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Investigation of a GaMnN/GaN/GaMnN Magnetic Tunnel Junction
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We report on a theoretical study of the GaMnN/GaN/GaMnN magnetic tunneling junction. The
spin polarization and the tunneling magnetoresistance (TMR) were investigated. The results show
that the spin polarization and the TMR strongly depends on the applied bias voltage. A low bias
is important for observation of the TMR at any temperature. At high bias, the spin polarization
tends to a constant, and the TMR decreases to almost 0. The spin polarization and the TMR in
this structure are in inverse proportion to the doping density in the leads.
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I. INTRODUCTION
The degree of spin polarization is important for many
applications, such as magnetoresistive random access
memories (MRAM), highly sensitive sensors and so on,
in magnetic tunnel junctions (MTJs) [18]. Moodera et al.
[8] observed a large room-temperature tunneling magnetoresistance (TMR). This attracted a large number of
researchers in fundamental studies of surface magnetism
and room-temperature spin polarization. In the general
ferromagnet/insulator/ferromagnet structure, the ferromagnet is a conventional ferromagnetic metal or metal
alloy, such as CoFe [14]. The discovery of diluted magnetic semiconductors (DMSs) [4,15] showed new fields for
MTJ studies. As compared to the conventional all-metal
MTJ’s, a MTJ based on a DMS can be integrated simply
into conventional semiconductor-based electronics and
has a good application potential. Tanaka and Higo [15]
measured a (Ga,Mn)As/AlAs/(Ga,Mn)As junction and
showed a large TMR at 8 K. For applications above room
temperature, (Ga,Mn)N with a high Curie temperature
were predicted [4] and grown [1].
Usually, in an MTJ structure, a barrier material such
as AlAs in a (Ga,Mn)As/AlAs/(Ga,Mn)As MTJ acts as
an intermediary layer [15], but due to low growth temperatures, usually for a DMS to avoid phase separation
[9], the quality of interface of the barrier may be low.
In this paper, we propose a structure of undoped-GaN
surrounded by n-type GaMnN ferromagnetic leads, as
shown in Figure 1 (a). Due to electrostatic accumulation, a high electrostatic potential forms on the undoped
layer and acts as an insulator layer in the conventional
MTJ. Our structure is similar to the GaAs-based MTJ
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presented by Chiba et al. [2]. They showed that GaAs
could also act as a barrier for (Ga,Mn)As and obtained a
larger TMR than that for a MTJ with an AlAs barrier.
Due to all the layers being GaN-based, scattering can
be reduced in the heterojunction. Low scattering has an
advantage for improving the TMR. We assume the semiconducting layers to be infinitely wide in the lateral directions so that the system is translational invariant in
the direction perpendicular to the current. The outside
regions are semi-infinite leads, where the electron den-

Fig. 1. (a) Schematic diagram of the MTJ structure and
the potential for the parallel magnetic configuration (upper panel) and the antiparallel magnetic configuration (lower
panel). ∆E is the spin splitting energy between the spin-up
(solid line) and the spin-down (dash line) subbands in the
contacts. (b) The dependence of the electrostatic potentials
in the undoped layer on the doping concentration in the leads.
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sity and the potential are constant and are assumed to
be in a thermodynamical equilibrium state with a given
chemical potential and temperature. In our model, the
electron transport is ballistic without the phonons of defect scattering.

II. MODEL

∇2 VH (z) = −[Nd (z) − n↑ (z) − n↓ (z)]/²,

(1)

where VH is the Coulomb potential, Nd is the doping
density, and ² is the relative dielectric constant. In our
model, all the dopants are assumed to be thermally activated. n↑↓ are the carrier densities for spin up and
spin down and are described by using the more familiar
expression
n↑↓ = Nc F1/2 (

µ − V↑↓ (z)
),
kB T

(2)

where µ is the quasi Fermi level, and
Nc = (

m∗ kB T 3/2
)
2π~2

~2 2
∇ + V↑↓ .
2m∗

(5)

The retarded Green’s functions for spin-up and spindown carriers are then given by the Dyson equation
G↑↓ (E) = [E − Ĥ↑↓ − Σe,↑↓ − Σc,↑↓ ]−1 ,

(6)

where E is the carrier energy and Σe,↑↓ and Σc,↑↓ are
the self-energies due to coupling to the emitter and the
collector. The broadening functions for the emitter and
the collector are
Γe,c,↑↓ = i(Σe,c,↑↓ − ΣH
e,c,↑↓ ).

(7)

The superscript H here means the Hermite conjugate.
Then, we can derive the current density under a low bias
voltage:
Z
1 ∞
I↑↓ =
T↑↓ (E)(fe (E) − fc (E))dE,
(8)
π 0
where
T↑↓ (E) = trace[Γe,↑↓ G↑↓ (E)Γc,↑↓ GH
↑↓ (E)]

(9)

is the transmission at energy E, and
fe,c (E) =

m∗ kB T
µe,c − E
ln(1 + exp(
))
π
kB T

(10)

is the Fermi distribution. The effects in the perpendicular directions for this 1D system have been included by
integrating the Fermi distribution over the energy in the
perpendicular directions. The quasi-Fermi level at the
boundaries µe,c are fixed by the applied potential.
In our calculation, we used the GaN’s effective mass
m∗ = 0.228 and the relative dielectric constant ² = 9.5
for all layers [7,11]. The spin splitting energy ∆Esplitting
in the DMS leads was assumed to be 10meV [4]. This
MTJ structure is set to have a 5 nm undoped layer [2]
in the center, surrounded by 50 nm GaMnN leads.

(3)

is the non-degenerate effective density of states. The
amplitude 2 is ignored here due to each spin being considered seperately. F1/2 is the Fermi-Dirac integral. The
potentials for spin-up and spin-down carriers are
1
V↑↓ = Vc + VH ∓ ∆Esplitting ,
2

due to the exchange interaction in the DMS. Since the
equation is nonlinear after substituting Eqs. (2) and (4)
into Eq. (1), the Newton-Raphson method is employed
to solve it. (Ref. 6, appendix C).
The non-equilibrium Green’s function method was employed to study the properties of the MTJ. The Hamiltonian is
Ĥ↑↓ = −

The free-electron model and the effective mass approximation were employed to describe the MTJ band
structure. We assumed that the electron effective mass
and the relative dielectric constant were uniform in all
regions. A two-current model based on spin-up and
spin-down current components was applied to analyze
the properties of this MTJ. This simplification is justified and succeeds in spin-polarized transport in magnetic
semiconductors [5, 16, 17]. Since many spin-polarized
transport experiments have shown that the spin scattering length can be compared to the size of the device [9,10,13], the spin-flip scattering is neglected here.
Since GaMnN shows ferromagnetism [1, 3], the conduction band of the leads splits into spin-up and spin-down
bands. To simplify the model, we arbitrarily set the
spin splitting energy as ∆E. The injection carriers feel
two different potential structures for the spin-up and the
spin-down cases. Thus, different properties are seen for
the two kinds of spin carriers when a bias voltage is applied. In order to find the distribution of the screening
charge and the potential profile, we apply the ThomasFermi model to solve the Poisson equation:
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(4)

where Vc is the conduction band and ∆Esplitting is the
spin splitting energy, which describes the conduction
band being split into spin-up and spin-down subbands

III. RESULTS AND DISCUSSION
1. Polarization

From Eq. (8), the current of device at various conditions can be calculated. Then the polarization can be
defined by P = (I↑ −I↓ )/(I↑ +I↓ ). The dependence of the
polarization on the bias for the parallel and the antiparallel magnetic configurations under various temperatures
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Fig. 2. (a)Dependence of the polarization on the bias
with parallel (solid symbol) and antiparallel (open symbol)
magnetic configurations at various temperatures. The doping density in the leads is 1017 /cm3 . (b-e) The normalized
current density for spin up and spin down subband at parallel magnetic configuration at 50 K (b) and 300 K (c) and
at antiparallel magnetic configuration at 2.11 mV (d) and 20
mV (e) bias voltage.

were investigated, as shown in Figure 2(a). The spin polarization at high temperature is lower than that at low
temperature. This is due to the decay of the Fermi distribution being quicker at low temperatures than at high
temperatures, as shown in Figure 2(b) and 2(c). At 50
K, the distribution of the spin-up subband for current is
dominant, while at 300 K, the distribution of the spindown subband is increased.
Figure 2(a) also shows that the spin polarizations from
the parallel and the antiparallel magnetic configurations
are different at low bias and at high bias, where they
merge. For the antiparallel magnetic configuration, when
the bias is low, since the electrons can not transport at an
energy below the spin-up subband at the right lead, the
difference in the current density between spin up and spin
down is very small, as shown in Figure 2(d). This leads to
the polarization being smaller than that in the parallel
magnetic configuration. At high bias, the potential at
the right lead drops and is lower than at the left lead.
The difference in transmission between spin up and spin
down becomes the same for the parallel configuration
and the antiparallel configuration, as shown in Figure
2(e). Thus, at high bias the same spin polarizations are
obtained for the parallel and the antiparallel magnetic
configurations.
The relation between the spin polarization and the
doping concentration in the contacts is shown in Figure
3(a). The polarization decreases with increasing doping
concentration. Figure 1(b) shows that the electrostatic
potential at the undoped layer increases with increasing doping concentration in the leads. When the doping concentration is low, the electrostatic potential at
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Fig. 3. (a)Dependence of the polarization on the doping
concentration in the contacts with parallel (solid line) and
antiparallel (dash line) magnetic configurations at 300 K at a
2.11 mV bias voltage. Transmissions for (b) 1017 cm−3 and
(c) 1019 cm−3 doping density at the leads.

the undoped layer is small, and causes much different
transmission between spin up and spin down, as shown
in Figure 3(b). However, when the doping concentration in the leads is high, the difference of transmission
between spin up and spin down is small, as shown in
Figure 3(c). According to Eq. (8) and the polarization
definement, this causes the spin polarization to decrease
for high doping concentration in the leads. In Figure
3(c), the spin-down transmission is slightly larger than
the spin-up transmission. The spin polarization is –1.4 %
for the parallel magnetic configuration at the 1019 cm−3
doping concentration.
For the antiparallel magnetic configuration, the spin
polarization is very small at low bias due to the potential at the collector being higher than that at the emitter. This excludes most of the current contribution of the
spin-up subband between the emitter and the collector.
Due to the high electrostatic potential induced at the undoped layer by the high doping in the contacts, the spin
polarization for the antiparallel magnetic configuration
decreases, similar to the parallel magnetic configuration.

2. TMR

Figure 4 shows the dependence of the TMR on the bias
at various temperatures. The TMRs decrease with increasing bias. Especially, at all temperatures, the TMR
tends to almost 0 % at high bias. This was also observed
in a (Ga,Mn)As MTJ [2]. This is because the spin splitting energy in the leads is assumed to be 10 meV in this
case. At high bias, the collector potential is lowered. The
empty density of states (DOS) in the collector lead increases for both the spin-up and the spin-down subbands.
Thus, the currents can flow in both spin directions can
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as shown in Figure 3, a small spin polarization leads to
a small TMR.

IV. CONCLUSION

Fig. 4. Dependence of the TMR on the bias at various
temperatures. The doping density in the leads is 1017 /cm3 .

The spin polarization and the TMR are investigated by
using a non-equilibrium Green’s function method. The
model describes the strong dependence of the spin polarization and the TMR on the applied bias voltage. With
increasing increasing bias, the spin polarization improves
slightly and approaches a constant while the TMR decreases. The TMR is very small when the bias is above
the spin splitting energy regardless of temperature. The
spin polarization and the TMR decrease with increasing
temperature. The doping concentration is important for
the spin polarization and the TMR, they both decrease
at high doping concentration. Due to the spin splitting
energy being proportion to the doping concentration, a
low doping concentration leads to a low spin splitting
energy. Therefore, the doping concentration must be optimized in the experiment.

ACKNOWLEDGMENTS
This work was supported by the Korea Science and Engineering Foundation (KOSEF) through the Quantumfunctional Semiconductor Research Center (QSRC),
Dongguk University, and by the research funds of Dongguk University.
Fig. 5. Dependence of the TMR on the doping concentration in the contacts at 300 K at a 2.11 mV bias voltage.

flow through the barrier even in the antiparallel magnetization configuration:
TMR =

R↑↓ − R↑↑
.
R↑↑

(11)

On the other hand, the TMRs decrease with temperature
at low bias can be observed. When the temperature
is high, the electrons spread up to a high energy level,
reducing the block effect of the high spin-up subband at
the collector for the antiparallel magnetic configuration.
The resistance difference between the parallel magnetic
configuration and the antiparallel magnetic configuration
decreases. This induces a reduction in the TMR at high
temperature.
The dependence of TMR on the doping concentration
at the contacts is shown in Figure 5. TMR decreases with
increasing doping concentration, similar to a (Ga,Mn)As
MTJ [12]. As the TMR is primarily determined by the
spin polarization of the carriers at the Fermi level, a
higher doping concentration, a smaller spin polarization,
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