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Temperature dependence of magnetocurrent in a magnetic
tunnel transistor

B. G. Park, T. Banerjee, B. C. Min, J. G. M. Sanderink, J. C. Lodder, and R. Jansena�

MESA� Institute for Nanotechnology, University of Twente, 7500 AE Enschede, The Netherlands

�Received 5 April 2005; accepted 22 September 2005; published online 17 November 2005�

The temperature dependence of magnetocurrent �MC� and transfer ratio has been investigated in a
magnetic tunnel transistor �MTT� with a ferromagnetic �FM� emitter of Co or Ni80Fe20. MTT
devices of sizes ranging from 10 to 100 �m in diameter were fabricated using a standard
photolithography process and predefined Si substrates. This reduces the edge leakage current across
the collector Schottky diode and enables room-temperature operation. For the MTT with both Co
and Ni80Fe20 emitter, we obtain a MC of about 80% at room temperature. This corresponds to a
tunnel spin polarization of the FM emitter/Al2O3 interface of 29% at 1 V, demonstrating that the
tunnel current is still spin-polarized at a high bias voltage. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2125120�
I. INTRODUCTION

Since the discovery of the giant magnetoresistance
�GMR� effect, spin-dependent transport in magnetic multi-
layers and tunnel junctions has been extensively studied be-
cause of its potential for application in magnetic memories,
read heads, and field sensors.1–3 By combining these magne-
toresistive elements with semiconductors, the spin-valve
transistor �SVT� has been developed as another type of spin-
tronic device.4 The SVT is a three-terminal device that con-
sists of a metallic spin-valve base sandwiched between two
semiconductors that act as emitter and collector, respectively.
It has been reported that the SVT shows huge relative mag-
netic response, called magnetocurrent �MC�, of more than
300% at room temperature. The SVT is based on the spin-
dependent transport of nonequilibrium, so-called hot elec-
trons, rather than Fermi electrons. The hot-electron energy in
the SVT is determined by the Schottky barrier height of the
metal/semiconductor combination of the emitter. By replac-
ing the Schottky barrier emitter by a tunnel barrier, another
type of hot-electron transistor, the magnetic tunnel transistor
�MTT�, has been derived.5,6 Unlike the SVT, the hot-electron
energy can be tuned by varying the bias voltage across the
tunnel barrier. An increase of the output current and transfer
ratio can be expected by the increase in the hot-electron
energy.

There are two different MTT designs. The first one has a
nonmagnetic metal emitter electrode and a spin-valve base.7

The second design consists of a ferromagnetic emitter and a
base with a single ferromagnetic layer. In this work, we focus
on the MTT of the second design �Fig. 1�. In this structure,
spin-polarized hot electrons are injected into the base by tun-
neling. After spin-dependent transmission through the ferro-
magnetic base, they are collected in the conduction band of
the semiconductor provided they have the right energy and
momentum to overcome the Schottky barrier. Two factors
determine the spin sensitivity of the device: �i� spin-
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dependent tunneling from the emitter and �ii� spin-dependent
scattering of the hot electrons in the base.8 Since the MTT
operates with typical emitter bias of the order of 1 V and the
magnetocurrent depends on the tunneling spin polarization,
the MTT can be used to study the spin polarization of
ferromagnetic/insulator interfaces at high bias voltage.

So far, the MTT has been studied mostly at the low
temperature of 77 K because the rather large MTTs fabri-
cated with shadow masks have a significant leakage current
across the collector Schottky diode at room temperature.5–7

In this study, we have introduced predefined Si substrates
and a photolithography process so as to be able to study
the temperature dependence of the MC and the transfer ratio
up to room temperature. This allows us to probe the tunnel

FIG. 1. �a� Schematic energy diagram of a MTT with a ferromagnetic �FM�
emitter and a base with a single ferromagnetic layer. �b� The layer structure

of a lithographically defined MTT.

© 2005 American Institute of Physics1-1

 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.2125120
http://dx.doi.org/10.1063/1.2125120
http://dx.doi.org/10.1063/1.2125120


103701-2 Park et al. J. Appl. Phys. 98, 103701 �2005�
spin polarization up to room temperature, removing a
limitation of the standard technique of tunneling into a
superconductor.9

II. EXPERIMENTS

Samples were deposited by thermal evaporation in a
molecular-beam epitaxy system at a base pressure of
10−10 mbar. The structure of the MTT was n-type
Si / Au�7 nm� / Co�8 nm� / Al2O3�2.4 nm� /FM�10 nm� /Au
�10 nm�, where FM is Ni80Fe20 or Co�1 nm� /Ni80Fe20

�9 nm�. The films were grown on a lithographically defined
area of a Si wafer, surrounded by a thick SiO2 to reduce
device size and eliminate edge leakage currents across the
collector diode �see Fig. 1�. The leakage current across the
Schottky barrier in the patterned MTT is less than 0.1 nA at
room temperature. The Al2O3 barriers were formed by
plasma oxidation of a thin Al layer. MTT devices were fab-
ricated using standard photolithography, ion-beam etching,
and lift-off techniques. The diameter of the active area of the
devices varied from 10 to 100 �m and that of the base-
collector diode from 20 to 130 �m. Transport measurements
were conducted using a four-point geometry for the emitter-
to-base tunnel junction and a separate Ohmic contact to the
back of the Si collector. The temperature dependence of the
magnetocurrent was investigated between 100 K and room
temperature.

III. RESULTS AND DISCUSSIONS

Figure 2�a� shows the collector current at room tempera-
ture as a function of magnetic field for a MTT with a
Ni80Fe20 emitter. The emitter bias voltage is 1 V. The largest
collector current of 6.63 nA is obtained when both ferromag-
netic layers are aligned parallel to each other. In the antipar-
allel state the collector current reduces to 3.7 nA, resulting in

FIG. 2. Magnetocurrent �MC� �a� and TMR �b� vs magnetic field for a MTT
with Si/Au�7 nm� /Co�8 nm� /Al2O3�2.4 nm� /Ni80Fe20�10 nm� /Au�10 nm�
at the emitter bias of 1 V and room temperature.
a MC of 79% at room temperature. The leakage current of
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less than 0.1 nA across the collector Schottky barrier is neg-
ligible compared to the output collector current.

From the measured MC value, the tunnel spin polariza-
tion can be extracted as follows. The MC of a MTT with a
ferromagnetic emitter is determined by spin-dependent tun-
neling from the emitter and spin-dependent transport of hot
electrons in the base. The MC can be expressed as:8

MC =
2Pt,EPB

*

1 − Pt,EPB
* , �1�

where Pt,E is the tunnel spin polarization from the emitter
and PB

* is the transmission polarization of the base, defined
as

PB
* =

�M exp�− t/�M� − �m exp�− t/�m�
�M exp�− t/�M� + �m exp�− t/�m�

. �2�

Here, �M and �m are the fraction of majority and minority
electrons, t is the FM base layer thickness, and �M and �m

are the hot-electron attenuation lengths for the majority and
minority spins.

The tunnel spin polarization Pt,E is determined by the
choice of emitter material and insulator. However, the trans-
mission polarization of the base is dependent on the base
layer thickness. Since the attenuation length of the majority-
spin electrons is considerably larger than that of minority
spins,10–12 at a large base thickness only majority spins can
be transmitted �PB

* �1�, and the MC is saturated at a value of
2Pt,E / �1− Pt,E� and is dependent only on the tunnel spin po-
larization. This allows the MTT to be used to probe the tun-
nel spin polarization of ferromagnetic/insulator interfaces at
a high bias.

A MC of 79% corresponds to a tunnel spin polarization
of the Ni80Fe20/Al2O3 emitter interface of 29%, demonstrat-
ing that the tunnel current is still highly spin-polarized at a
high bias voltage of 1 V. However, the tunnel magnetoresis-
tance �TMR� at 1 V for the same junction is only 3.2% �Fig.
2�b��, while the TMR is about 22% at a bias of 20 mV �not
shown�. This proves that the disappearance of TMR at high
bias does not necessarily imply that the tunnel current is no
longer spin-polarized. Tunneling electrons originate mainly
from states near the Fermi energy of the emitter at all bias
voltages even though the electron energy distribution be-
comes broader with increasing bias voltage. However, the
empty states of the base into which electrons can tunnel de-
pend on the bias voltage. These states are near the Fermi
energy at low bias where the maximum TMR ratio is ob-
tained and well above the Fermi energy at large bias voltage
where the TMR ratio drops drastically. Thus, the low spin
polarization of the states well above the Fermi energy is
responsible for the drop of the TMR at high bias, although
other effects such as a change in the barrier shape, spin-wave
scattering, and phonon scattering should also be taken into
account.

Figure 3�a� shows the temperature dependence of the
MC for MTTs with Co �open squares� and Ni80Fe20 �solid
circles� emitters. The MC at 100 K is around 94% for both
emitter materials. As the temperature is increased to room

temperature, the MC gradually decreases to 82% for a MTT
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with a Co emitter and 79% for that with a Ni80Fe20 emitter.
The MTT with the Co emitter shows slightly weaker tem-
perature dependence than that with the Ni80Fe20 emitter. It
has been reported that the MC of the spin-valve transistor
decreases with increasing temperature due to thermal spin-
wave scattering in the FM layer.13 The thermal spin-wave
scattering can also affect the temperature dependence of the
MC in the MTT. However, the thermal spin-wave attenuation
length for Co is quite long compared to that for Ni80Fe20

�Ref. 11� and its effect on the transmission polarization PB
* of

the base is a few percent, which is too weak to explain the
drop of the MC with temperature. This implies that the tem-
perature dependence of the MC is mainly due to that of the
tunnel spin polarization. Figure 3�b� shows the temperature
dependence of the tunnel spin polarization extracted from the
MC value in Fig. 3�a�. The tunnel polarization decreases
from 32% to 29% as the temperature is increased from
100 K to room temperature. The solid line in Fig. 3�b� rep-
resents the fit obtained by using P= P0�1−�T3/2�, where P0

is the spin polarization at 0 K and � is a material-dependent
constant. This equation was previously used to describe the
variation of TMR with temperature.14 The fitting gives a P0

of 33% and � of 3�10−5 K−3/2. These values agree well
with the data in Ref. 14.

Figure 4 shows the temperature dependence of the MC
and the transfer ratio �Icollector / Iemitter� at different emitter bias
voltages. The emitter bias voltage is 0.9 V �squares�, 1 V
�circles�, and 1.3 V �triangles�. The MC of a MTT decreases
with temperature for all bias voltages. The temperature de-
pendence of the MC does not change much with emitter bias
voltage. On the other hand, the temperature dependence of
the transfer ratio is strongly affected by bias voltage. The
transfer ratio increases with increasing temperature for a bias
of 0.9 V, while it decreases with temperature for 1.3 V. The
attenuation length of hot electrons is shortened with increas-

FIG. 3. Temperature dependence of the MC �a� and tunnel polarization �b�
for MTTs with a Co �open squares� and a Ni80Fe20 �solid circles� emitter.
The line represents the fits to P= P0�1−�T3/2�. The emitter bias voltage is
1 V.
ing temperature because of the temperature-dependent scat-

Downloaded 26 Jun 2009 to 129.125.63.96. Redistribution subject to
tering by phonons and spin waves.11 Thus, a lower transfer
ratio can be expected at a high temperature. It is in agree-
ment with the results for a bias voltage of 1.3 V. However,
the transfer ratio at a bias of 0.9 V rather increases with
temperature. The increase of the transfer ratio can be ex-
plained by the increase of the hot-electron energy with tem-
perature. At high temperatures the thermal energy is added to
the hot-electron energy given by the emitter bias voltage.
This slight change in hot-electron energy gives rise to the
increase of the transfer ratio at a bias voltage of 0.9 V that is
just above the Schottky barrier height of 0.8 eV of the col-
lector. For a bias voltage of 1 V, this effect compensates the
reduction in the transfer ratio due to scattering, resulting in
temperature-independent transfer ratio. At a larger bias, the
slight thermal change in hot-electron energy has little influ-
ence on the transmission since the hot-electron energy is
much higher than the Schottky barrier height where the
transfer ratio �IC / IE� does not depend much on hot-electron
energy.15

IV. CONCLUSIONS

The temperature dependence of the MC and the transfer
ratio for a MTT with a ferromagnetic emitter and a single
ferromagnetic base has been investigated between 100 K and
room temperature. As the temperature is increased, the MC
decreases slightly from 94% at 100 K to 80% at room tem-
perature, which corresponds to a tunnel spin polarization of
32% and 29% at 1 V, respectively. This demonstrates that
the tunnel current is still spin-polarized at a high bias volt-
age. The transfer ratio increases with increasing temperature
for a bias just above the collector Schottky barrier height,

FIG. 4. Temperature dependence of the MC �a� and the transfer ratio �b� for
a MTT with Si/Au�7 nm� /Co�8 nm� /Al2O3�2.4 nm� /Ni80Fe20�10 nm� /
Au�10 nm� at different emitter bias voltages. The emitter bias voltage is
0.9 V �squares�, 1 V �circles�, and 1.3 V �triangles�.
while it decreases with temperature for a larger bias.

 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



103701-4 Park et al. J. Appl. Phys. 98, 103701 �2005�
ACKNOWLEDGMENTS

The authors acknowledge the financial support from the
Dutch Foundation for Fundamental Research on Matter
�FOM� and the Royal Netherlands Academy of Arts and Sci-
ences �KNAW�.

1M. N. Baibich et al., Phys. Rev. Lett. 61, 2472 �1988�.
2J. S. Moodera and G. Mathon, J. Magn. Magn. Mater. 200, 248 �1999�.
3S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von
Molnár, M. L. Roukes, A. Y. Chtchelkanova, and D. M. Treger, Science
294, 1488 �2001�.

4D. J. Monsma, J. C. Lodder, Th. J. A. Popma, and B. Dieny, Phys. Rev.
Lett. 74, 5260 �1995�; D. J. Monsma, R. Vlutters, and J. C. Lodder,
Science 281, 407 �1998�.

5K. Mizushima, T. Kinno, T. Yamauchi, and K. Tanaka, IEEE Trans. Magn.
33, 3500 �1997�.
Downloaded 26 Jun 2009 to 129.125.63.96. Redistribution subject to
6S. van Dijken, X. Jiang, and S. S. P. Parkin, Appl. Phys. Lett. 80, 3364
�2002�.

7S. van Dijken, X. Jiang, and S. S. P. Parkin, Appl. Phys. Lett. 83, 951
�2003�.

8R. Jansen, J. Phys. D 36, R289 �2003�.
9R. Meservey and P. M. Tedrow, Phys. Rep. 238, 173 �1994�.

10W. H. Rippard and R. A. Buhrman, Phys. Rev. Lett. 84, 971 �2000�.
11R. Vlutters, O. M. J. van’t Erve, S. D. Kim, R. Jansen, and J. C. Lodder,

Phys. Rev. Lett. 88, 027202 �2002�.
12S. van Dijken, X. Jiang, and S. S. P. Parkin, Phys. Rev. B 66, 094417

�2002�.
13R. Jansen, P. S. Anil Kumar, O. M. J. van’t Erve, R. Vlutters, P. de Haan,

and J. C. Lodder, Phys. Rev. Lett. 85, 3277 �2000�.
14C. H. Shang, J. Nowak, R. Jansen, and J. S. Moodera, Phys. Rev. B 58,

R2917 �1998�.
15X. Jiang, S. van Dijken, R. Wang, and S. S. P. Parkin, Phys. Rev. B 69,

014413 �2004�.
 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


