ~VCB!

3
exp~2d/l!

12exp~22d/l!@12DBC8 ~VCB!#
. ~4!

Finally following Tsu and Esaki22 and considering motion
parallel and perpendicularly to the barrier, at low tempe
ture, the different transmission probabilities have simply
be integrated over an adequate range of energy

JE5
2pe

h3
me* E E DEB~Ez ,Ei!dEzdEi , ~5!

JEC5
2pe

h3
me* E E DEC~Ez ,Ei!dEzdEi , ~6!

JBC5
2pe

h3
mb* E E DBC~Ez ,Ei!dEzdEi , ~7!

whereEz (Ei) is the electron energy perpendicular~parallel!
to the tunnel barriers in the emitter electrode, andme* and
mb* are the effective electron masses in the emitter and b
electrode, respectively.

A rigorous free electron model has been used in orde
compute those currents and therefore we have taken into
count the transverse~in-plane! motion of the electrons. In-
deed, refraction of the electron at the barrier interface, du
the difference of effective mass between the metal and in
lator, allows tunneling of additional electrons. Therefore,D
cannot be simply integrated overEz but a two-dimensiona
integration overEi andEz has to be done. This double inte
gration has been shown in a previous work7 to be of primary
importance. As we focus here on the transport of hot e
trons and in order to simplify the computations, the simpl
band structure for the different materials, i.e., parabo
bands~free electron!, has been used. This does not allow
to address directly the effects of interface magnons
phonons23 or the effects of complex band structure on t
TMR.24 Nevertheless, we have shown that this model c
predict qualitatively the complex MR(V) observed in com-
posite barriers.7 Therefore we are confident in the resu
shown in this paper even if additional features can app
with sophisticated materials.
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To model those bands, we used the parameters prop
by Davis and MacLaren25 for iron. For the spin-up~-down!
band, we have a Fermi level at 2.25 eV~0.5 eV! and an
effective mass equal to 1.27~1.36! times the free electron
mass. However, as was stressed in a previous pape7 a
change of the band parameters does not change drasti
the results reported in this paper. The barrier parameters h
been chosen to fit the current-voltage characteristics of
tunnel junctions. Therefore,f values of 1.5 and 0.5 eV hav
been used because they have been shown to be reached
aluminum oxide4 and tantalum oxide26 tunnel barriers, re-
spectively. As was recently shown by Steinet al.,14 it is ex-
perimentally proved that an electric contact can be taken
a 5-nm-thick base layer made with ferromagnetic materi
We have thus chosen this value for our computations
mean free path of 5 nm~2.5 nm! for the spin-up~-down!
electrons has been chosen in accordance with the recent
surements made by Vlutterset al.27 Finally, the electron
mass in the barrier was taken equal to 0.4me2, the estimated
value computed for crystalline alumina and in the range
values measured for amorphous SiO2. This set of parameters
has been used to fit experimental conditions that can
reached in the near future in order to bring soon an exp
mental verification of those calculations. The electrical ch
acteristics of the 3TD-MTJ have been computed conside
two independent spin channels and colinear alignment of
electrode magnetizations with two magnetization configu
tions: ~i! the parallel magnetizations of the threeMi layers
and~ii ! the magnetization ofM2 antiparallel to the magneti
zations ofM1 andM3. The TMR of a given current~emitter,
base, or collector current! is then calculated from the differ
ence of the currents calculated in the parallel and antipara
magnetization states divided by the current calculated in
antiparallel magnetization state. Those configurations
readily obtained experimentally when parallel easy magn
axes are defined in eachMi layer and whenM2 has the
lowest coercive field. The reversal ofM2 can then be
achieved for example with the field created by a current
ing through the connection lead ofM1 and/orM3 as is in the
new generation of magnetic tunnel memories.28 Furthermore,
more complex magnetic configurations like an angle betw
M2 andM1 ,M3 can be accessed using an additional elec
line that can create a field perpendicular to theM2 easy axis
but are not treated in those calculations.

This rigorous free electron model and those parame
were applied to compute the magnetic-configuratio
dependent electrical characteristics of 3TD-MTJ-based
vices.

III. THREE-TERMINAL CURRENT-VOLTAGE
ASYMMETRIC DEVICES

The use of magnetic tunnel junctions is predicted for
next generation of nonvolatile magnetic random acc
memories~MRAM !. Indeed, they combine high-speed, low
power consumption and dissipation, nonvolatility, high pac
ing density, and low cost. However, a silicon diode or
transistor is needed in series with each MTJ cell to av
leakage current in the MRAM cell array during the readi
1-3
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M. HEHN, F. MONTAIGNE, AND A. SCHUHL PHYSICAL REVIEW B66, 144411 ~2002!
operation. This diode limits the current state-of-the-art pa
ing density. Alternatives to the use of this diode are curren
under development and two of those are presented in
following. It appears that the association of a silicon dev
and a MTJ can be replaced by one 3TD-MTJ cell.

A. Use of all base-collector tunnel barriers to ensure current-
voltage asymmetry

In this first section, we focus on the current asymme
which can be induced using the base-collector tunnel bar
In order to evaluate the device, we use the current asym
try defined as the ratioJC(uVCBu)/JC(2uVCBu), which varies
with VCB . A constant bias voltage is applied to the emitt
base junction which injects a current of hot electrons in
base. The current of hot electrons is allowed to be injecte
the collector electrode depending on the bias voltage of
base-collector junction as depicted in Fig. 1~a!. The VCB
voltage controls the asymmetry of the device and, wh
negatively biased, stops the current of hot electrons.
computations have been done using parameter values
to those evaluated experimentally:d1 and d2 have been
taken equal to 1 and 4 nm whilef1 and f2 values are 1.5
and 0.5 eV, respectively. In the following, characteristic~col-
lector current!/~base-collector voltage!, ~collector current
asymmetries!/~base-collector voltage! and ~collector current
magneto resistance!/~base-collector voltage! are shown for
different emitter-base voltages.

It appears that the asymmetry in the collector current
pends strongly on the emitter-base bias voltage and so on
energy of the hot electrons@Fig. 2~a!#. As expected, the
higher asymmetries are observed when the emitter-base
age is close and a bit higher than the barrier height
the base-collector junction,f2 . Then, asymmetries abov
10 000 in the forward and backward collector currents can
observed@Fig. 2~b!#. As a matter of fact, the base-collect
voltage range in which the current asymmetry is abov
given value depends on the emitter-base voltage~Table I!.
Current asymmetries above 1000 are easily reached f
large range of base-collector voltages. For specific appl
tions, if lower asymmetries are needed, they can be obta
in a larger voltage range. For example, withVBE50.6 V, an
asymmetry above 25 is expected for aVCB range of 0.44 V.
This voltage range decreases to 0.17 V~Table I! when an
asymmetry above 1000 is needed. Furthermore, the leve
TMR in the collector current remains high and quite co
stant, especially for the most interesting 0.6 V bias volta
as shown in Fig. 2~c!. One major advantage of this use is t
fact that applied voltages are far away from the kno
breakdown voltages of such tunnel barriers. In conclus
considering the transport of hot electrons without cohere
in a 3TD-MTJ in which only the base-collector junction e
sures the asymmetry, it is reasonable to observe large s
polarized collector current asymmetries.

B. Use of all 3TD-MTJ’s to ensure current-voltage asymmetry

In this second section, we focus on the current asymm
which can be induced using all the structure. In this appli
tion, we consider a zero constant bias voltage applied to
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base-collector junction and use all the structure to ensure
current asymmetry. When the emitter-base junction is po
ized positively at bias voltages abovef2, a current of hot
electrons is allowed to be injected in the collector electro
Inversely, when the emitter-base junction is polarized ne
tively, no current is extracted from the collector electrod
Therefore, an infinite collector current asymmetry is e
pected from this way of the hot-electron three-terminal d
vice use@Fig. 3~a!#. The computations have been done usi
the same parameter values as for the last paragraph. We
varied the thickness of the base and also the thickness o
base-collector tunnel barrier.

FIG. 2. Characteristics of the device as a function of the ba
collector voltageVCB at various fixed emitter-base voltageVBE of
0.5 V ~disk!, 0.55 V~open disk!, 0.6 V ~triangle!, and 0.7 V~hollow
triangle!. ~a! Collector current,~b! asymmetry of the collector cur
rent, and~c! magnetoresistance of the collector current~normalized
by the collector current in the antiparallel configuration which c
responds to the magnetization of the base antiparallel to those o
emitter and the collector!.
1-4
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HOT-ELECTRON THREE-TERMINAL DEVICES BASED . . . PHYSICAL REVIEW B66, 144411 ~2002!
First of all, no effect of the base-collector barrier thic
ness could be observed, except for the TMR signal. Inde
when the emitter-base junction is negatively polarized,
collector current is zero independently of the barrier thic
ness. When polarized positively, the electrons injected fr
the emitter-base junction seem not to be so sensitive to
thickness of the second tunnel barrier. Then, we have fi
the thickness of the insulating barrier layer of the ba
collector junction to 2 nm and we have changed the thi
ness of the base. Since the current asymmetry is infinite,
choice of the resistance of the 3TD-MTJ and the value
TMR desired for the specific application of the asymmet
diode is driven by the base thickness. As shown in Fig. 3~b!,
the increase of the base thickness will increase the resist
of the 3TD-MTJ but also the value of TMR. This can b

TABLE I. Minimum and maximumVBC voltages for which an
asymmetry in collector current above 1000 have been calculate
a function ofVEB voltage. The last column shows theVBC voltage
window.

VBE @V# VCBmin @V# VCBmax @V# DVCB @V#

0.5 0.14 0.254 0.114
0.55 0.18 0.343 0.163
0.6 0.243 0.414 0.171
0.7 0.39 0.5 0.11

FIG. 3. ~Collector current!/~emitter-base voltage! ~a! and ~col-
lector TMR!/~emitter-base voltage! ~b! characteristics computed a
a function of base thickness: 3 nm~disk!, 5 nm~hollow disk!, 7 nm
~square!, and 10 nm~open square!.
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understood considering that, first of all, the thickness of
base, via the mean free path of the hot electrons, controls
collector current and so the resistance of the device. Furt
more, the mean free path is spin dependent and so increa
the base thickness will increase the contrast between
spin-up and spin-down hot-electron current~as in the hot
electron spin-valve transistor13!. Therefore, a highly polar-
ized hot-electron current is injected into theI 2 /M3 collector
and an increase of TMR is observed. This last result is at
origin of the new concept of anartificial half metal com-
posed by theM1 /I 1 /M2 injection structure which is able to
provide a highly polarized hot-electron current.

A similar concept of diodes has been proposed29 and re-
alized experimentally recently30 without an electric contac
taken at the base electrode. A current asymmetry of 25
observed, resulting from coherent hot-electron transpor
an M1 /I 1 /M2 /I 2 /M3 structure in which~i! f I1'2f I2 and
~ii ! dI1'2dI2. In this case, the current asymmetry was e
sured by the main voltage drop on the firstI 1 barrier. So,
positively biased, the electrons injected fromM1 to M2 have
enough energy to overcomeI 2 and reachM3. Inversely,
when negatively biased, the electrons have to overcome
I 1 andI 2. A substantial improvement of the diode charact
istics is achieved by control of the base voltage as show
this section. Indeed, this control ensures a larger cur
asymmetry without the need for resonance to enhance
coherent-transport-induced asymmetry29. Furthermore, it
softens the window of barrier parameters@~i! and ~ii !# re-
quired to have the proper drop of emitter-base voltage an
allows the use of manyI 1 and I 2 couples.

IV. TRANSISTOR APPLICATION

As depicted in Ref. 11, the 3TD-MTJ can be used a
transistor and this in several voltage windows. But as will
shown in the following, the use of magnetic electrodes a
a new functionality since it allows control and a nonvolat
programming of the current-voltage characteristics of the
vice.

First of all, as presented in the previous section, opera
the 3TD-MTJ withVCB near the crossover voltage for whic
JC50 leads to an appreciable transconductanceJC /VCB . In-
deed, due to the strong variation of tunneling with a sm
variation of barrier height, the transmission of the hot ele
trons is expected to vary significantly withVCB . Further-
more, this transconductance increases with injection ene
VBE .

Nevertheless, we would like to concentrate this section
the operation window first exemplified in Ref. 11. A consta
bias voltage is applied to the emitter-base junction wh
injects a current of hot electrons in the base. When the b
collector junction is positively biased, much of those ele
trons are transmitted to the collector while a small part
thermalized in the base. The ratio depends on the app
voltages and the parameters of the base~mean free path,
thickness!. This transistor acts as a conventional bipolar tra
sistor but the electrons in the base are not thermalized
combining electron and holes in the base to make the b

as
1-5
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M. HEHN, F. MONTAIGNE, AND A. SCHUHL PHYSICAL REVIEW B66, 144411 ~2002!
current is replaced by elastic and inelastic scattering. Ne
theless, common emitter characteristics look the same. T
have been computed using a 3TD-MTJ structure with t
0.5-eV-height barriers with thicknessesd1 andd2 equal to 2
and 5 nm. From our experience and published results,31 con-
ventional Al2O3 barriers have breakdown voltages around
V or less. But the operating voltage of the injection juncti
is around this value. Then, we have chosen the paramete
TaO for both barriers since the breakdown voltage of th
barriers appeared much higher.26 Nevertheless, calculation
~not shown! have also been done with the Al2O3 barrier pa-
rameters and similar effects have been obtained.

In Fig. 4, magnetic-configuration-dependentJB(VCE) and
JC(VCE) characteristics are shown as a function ofVBE , the
emitter-base voltage. The current gain is defined byb
5JC(VCE)/JB(VCE). Even if the current gainb is low for
the set of junction parameters used~around two for those
calculations!, a clear transistor effect is observed andb var-
ies with the orientation of the magnetization ofM2.

From the physical point of view, the appearance of a la
plateau in theJB(VCE) andJC(VCE) characteristics forVCE
between 1 and 3 V is linked to the saturation of the h
electron current. Then, whenVCE is increased above 3 to
eV ~depending onVBE), the additional increase of collecto
current originates from the tunneling of ‘‘cold’’ electrons in
jected from the base into the collector and not more from
emitter to the collector~this current is saturated!. So we have
the appearance of nonlinearity originating from the signat

FIG. 4. ~Collector current!/~emitter-collector voltage! ~a! and
~base current! /~emitter-collector voltage! ~b! characteristics com-
puted as a function of emitter-base voltage and magnetic con
ration for a 3TD-MTJ structure with two 0.5-eV-height barriers a
barrier thicknessd1 andd2 equal to 2 and 5 nm.
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of electron tunneling from ‘‘cold’’ electrons injected from th
base into the collector. A larger plateau can then be reac
by increasing the base-collector junction resistance and
the thicknessd2; here,f2 can also be increased but a high
VBE is then needed to get a proper working of the devi
The voltage offset inVCE observed before theJC plateau is
controlled by f1. Indeed, calculations usingf151.5 eV
have shown that the inflection of theJC(VCE) curve is
shifted from 0.6 eV@Fig. 4~a!# to around 1.4 eV.

From our point of view, the main challenge is to increa
the current gainb. Calculations have been done with a r
duced base thickness and/or a largerl; it follows that a
larger spin-dependent current gain can be reached. Indee
both cases, consideringVBE andVCB fixed, a strong reduc-
tion of the base current is expected in our model and thi
mainly linked to the exponential dependence with base th
ness of the probability of an electron to be thermalized. Si
b is the ratio of the collector current and the base curren
strong increase ofb can be observed.

It has been shown that an electric contact can be take
a base layer as thin as 1.9 nm,11 but this constitutes a rea
technological bottleneck. Nevertheless, we can be optimi
about this point.14 Work can also be done on the materi
used to grow the base. Indeed, the important parameter is
mean free path of the hot electrons,l. Only few data are
actually available in the energy range of interest here. N
ertheless at those energies, the main source of electron
tering is plasmons,9 and reducing or increasing their energ
with respect to the hot-electron injection energy will increa
l. For example, the plasmon energy can be reduced by
loring the band structure of the base to decrease its densi
states at the Fermi level. This has been done in Ref. 11 w
the use of a CoSi2 base, for which the experimental da
could be reproduced with our model by introducingl
5100 nm. This value is in agreement with the one extrac
by the authors@l.50 nm~Ref. 32!#. Then, even if the base
is not magnetic, a spin-dependent transport could be
served if the base thickness is thinner than its spin diffus
length. However, our model does not support the use ol
values much larger than the thickness of the base~2 nm in
Ref. 11!. In this case, indeed, coherent transport through
base has to be considered while a complete phase relax
was used in our model. Nevertheless, this result shows
the computed currents are underestimated in compariso
those measured in real systems. Since our model under
mates the current, it is not surprising that we have to ent
larger mean free path in the calculations to reproduce
experimental data.

V. CONCLUSIONS

A large part of this paper has been devoted to poss
future applications of 3TD-MTJ structures. But besides
their applied interest,M1 /I /M2 /I /M3 structure can be use
to measure the properties of nonequilibrium spin-depend
hot-electron transport in the range of 0.5–4 eV. This ene
range is difficult to access with non-solid-integrated elect
injection sources. Some experimental results have been
ported recently with integrated spin-valve transistors.19,27,33
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The different contributions to the hot-electron mean free p
can be discriminated and those results supply theoretica
velopments with data. On the other hand, the propertie
insulating materials used for the base-collector junction
also be studied. Indeed, injecting hot electrons into a bar
allows us to study its electric transport processes with
applying high to voltages to its electrodes. So the existe
of a Poole-Frenkel transport mechanism can be check e
for low-breakdown-voltage junctions.

The concept of 3TD-MTJ structures with high asymme
of backward to forward currents or with transistorlike cha
acteristics has been theoretically demonstrated. In these
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culations, the set of junction parameters was chosen to
experimental conditions that can be reached in the near
ture in order to bring soon an experimental verification
those calculations. Work is under progress.
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