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Ferromagnet/Semiconductor heterostructures have attracted much attention because of their potential applica-
tions in spintronic devices. We investigated the electronic structures and magnetism of monolayer Fe on
CuGaSe2(001) by using the all-electron full-potential linearized augmented plane-wave method within a gener-
alized gradient approximation. We considered the monolayer Fe deposited on both the CuGa atoms termi-
nated (CuGa-Term) and the Se atom terminated (Se-Term) surfaces of CuGaSe2(001). The calculated magnetic
moment of the Fe atom on the CuGa-Term was about 2.90 μB. Those of the Fe atoms on the Se-Term were in
the range of 2.85-2.98 μB. The different magnetic behaviors of the Fe atoms on two different surfaces were dis-
cussed using the calculated layer-projected density of states.
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1. Introduction

Spintronics, a newly emerging field, includes a develop-
ment of spin dependent devices such as the spin-polarized
field effect transistor (spin-FET), the spin-light emitting
diode (spin-LED), and nonvolatile magnetic random access
memory (MRAM) devices etc. To make those devices, it
is necessary to inject a highly spin-polarized current into
semiconductors from ferromagnetic materials.

Ferromagnetic Fe is usually used as a ferromagnetic
electrode in a ferromagnet/semiconductor (FM/SC) junc-
tion because of the high Curie temperature while the
ferromagnetic semiconductors [1, 2] have low Curie
temperature. Spin injections in the Fe/ZnSe(001) and Fe/
GaAs(001) heterostructures have been investigated by
Wunnicke et al. [3] using the ab initio screened Koringa-
Kohn-Rostoker method. They found spin polarization as
high as 99% where the interfaces acted as a nearly ideal
spin filter. Similar behavior has also been found in the Fe/
InAs(001) heterojunction. Zwierzycki et al. [4] investi-
gated the spin dependence of the interface resistance of a
Fe/InAs(001) heterojunction by the layered tight-binding
linear muffin tin orbital (TB-LMTO) surface Green's
function method with local density approximation (LDA).

They found that the transmitted current polarization was
in the range of 98% and 89%, where the specular
interface acts as an efficient spin filter. They concluded
that efficient spin injection in the Fe/InAs junction could
be achieved using high-quality epitaxial interfaces. 

In recent years, the successful synthesis of the room
temperature ferromagnetic semiconductor, the Mn doped
ternary chalcopyrite semiconductor CdGeP2 [5], has en-
couraged many researchers to exploit the ternary chal-
copyrite semiconductors for spintronic applications [6, 7].
Chalcopyrite semiconductors can be classified into two
groups: AIBIIIXVI type compounds such as CuGaSe2,
CuAlSe2, CuGaS2, CuInS2 etc. and the other group, an
AIIBIVXV type such as ZnSiP2, ZnSiAs2, ZnGeP2 etc. The
crystal structure of the chalcopyrite semiconductor can be
regarded as a superlattice of zinc-blende structure; but
there are three important structural differences with respect
to the zinc-blende structure [8]: (i) the chalcopyrite semi-
conductors have two types of cations rather than one; (ii)
there is a tetragonal distortion of the unit cell with a
distortion parameter of η≡c/2a≠1; (iii) there are displace-
ments of the anions from the ideal zinc-blende positions
with an amount of the u parameter. 

One of the chalcopyrite semiconductor, CuGaSe2, has a
u parameter of 1/4 as in the regular zinc-blende structure
and the η is 0.9825 [9]. There are several structureral and
chemical similarities between the CuGaSe2 and GaAs
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semiconductors. The direct band-gap (1.7 eV) [10] of
CuGaSe2 is comparable to that (1.54 eV) of the GaAs and
both of them have common cation of Ga. The lattice
constant (5.61 Å) [9] of CuGaSe2 is very close to that
(5.64 Å) of the GaAs. 

Many researches have been made to the FM/SC junc-
tions with a binary semiconductor. In this paper, we
investigated the electronic structure and magnetism at the
interface of ferromagnet and ternary chalcopyrite semi-
conductor by using the highly precise all-electron FLAPW
[11] method within GGA [12]. In Sec. 2, we briefly
describe the calculational model and method. We present
the results and a discussion on the results in Sec. 3, and
we conclude with a brief summary in Sec. 4.

2. Calculational Method

Monolayer Fe on CuGaSe2(001) surfaces was modeled
by a Fe monolayer attached on each side of 11 and 9-
layer thickness single slabs for the Cu-Ga atoms terminat-
ed (CuGa-Term) and the Se atoms terminated (Se-Term),
respectively. The schematic top views for the CuGa-Term
and Se-Term are illustrated in Fig. 1. A two dimensional
(2D) lattice constant was adopted from the experimental
lattice constant of 10.61 a.u. [9] The spacing between the
Fe monolayer and the CuGaSe2 substrate was assumed to
be 2.82 a.u. which was evaluated by keeping the atomic
volume as same as that of the bulk bcc iron. We have not
optimized the interlayer spacing.

The Kohn-Sham equation [13] was solved self-consist-
ently in terms of the FLAPW method within the GGA to
the exchange-correlation potential. Lattice harmonics, with
l ≤ 8, were employed to expand the charge density, poten-

tial, and wavefunctions inside the muffin-tin (MT) radius
of 2.0 a.u. for the Se atom, 2.2 a.u. for the Fe atom, and
2.4 a.u. for both the Cu and Ga atoms, respectively. An
energy cut-off of 12 Ry (corresponding to about 2900 and
2500 LAPW functions for the CuGa-Term and Se-Term,
respectively) was employed for the basis set. A 190 Ry
star function cut-off was used for depicting the charge
density and potential in the interstitial region. Integrations,
inside the 2D Brillouin zone (BZ), were replaced by a
summation over 12 k-points inside the irreducible 2D BZ.
All core electrons were treated fully relativistically, while
valence states were treated scalar relativistically, i.e.,
without spin-orbit coupling [14]. Self-consistency was
assumed when the difference between input and output
charge (spin) densities was less than 1.0×10−4 electrons/
a.u.3 

3. Results and Discussions

The spin density contour plots of the Fe/CuGaSe2(001)
in (a) the (110) plane for the CuGa-Term and (b) the (110)
plane for Se-Term are presented in Fig. 2. The solid and
broken lines represent positively and negatively polarized
spin densities, respectively. The lowest contour starts
from ±5×10−4 electrons/a.u.3 The subsequent lines differ-
ed by a factor of . As seen from the spin density
contour presented in Fig. 2, there was a large eruption of
positive spin density toward the vacuum region from the
Fe site, which illustrates the large magnetic moments of
the overlayer Fe atoms. There are negatively polarized
regions which is duo to sp electrons between the over-
layer Fe and subsurface Cu and Ga atoms for the CuGa-
Term, while for the Se-Term the regions between the
overlayer Fe and subsurface Se atoms are positively
polarized.

The calculated layer by layer magnetic moments (in
units of μB), as well as the numbers of l-decomposed
majority and minority spin electrons inside each MT
sphere for (a) the CuGa-Term and (b) the Se-Term are
tabulated in Table 1.

The magnetic moments of Fe(I) and Fe(II) for the
CuGa-Term were calculated to be 2.91 μB which was
slightly larger than that (2.88 μB) of the Fe monolayer on
top of the Ga terminated GaAs(001) [14]. The magnetic
moments of overlayer Fe atom for the Se-Term were in
the range of 2.85-2.98 μB. The Fe(IV) had the largest
magnetic moment of 2.98 μB which was similar to that of
the surface layer Fe atom of Fe(001) surface [15], while
that of the Fe(III) was the smallest with the value of 2.85
μB which was similar to that of Fe monolayer on Cu(001)
[16]. The different values of magnetic moments for Fe

2

Fig. 1. A schematic top view of the CuGa-Term and Se-Term.
The large and small open circles are Fe and Se atoms, respec-
tively. The black and shaded circles are Ga and Cu atoms,
respectively. The different types of overlayer Fe atoms are
labeled by the Roman numerals.
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atoms indicate that the overlayer Fe magnetic moment is
sensitive to its environment as reported by Wu and
Freeman [17]. From Fig. 1 we can see that the Fe(III) and
Fe(IV) atoms of the Se-Term have one nearest neighbor
Se atom with bond lengths of 2.48 Å and four next
nearest neighbor Fe atoms with bond lengths of 2.81 Å.
However, there is a Ga atom directly below the Fe(III)
atom with a distance of 2.87 Å, while the Fe(IV) atom
has a Cu atom below it. The magnetic moment of Fe(III)
became smaller than that of the Fe(IV) due to the hybridi-

zation between Fe(III)-d and delocalized Ga-sp states.
At the interface, there was a small size of induced

magnetic moments of 0.06 and −0.09 μB for the Cu and
Ga atoms of the CuGa-Term, respectively. The Se atom of
the Se-Term has a value of 0.04 μB.

The microscopic origin of the magnetic behavior of the
systems can be seen from the numbers of the l-decom-
posed majority and minority spin electrons inside each
MT sphere, given in Table 1. In the MT sphere of Fe
atom, the number of p-electrons was smaller than that of
the bulk, which indicated that the p-electrons of the Fe
atoms “spill out” into the vacuum region to screen its
termination. The numbers of d-electrons in each of MT
sphere of Fe atom were nearly constants of about 5.95
and 5.98 for the CuGa-Term and Se-Term, respectively.
We found that for the CuGa-Term, the interface Cu atoms
have small amount of magnetic moment induced by d-
like electrons, while that of the Ga atoms came from the
spin-polarization of p-like electrons.

The spin-polarized layer-projected density of states
(LDOS) are given in Fig. 3 for (a) the CuGa-Term and (b)
the Se-Term, respectively. The solid lines and dotted lines
represent majority spins and minority spins, respectively.
The Fermi levels (EF) were set to zero.

For the CuGa-Term, we see that the overall shapes of
LDOS of the overlayer Fe(I) and Fe(II) were similar to
each other. The majority Fe states had almost a single

Fig. 2. The spin-density contour plots for (a) the CuGa-Term
in the (110) plane and (b) the Se-Term in the (110) plane. The
lowest contour starts from ±5 × 10−4 electrons/a.u.3 and the
subsequent lines differ by a factor of .2

Table 1. The layer-projected l-decomposed majority and
minority spin-electrons inside each of the muffin-tin spheres,
and layer-by-layer magnetic moments (in units of μB).

CuGa-Term

atom
s

↑ / ↓
p

↑ / ↓
d

↑ / ↓
Total
↑ / ↓

M

Fe(I) 0.16/0.14 0.07/0.08 4.41/1.52 4.65/1.74 2.91
Fe(II) 0.15/0.13 0.08/0.08 4.42/1.53 4.65/1.74 2.91

Cu(S-1) 0.25/0.29 0.21/0.23 4.71/4.60 5.20/5.13 0.06
Ga(S-1) 0.46/0.48 0.41/0.48 4.99/4.99 5.88/5.97 −0.09
Se(S-2) 0.65/0.65 1.00/0.99 4.99/4.99 6.64/6.63 0.01
Cu(C) 0.21/0.21 0.20/0.20 4.72/4.72 5.14/5.14 0.00
Ga(C) 0.45/0.45 0.40/0.40 5.00/5.00 5.86/5.86 0.00

Se-Term

Fe(I) 0.12/0.11 0.08/0.08 4.46/1.52 4.68/1.73 2.95
Fe(II) 0.12/0.11 0.08/0.08 4.46/1.52 4.68/1.73 2.95
Fe(III) 0.12/0.12 0.08/0.08 4.44/1.58 4.65/1.79 2.85
Fe(IV) 0.15/0.12 0.07/0.08 4.47/1.51 4.70/1.72 2.98
Se(S-1) 0.65/0.65 1.02/0.98 4.99/4.99 6.66/6.62 0.04
Cu(S-2) 0.21/0.21 0.20/0.20 4.73/4.71 5.15/5.13 0.03
Ga(S-2) 0.48/0.47 0.40/0.39 5.00/5.00 5.89/5.87 0.02
Cu(C) 0.21/0.21 0.20/0.20 4.72/4.71 5.15/5.14 0.01
Ga(C) 0.45/0.45 0.40/0.40 5.00/5.00 5.86/5.86 0.01
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main peak. It is found that the substrate Cu d-states are
dispersed compared to that of center layer Cu atom due to
a strong hybridization with the overlayer Fe atoms. The
band broadening is also seen in the Ga(S-1) atom, which
is caused by the p-d hybridization with the overlayer Fe
atoms. On the other hand, the d-bands of the overlayer Fe
atoms for the Se-Term became more localized with com-
pared to that of the CuGa-Term. This fact is consistent
with the larger number of majority Fe d-spin electrons for

the Se-Term than that for the CuGa-Term as given in
Table 1.

4. Summary

We investigated the electronic structures and magnetism
of monolayer Fe on CuGaSe2(001) by using the all-
electron FLAPW method within GGA. We considered
monolayer Fe deposited on both of the CuGa- and Se-
terminated surfaces of CuGaSe2(001). The spin densities
show a large eruption of positive spin density toward the
vacuum region from the overlayer Fe site. The calculated
magnetic moments of the overlayer Fe atoms were about
2.91 μB for the CuGa-Term, while they were in the range
of 2.85-2.98 μB for the Se-Term which shows that the
magnetism of Fe overlayer is sensitive to the atomic
environment. The Fe(IV) of the Se-Term had the largest
magnetic moment of 2.98 μB, while the magnetic moment
of the Fe(III) of the Se-Term was the smallest (2.85 μB)
due to the Fe(III) d- Ga sp hybridization with the Ga atom
located directly below the Fe(III) atom. The strong
hybridization of overlayer Fe d-states with the subsurface
Cu d-, Ga p-states for the CuGa-Term induced magnetic
moments of 0.06 and −0.09 μB on the Cu and Ga atoms,
respectively, while the hybridization between the over-
layer Fe d-states and the Se(S-1) p-states in the Se-Term
induces a smaller magnetic moment (0.04 μB) to Se(S-1)
atom.
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