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We theoretically investigate two magnetic tunneling junctions (MTJs) with different semiconductor barriers, CuInSe2 (CIS) and
CuGaSe2 (CGS), sandwiched between Fe electrodes. We find that ∆1 wave functions provide dominant contributions to spin-
dependent tunneling transport in both CIS- and CGS-based MTJs. We also find that the CGS-based MTJ has a much higher
magnetoresistive (MR) ratio than the CIS-based MTJ, which indicates that a higher MR ratio is expected for a higher Ga concentra-
tion x in the recently reported CuIn1−xGaxSe2-based MTJs. Furthermore, we show that the CIS- and CGS-based MTJs have much
smaller resistance-area products (RA) than the conventional MgO-based MTJs.

Magnetoresistive (MR) devices with high MR ratios and
small resistance-area products (RA) are required for realizing
read sensors of ultrahigh-density hard disk drives and Gbit-
class spin transfer torque magnetoresistive random access
memories (STT-MRAMs). Various attempts have been made
to reduce theRA of MgO-based magnetic tunneling junc-
tions (MTJs)1,2) to less than 1Ω µm2 while keeping high tun-
neling magnetoresistance (TMR) ratios. Elaborate techniques
to deposit ultrathin MgO barriers (∼1 nm) have been estab-
lished,3–5) enabling the reduction inRA to ∼1Ω µm2 while
keeping the high MR ratio of around 200% at room temper-
ature. On the other hand, the use of half-metallic Co-based
Heusler alloys as ferromagnetic (FM) electrodes increased
the MR ratio in small-RA current-perpendicular-to-plane gi-
ant magnetoresistive (CPP-GMR) devices.6–11) The highest
MR ratio reported so far is 82% at room temperature for
the Co2FeGa0.5Ge0.5/Ag/Co2FeGa0.5Ge0.5 system withRAof
∼40 mΩ µm2.11) However, thisRA value is too small to ob-
tain sufficiently high voltage output under the current for read
sensor applications. Most recently, Kasaiet al. reported high
MR ratios of 40% at room temperature and 100% at 8 K in
the MTJ using the compound semiconductor CuIn0.8Ga0.2Se2

(CIGS) with the chalcopyrite crystal structure as a barrier in
combination with Co2FeGa0.5Ge0.5 FM layers.12) This is the
first observation of high MR output for MTJs with a com-
pound semiconductor barrier. Since the band gap of the CIGS
is much smaller than that of the insulator MgO, a smaller
RA is expected. Actually, sufficiently smallRA values rang-
ing from 0.3 to 3Ω µm2 were observed in the CIGS-based
MTJs. Moreover, these MTJs are expected to have high con-
trollability and high breakdown voltage because their barrier
thicknesses (∼2 nm) are two times larger than those of the
above-mentioned MgO-based MTJs with comparably small
RA. Such semiconductor barriers open up another path to-
wards realizing both smallRAand high MR output.

From the theoretical point of view, several previous stud-
ies have focused on the transport properties of the MTJs
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with semiconductor barriers. MacLarenet al.13) studied MTJs
consisting of Fe electrodes and a ZnSe semiconductor bar-
rier within the first-principles calculations using the layer
Korringa−Kohn−Rostoker approach. They showed that the
system has spin-dependent tunneling transport properties, in
which ∆1 bands provide dominant contributions. From their
data, the MR ratio was estimated to be∼500% for the bar-
rier of 50 atomic units (∼2.6 nm). In another theoretical work,
Autèset al.14) discussed the MTJ composed of a GaAs bar-
rier sandwiched between Fe electrodes. They calculated spin-
dependent conductance and predicted a maximum MR ratio
of nearly 400% for around 10 atomic layers of GaAs. More-
over, they considered the spin-orbit interaction and found that
the effect of such interaction is significant for sufficiently
thick barriers (≫20 atomic layers,∼2.8 nm). Although these
theoretical approaches predicted high MR ratios, such a no-
table output has not been experimentally observed in the
ZnSe- and GaAs-based MTJs; only a low MR ratio (<2%)
has been reported in the GaAs-based MTJs.15,16)On the other
hand, no theoretical studies have focused on CIGS-based
MTJs in spite of the recent report of high MR output. To un-
derstand the origin of such a high MR ratio in small-RATMR
devices, a theoretical understanding of the transport proper-
ties of FM/CIGS/FM MTJs is essential.

In this work, we study transport properties of two MTJs
with different barriers, CuInSe2 (CIS) and CuGaSe2 (CGS),
which are the terminal compounds of a CuIn1−xGaxSe2 mixed
crystal. Since the band gap of CuIn1−xGaxSe2 continuously
increases asx increases, CIGS is located between CIS and
CGS not only chemically but also physically. Therefore, the
present study of the CIS and CGS terminal compounds is ade-
quate for obtaining sufficient information on the CIGS-based
MTJ. As electrodes, we adopt ferromagnetic bcc Fe with a
well-known band structure. Since thea-axis length of CIS
(CGS) is almost twice as large as that of bcc Fe, the lattice
mismatch between them is expected to be small. Note that we
do not consider the effect of the spin-orbit interaction in this
work, because we focus on a thin barrier of∼2 nm, in which
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Fig. 1. (Color online) Schematic of the supercell used in this study.

the effect of the spin-orbit interaction is sufficiently small as
shown in a related study on an MTJ with a GaAs barrier.14)

We prepared supercells of Fe/CIS/Fe and Fe/CGS/Fe (Fig.
1), each of which includes 2 unit cells (=17 layers) of CIS
or CGS and 1 unit cell (=3 layers) of Fe on both sides of the
barrier. This barrier length is comparable to 2 nm estimated
in experiments on the CIGS-based MTJ.12) We fixed thea-
axis length to 0.5782 nm in the case of CIS17) and 0.5614 nm
in the case of CGS.18) As termination layers, we selected Se
layers on the basis of the TEM observation results in the ex-
perimental work.12) We next optimized the positions of atoms
in the supercells using the density functional theory within
the generalized gradient approximation implemented in the
Viennaab-initio simulation program (VASP).19,20) In this op-
timization, we used a 10× 10× 1 k-point mesh and assumed
that the spins of all Fe atoms align parallel to each other.
As a result of the calculation, the distance between Fe and
Se layers in the CIS-based (CGS-based) supercell is deter-
mined to be∼0.167 nm (∼0.144 nm) in the left boundary and
as∼0.168 nm (∼0.151 nm) in the right boundary. Such a dif-
ference in distance between the left and right boundaries is
due to the lack of inversion symmetry along thec-axis in CIS
and CGS.

To discuss the transport properties of the CIS- and CGS-
based MTJs, we consider the quantum open system composed
of the above-mentioned supercell attached to the left and right
semi-infinite electrodes of Fe atoms. The conductance was
calculated with the aid of the quantum code ESPRESSO.21)

In the present work, the Coulomb repulsionU for the Cu 3d
states in the barriers was considered to investigate the change
in MR ratio upon changing the amplitude of the band gap sys-
tematically.22,23)First, we obtained the wave functions in each
region of the quantum open system by means of the density
functional theory and the generalized gradient approximation.
The number ofk points was taken to be 10× 10 × 1, and
Methfessel-Paxton smearing with the broadening parameter
0.01 Ry was used. The cutoff energies for the wave function
and charge density were set to be 30 and 300 Ry, respectively.
Since our system has a two-dimensional periodicity in thexy
plane, the scattering states can be classified by an in-plane
wave vectork∥ = (kx, ky). For each fixedk∥ and spin index,
we solved the scattering equations derived under the condition
that the wave function and its derivative in the supercell are
connected to those in the electrodes.24,25) In this process, we
can also obtain the complex band structures, which are use-
ful for understanding the transport properties of the system.
Conductance is calculated by substituting the amplitudes of
the scattering wave functions into the Landauer formula.

We first set the Coulomb repulsionU to 5 eV and focused
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Fig. 2. (Color online) Real and complex band structures of (a) CIS and
(b) CGS withU = 5 eV atk∥ = (0,0) along the out-of-plane wave vectorkz.

on the difference between the CIS- and CGS-based MTJs.
Figures 2(a) and 2(b) show the real and complex band struc-
tures of the CIS and CGS, respectively, atk∥ = (0,0) along
the out-of-plane wave vectorkz. The band gaps are estimated
as ECIS

g ≃ 0.17 eV for CIS andECGS
g ≃ 0.41 eV for CGS.

Although these values are smaller than the experimental ob-
servations (ECIS

g ≃ 1.0 eV andECGS
g ≃ 1.7 eV), the magnitude

relation (ECIS
g < ECGS

g ) is the same for the present calculations
and experiments. We see that the complex band with the∆1

components has the smallest imaginary partκmin = |Im(kz)|min

around the Fermi level in both CIS and CGS. This means that
the propagating state with the∆1 components in the electrode
couples to the evanescent state (κmin) in the barrier and pro-
vides the largest contribution to the tunneling conductance.26)

In Fig. 3, we show the in-plane wave vectork∥ = (kx, ky)
dependence of the conductances at the Fermi energy for var-
ious situations in the CIS- and CGS-based MTJs. The upper
two panels, Figs. 3(a) and 3(d), show the majority-spin con-
ductances of the CIS- and CGS-based MTJs with the paral-
lel magnetization of the electrodes, in which the sharp peaks
aroundk∥ = (0,0) are seen for both MTJs. As shown in
Figs. 2(a) and 2(b), since the∆1 evanescent state is the dom-
inant conducting channel atk∥ = (0,0) in the barriers, these
peaks can be considered as evidence of the tunneling trans-
port by the∆1 wave functions. Figures 3(b) and 3(e) show
the minority-spin conductances of the CIS- and CGS-based
MTJs with the parallel magnetization of the electrodes. Com-
pared with the majority-spin cases, conductances have much
smaller values and are distributed over a wide region of the
k∥ Brillouin zone for both CIS- and CGS-based MTJs. The
lower two panels, Figs. 3(c) and 3(f), show the conductances
of the CIS- and CGS-based MTJs for the majority-spin states
of the left electrodes in the case of the antiparallel magnetiza-
tion. Although the∆1 wave function in the left electrode de-
cays more rapidly than in the case of parallel magnetization,
it still has a small amplitude in the right electrode after pass-
ing through the barrier, which is the origin of the small con-
ductances aroundk∥ = (0,0). Note that thek∥ dependences
in Figs. 3(c) and 3(f) break the fourfold rotational symmetry,
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Fig. 3. (Color online) In-plane wave vectork∥ = (kx, ky) dependence of
the conductances at the Fermi energy for various cases in CIS- and
CGS-based MTJs withU = 5 eV. (See the text for details.) The unit of the
color bar isG0 = e2/h in all panels.

which might be due to the twofold symmetry of CIS and CGS
in the xy plane. Although not shown here, the minority-spin
conductances in the case of antiparallel magnetization have
k∥ dependences that are identical to those obtained by rotat-
ing conductance distributions in Figs. 3(c) and 3(f) by 180◦ in
thek∥ plane.

In this work, we adopt the usual optimistic definition of
the MR ratio: MR ratio [%]= 100× (TP − TAP)/TAP, where
TP (TAP) is the sum of the majority- and minority-spin con-
ductances averaged over thek∥ Brillouin zone in the case of
parallel (antiparallel) magnetization. We obtained 62.3 and
300.9% MR ratios for the CIS- and CGS-based MTJs, respec-
tively. The difference is mainly due to a large difference in
conductance in the case of antiparallel magnetization [Figs.
3(c) and 3(f)]. We also estimatedRA values from the con-
ductances in the case of the parallel magnetizationTP, where
0.408 and 0.680Ω µm2 were obtained for the CIS- and CGS-
based MTJs, respectively. In the present study, the in-plane
lattice constant of Fe/CIS(CGS)/Fe supercells is twice as long
as that of bcc Fe (see Fig. 1). Since CIS and CGS have quite
small but finite displacements in Se atoms from fractional po-
sitions,27) we need to use a larger supercell as compared with
other semiconductors (Si, GaAs or ZnSe). In such a larger
supercell, the band folding of Fe can reduce MR ratios, as
discussed for Fe/MgAl2O4/Fe(001) MTJs.28,29) However, in
the present case, the folded band hardly affects MR ratios of
the CIS- and CGS-based MTJs. Actually, we confirmed that
the folded minority-spin band of Fe crossing the Fermi level
provides no contribution to the conductance in both MTJs be-
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Fig. 4. (Color online) MR ratios andRAvalues of (a) CIS- and
CGS-based MTJs and (b) CIS-, CGS-, and MgO-based MTJs on a
double-logarithmic scale. In the panel (b), barrier thickness (tCIS, tCGS, or
tMgO) is defined as the distance between two Fe layers closest to the barrier.

cause of the very small displacements of Se atoms.
Let us further discuss the relationship between the band

gaps and MR ratios by changing the Coulomb repulsionU
for the Cu 3d states in the barriers. By increasing the repul-
sion U from 0 to 10 eV, the band gap of bulk CIS (CGS) is
increased from 0.044 (0.114) to 0.468 (0.691) eV. In Fig. 4(a),
we show the MR ratios andRAvalues of the CIS- and CGS-
based MTJs withU = 0,5, and 10 eV. As the repulsionU
becomes larger, the MR ratio andRA increase in both MTJs.
It is also found that for a fixed repulsionU, the CGS-based
MTJ has a higher MR ratio and a largerRAthan the CIS-based
MTJ. From these, we can conclude, at least for the CIS- and
CGS-based MTJs, that a larger gap system has a higher MR
ratio and a largerRA.

Figure 4(b) shows the MR ratios andRAvalues of the CIS-
, CGS-, and MgO-based MTJs. The MR ratio andRAof the
MgO-based MTJ are calculated in the same manner as those
of the CIS- and CGS-based MTJs. For the barrier thickness of
2.6−2.8 nm, theRAvalues of the CIS- and CGS-based MTJs
are nearly six orders of magnitude smaller than those of the
MgO-based MTJs, which is a great advantage of the CIS-
and CGS-based MTJs for certain device applications where
a smallRA is needed, e.g., read sensors. Even if we reduce
the thickness of the MgO to 1.24 nm,RA is still larger than
those of the CIS and CGS systems. On the other hand, the
CIS- and CGS-based MTJs have the possibility of achiev-
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ing even smallerRA values by reducing their barrier thick-
nesses. In that case, establishing a method to keep the MR ra-
tio high, e.g., the use of highly spin-polarized ferromagnetic
electrodes, is essential. In fact, such an example has recently
been reported by Kasaiet al.12)

Finally, let us discuss the reason why only low MR
ratios have been observed in the GaAs- and ZnSe-based
MTJs,15,16,30) as opposed to the CIGS-based MTJ. To this
end, we calculated MR ratios of Fe/GaAs/Fe and Fe/ZnSe/Fe
MTJs using supercells with 17 barrier layers and 3 Fe layers
on both sides of the barrier. The termination layers of GaAs
and ZnSe were determined to be As and Se layers, respec-
tively, from the energy minimization of the supercells. All
conditions in the transport calculations were the same as those
for the CIS- and CGS-based MTJs. In the GaAs-based MTJ,
we obtained an MR ratio of 12%, which is more than one
order smaller than the value reported in the previous theoret-
ical work.14) Such a difference comes from the sensitivity of
the MR ratio in the GaAs-based MTJ to the position of the
Fermi level.14) In general, the Fermi level of magnetic junc-
tions strongly depends on the in-plane lattice constant, the in-
terfacial distance, and other calculation conditions, leading to
different positions of the Fermi level in each calculation. In
our case, the Fermi level is located near the interfacial reso-
nance states of Fe, which yields a low MR ratio. On the other
hand, in Ref. 14, the Fermi level was set to the middle of the
band gap in the barrier, where the effect of the interfacial reso-
nance states is small and a high MR ratio is obtained. As men-
tioned in the introduction, experiments on Fe/GaAs/Fe MTJs
have revealed low MR ratios (<2%),15,16) which can be ex-
plained as an effect of the interfacial resonance states. In the
case of the ZnSe-based MTJ, we obtained a high MR ratio of
292%, which is consistent with the previous theoretical esti-
mation.13) We also found that the interfacial resonance states
do not provide a significant contribution to the MR ratio in
this system. Therefore, a low MR ratio (∼10%) observed in
experiments30) would be due to experimental imperfections.
Actually, the existence of a large film roughness (∼0.9 nm) is
confirmed in Ref. 30.

In summary, we studied transport properties of MTJs with
semiconductor barriers, Fe/CIS/Fe and Fe/CGS/Fe. Our first-
principles-based calculations showed that∆1 wave functions
dominate the tunneling transport in both MTJs. The theoreti-
cal transport calculations predicted MR ratios of around 50%
for the CIS-based MTJ and around 300% for the CGS-based
one, which means that a higher MR ratio is expected for a
higher Ga concentrationx in CuIn1−xGaxSe2-based MTJs. We
further discussed the relationship between the band gap and
MR ratio by changing the Coulomb repulsion in the CIS and
CGS barriers. We found that a larger band gap in the bar-
rier gives a higher MR ratio. Through the comparison with
the MgO-based MTJ, we confirmed that the CIS- and CGS-
based MTJs have much smallerRA values than the MgO-
based MTJ, which is consistent with the experimental results
of the CuIn0.8Ga0.2Se2-based MTJ.12)
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