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Electronic-structure calculations of the Cr/GaAs(001) interface
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The electronic structure of the Cr/GaAs(001) interfaces, both Cr-Ga and Cr-As, are calculated
within the surface Green-function matching formalism. The Hamiltonian used is of the tight-
binding type with first- and second-order interactions. A basis of one s and three p atomic orbitals
for GaAs and five d orbitals for Cr is employed; the interface parameters are taken as the geometric
mean of the constituent material matrix elements. Metallic character and enhancement of the Cr
magnetic moment at both interfaces, although lower than that of the Cr4001) surface, is found. The
local densities of states present interface-induced effects in the energy range of the Cr d-band width,

which are important at the first three layers of the GaAs and at the interface layer of the Cr semi-

infinite crystals.

I. INTRODUCTION

There is considerable interest in the study of boundary
regions, since they are related to the development of rni-

croelectronic devices, synthesis of new materials, and ca-
talysis. A great deal of experimental and theoretical
work has been done to understand and control the prop-
erties of interfaces. ' Metal-semiconductor interfaces are
among the most studied because they play a main role in
device performance and determine important device
features. In particular, transition-metal-III-V-
semiconductor interfaces have received much attention
recently due to their technological importance, but many
aspects of them are still not well known. This paper
is a study of the electronic properties of the
Cr/GaAs(001) heterojunction.

Chromium is a body-centered-cubic (bcc) 3d transition
metal with intriguing magnetic properties. The Cr(001)
surface presents an induced ferromagnetism with a very
high magnetic moment, 2.49pz, while antiferromagnetic
coupling is observed in the bulk, with a magnetization, at
maximum, of 0.59p&. These differences between bulk-
and surface-electronic properties made the Cr(001) sur-
face very interesting to examine in terms of its behavior
in the presence of a dissimilar neighbor. ' Works
about the possible existence of superconductivity in
Au/Cr/Au(001) sandwiches' point out the complexity of
this behavior. Therefore, Cr/GaAs(001), which is a near-
ly lattice-matched interface, offers a good opportunity for
investigating magnetic properties at interfaces. Cr/GaAs
is a prototypical system of reactive overlayers on a III-V
compound semiconductor, so it is of both technological
and fundamental interest. Xu et al. ,

' using high-
resolution x-ray photoemission, have studied the
temperature-dependent evolution of the Cr/GaAs(100)
interface, reporting that heating promotes substrate dis-
ruption. It seems that Cr reacts with As to form an ar-
senide and releases Ga into the growing metal overlayer.
Previous studies on the Cr/GaAs(110) interface ' have

pointed out that Cr atoms interact weakly with
GaAs(110) for low coverages, and that substrate disrup-
tion and reactive interdiffusion start only at a coverage of
2 A, when Cr—As and Cr—Ga bonds are formed.

We have investigated the two possible Cr-Ga and Cr-
As interfaces of the ideal Cr/GaAs(001) heterojunction,
unrelaxed and abrupt. Their electronic structures have
been calculated within the surface Green-function match-
ing formalism (SGFM), ' ' taking advantage of the
transfer-matrix approach. ' This method provides an
exact solution for the interface Green function, since it
takes into account the true two semi-infinite media form-
ing the interface, avoiding the undesirable slab effects.
The outline of this paper is as follows. The theoretical
model and method of calculation are briefly described in
Sec. II, pointing out the peculiarities of the present case.
In Sec. III results are discussed, and finally some con-
clusions are summarized in Sec. IV.

II. METHOD

The surface Green-function matching approach pro-
vides a framework of exact theory within which the
Green function (GF) of layered structures such as sur-
faces, interfaces, quantum wells, and superlattices can be
calculated. The method combines elements of scattering
theory with the treatment of the boundary conditions, to
give an exact analysis of the interface problem, within the
context of the model Hamiltonian employed. The SGFM
yields a procedure to construct the GF of the system in
terms of the coupling interactions across the interface
and the projections on the interface domain of the bulk
Hamiltonians and GF's of the constituent crystals. This
approach, which can be used with different one-electron
Hamiltonian models, has been successfully employed
with semiempirical tight-binding (TB) Hamiltonians, to
describe the electronic properties of surfaces, interfaces,
and superlattices of semiconductor materials. The
general formal theory for ideal and nonideal interfaces is
described elsewhere; ' therefore only the main formulas

41 8412 1990 The American Physical Society



41 ELECTRONIC-STRQCTURE CALCULATIONS OF THE. . . 8413

will be given here, as well as the modifications required
by the magnetic nature of the Cr model.

Since two-dimensional periodicity is retained in the in-
terface and k parallel is a good quantum number, the sys-
tem will be described in terms of principal layers. A prin-
cipal layer may contain one or more atomic planes, and,
by definition, is coupled only to its nearest-neighbor prin-
cipal layers. Within the TB layer representation, the
Hamiltonian H and the GF 6 are k-dependent matrices,
where k is a vector of the two-dimensional Brillouin zone
(BZ). An element of, for example, the G matrix, would be
denoted G„„=(n,a~G(k)~n', a'), where n and n' are
layer indexes and a and a' stand for the orbitals. The k
dependence is understood henceforth.

In the present work an ideal interface is considered,
defined as the coupling of two abruptly terminated semi-
infinite crystals, keeping all the intra- and interatomic in-
teractions unaltered. Thus, the interaction between prin-
cipal layers n and n is given by Hnn and, by definition of
the principal layer H„„=O if ~n

—n'~ is greater than 1.
Extension to the nonideal case is straightforward and has
already been made. ' Now consider the ideal interface as
the 2/8 bicrystal; the complete interface domain con-
tains two principal layers —one belongs to the semi-
infinite crystal A and the other to B. The SGFM method
yields the following formula for the GF projection gz
onto the interface domain:

+IB(~ HB~BGBgB )IB IHII

where m represents the energy, I =I„+I~ is the inter-
face complete projector, and I'M (M = A, 8) is the projec-
tor of the semi-infinite crystal M. The coupling interac-
tion across the interface is described by the last term of
Eq. (1).

In order to obtain gr, the diagonal and nondiagonal
elements of both A and B bulk GF matrices must be
known. Their calculation requires, for each value of the
energy, a cumbersome integration over those k vectors
which cover the projection of the bulk Brillouin zone
(BZ) onto the surface. Nevertheless, the integration can
be avoided by expressing Eq. (1} in terms of the transfer
matrices T, T, S, and S, ' which are defined as follows:

Gn+ ),m Gnm~ Q m

n —],m ~Gnm~

Gn, m+ ] GnmS7

with these definitions, and since for the ideal interface the
complete interface domain contains two principal layers,
Eq. (1}can be written as

Hg» ] ] (w HB }, —
, HB , 2T—B.

where the layer indexes denoted 1,2, 3, . . . and
—1, —2, —3, . . . stand for the A and B semicrystal, re-
spectively. To obtain the transfer matrices T and S, we
have used a fast-convergence iterative procedure,
developed by one of us, which takes into account 2" lay-
ers after n interactions. Once gr is known, the GF of any
layer is obtained in terms of its own projection in the in-
terface domain from the following expression:

Gl;n, n= GM ll+ TM (.gl ll GM ll )SM". .

where, for n being on the A (B) side, I is equal to 1 (
—1)

and M = A (8).
All the physics of the interface is contained in gz.

Thus, the eigenvalues of the interface can be directly ob-
tained from the secular equation:

det~gl '(k, tU)~ =0,
and the layer density of states (LDOS} in the nth layer is
given by

&,(k, ul) = —(1/n. ) lim Im trGl. „„(k,w +is) .
m~0

The k-integrated LDOS's have been obtained by a
weighted sum in the Cunningham special points of the
two-dimensional BZ.

The geometry of the Cr/GaAs(001) interface is shown
in Fig. 1(a). Because the bcc Cr lattice constant is almost
a factor of 2 smaller than that of the zinc-blende-
structure GaAs (ac, = —,

' 3o,~, ), the small lattice
mismatch being neglected in this work, we assume that
the (001} Cr atomic planes are placed at the same posi-
tions that the new (001) planes of GaAs would occupy if
added. Thus, the distance between nearest-neighbor
atoms at the interface coincides with the nearest-
neighbor distance of both Cr and GaAs sublattices.
Second-order interactions have been considered, but only
among atoms placed at the second-neighbor distance of
the bcc lattice. Since the number density of Cr atoms in
a bcc (001) plane is twice that of GaAs, Cr atoms occupy
both the lattice positions of the GaAs zinc-blende struc-
ture and the interstitial sites in the layer. Therefore,
there are two chemically distinct Cr sites in each layer:
the P Cr atoms that have a second-order neighbor at the
second GaAs layer, and the M Cr atoms that do not.
This distinction between the Cr lattice sites in each layer
must be taken into account in the Hamiltonian equations,
since the interactions with and between atoms placed at P
and M sites differ. In Fig. 1(b) the geometrical structure
of the (001) interface planes is represented schematically,
and the two-dimensional unit cell is shown by the dashed
line, the corresponding BZ being shown in Fig. 1(c). This
BZ is actually that of the GaAs(001) surface, since it is
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FIG. 1. (a) Schematic representation of a (001) interface of
bcc Cr w'th (001) zinc-blende-structure GaAs. (b) Schematic
geometrical structure of (001}planes of the Cr/GaAs interface;
dashed line points out the unit cell. (c) Corresponding two-
dimensional Brillouin zone.

inside the Cr(001) surface BZ, so the special points are la-
beled as in the zinc-blende structure.

The Slater-Koster parametrized tight-binding scheme
has been followed. For GaAs, a basis set consisting of 1s
and 3p orbitals has been taken with only first-nearest-
neighbor interactions; the parameters given by Chadi
have been used. This parametrization provides a good
description of the valence band, although the
conduction-band description is not so precise. ' For
chromium only d states have been considered, since we
are mainly interested in investigating how spin polariza-
tion affects the electronic structure. Therefore, at both
the surface and the interface s and p Cr states are lacking.
However, this approximation' can be justified by the
small contribution from delocalized s- and p-like elec-
trons to both the surface LDOS and the magnetic mo-
ment (see, for example, Table III and Figs. 3 and 5 in
Ref. 13). Moreover, experimental results seem to point
out that metal d states hybridize with the semiconductor
p states to form the chemical bond in, i.e., Cr/GaAs, '

Cr/Si, and Cr/Ge systems. The TB parameters used

are those given by Allan. ' Both paramagnetic and anti-
ferromagnetic states have been studied. In the antiferro-
magnetic case it is assumed that the spin wave is com-
mensurate with the lattice spacing (actually, it is nearly
commensurate' ' ' ), taking a spin wave vector
Q=(2m/ac, ) (0,0, 1). The (001) planes thus have alter-
nately an up- or down-spin polarization, and the spin
structure reduces the crystal symmetry. The antiferro-
magnetic crystal potential, in addition to the Coulomb
terms as in the nonmagnetic case, has the exchange mag-
netic contribution V,„=+J6N„,where J is the effective
intra-atomic exchange parameter adjusted in order to ob-
tain the bulk experimental magnetization value of
0.59ps/atom, and 25K„represents the n-layer spin po-
larization. The plus or minus sign depends on the majori-
ty spin of the layer. The basis set for antiferromagnetic
Cr is then formed by ten orbitals, five with spin-up polar-
ization and five with spin-down polarization.

At the interface the matrix elements have been ob-
tained as the geometric mean of the respective Cr and
GaAs matrix elements. The sign of the greatest one,
when the two elements have different sign, and the com-
mon sign, when they have equal sign, was chosen. This
prescription was decided after some testing, which
showed that the interface results were more sensitive to
the matrix-element signs than to its absolute value. The
choice of the geometric mean for the interface parame-
ters has given good results for similar materials, for in-
stance, two transition metals' ' or two semiconduc-
tors. ' Moreover, calculations of the MnAs, CrAs, and
FeAs electronic structure with a two-center TB model
described, in good agreement with experiments, the gen-
eral trend of the magnetic moments. ' In the calcula-
tions just referred to, the TB Hamiltonian consists of
itinerant metal d states hybridized with nonmetal p
states, and the pd parameters were obtained as the
geometric mean of the elemental pp and dd matrix ele-
ments.

The Cr and GaAs Fermi levels were aligned at the in-
terface and taken as the zero of energy. To obtain charge
neutrality, we impose that the d-orbital occupancies at
the surface and at the interface planes should not differ
from the bulk values. For this reason we introduce a sort
of potential in the diagonal matrix elements. This correc-
tion is due to changes not only in the diagonal terms
(intra-atomic), but also in the nondiagonal matrix ele-
ments (interatomic). This type of approximation of the
self-consistency has been proven to give reasonable re-
sults for TB Hamiltonians. ' '

The matrices entering the interface calculation are
48X48; the GaAs Hamiltonian is an 8 X 8 matrix, with
four orbitals per site, one atomic site, and one principal
layer formed by two atomic planes. The Cr Hamiltonian
is a 40X40 matrix since there are ten orbitals per atom,
two different atomic sites, P and M, per layer, and two
atomic layers enter in a principal layer. Despite the large
size of the matrices for calculational purposes, the SGFM
method has some advantages over other methods, since it
provides an exact solution of gI, interface states can be
unambiguously determined, and calculation of the LDOS
at any desired layer on both semicrystals is allowed.
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III. RESULTS

A. Cr(001) surface

Both experimental" and theoretical
work' ' ' ' devoted to the study of the Cr(001) sur-
face has shown that this surface possesses peculiar mag-
netic properties: surface ferromagnetism while retaining
an antiferromagnetic ground state in the bulk, and a
great enhancement of the surface magnetic moment with
respect to the bulk value. Since a by-product of the inter-
face calculation is the surface-electronic properties, '
the electronic structure of both paramagnetic and antifer-
romagnetic Cr(001) surfaces are presented. Figure 2(a)
shows the LDOS for the first six atomic layers and a bulk
plane in the paramagnetic state. Diagonal corrections of
0.136 and 0.125 eV in the first and second layer, respec-
tively, were necessary in order to achieve charge neutrali-
ty at the surface. As can be observed in Fig. 2(a), the
peak which appears at about 1 eV below EF in the sur-
face DOS is completely localized in the first atomic layer,
and only small differences exist between the next interior
plane DOS's and that of the bulk plane.

In the antiferromagnetic state, self-consistency was at-
tained by varying the surface magnetic potential. Charge
neutrality, to within 0.01 electron, was obtained for 0.9-
and 0.7-eV surface magnetic potentials at the first and
second layers, respectively. The resulting spin-up and
spin-down LDOS's for the first six atomic layers and a
bulk plane are presented in Fig. 2(b). As expected, and in

agreement with previous calculations, ' both bulk spin-
up and spin-down LDOS's are close and similar to the
corresponding bulk LDOS's of paramagnetic chromium.
The surface LDOS*s are completely di6'erent, while the
spin-up LDOS is mainly formed of occupied states, the
unoccupied-state area is predominant in the spin-down
LDOS. This imbalance of spin-up and spin-down states
explains the enhancement of the magnetic moment in the
surface region. A surface magnetic moment of 2.79p~ is
obtained, in agreement with earlier calculations [2.8ps, '

3@~,', and 2.49@~ (Ref. 13)]. However, the spin polar-
ization of the next interior planes, instead of quickly ap-
proaching the bulk value (Ref. 12 gives, for the second to
sixth layers, —1.56p~, 1.0@~, —0.93@~, 0.86pz, and—0.85@&, respectively, and Ref, 13, gives for the second,
third and center layers, —1.29pz, 0.89pz, and —0.89pz,
respectively), shows a slow tendency to approach it,—2.26p~, 2.43@~, —2.33p~, 2.12@~, and —2.03@~, and
only at the twelfth layer is the 0.56p~ bulk magnetic mo-
ment reached.

The slow decay of the surface spin polarization to the
bulk value could be related to the size of the surface mag-
netic potentials used to obtain charge neutrality, since for
a value of 0.6 eV at the first two layers the bulk spin po-
larization was reached at the fourth layer, but a charge
transfer of 0.3 electrons was found. Although the surface
magnetic potentials seem very large if compared with the
0.2-eV bulk magnetic contribution, adjusted to obtain the
0.56pz experimental magnetization, they are similar to
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the only available datum, 0.9 eV, reported by Allan. '

However, in Allan's calculation it was assumed that the
spin polarization retains the bulk value, except in the sur-
face plane, so the magnetic moment decay length ob-
tained here cannot be directly compared. Moreover, 0.9
and 0.7 eV are in agreement with the 0.8-eV surface mag-
netic gap estimated from the temperature dependence of
the splitting of the surface resonance state in angle
resolved photoemission spectroscopy (ARPES). ' We
would like to point out that these numbers correspond
not only to magnetic corrections due to the surface, but
also to variations of the intra-atomic and interatomic
Coulomb interactions. The last contribution would give
rise to a surface dipole potential, but any estimation of its
absolute value is not within the scope of the TB approxi-
mation. A fully-self-consistent calculation would be
necessary to treat the dipole effects properly. However,
TB self-consistent calculations for semiconductor inter-
faces with diagonal corrections greater than 0.5 eV prop-
erly described the electronic properties of the inter-
faces. Since s and p electrons are not taken into ac-
count, there is no claim to quantitative accuracy, because
the s-p hybridization can slightly distort the calculated
DOS. Nevertheless, the large spin polarization of the lay-
ers near the surface could explain the absence of detect-
able magnetization in spin-resolved photoemission experi-
ments, without invoking the existence of terraces. In
fact, the thickness of the surface layer probed in Ref. 34
is about 20 A, equivalent to 13 or 1& atomic planes.

The surface-projected band structure (PBS), along the
high-symmetry directions of the Cr(001) two-dimensional
BZ [note that the Cr(001) surface BZ is twice as large as
the interface BZ depicted in Fig. 1 (c)], has been plotted
in Fig. 3 for both spin-up and spin-down polarizations.
The PBS gives information on all the gaps and pockets in
which true surface states (SS's) can exist, thus allowing us
to identify the bona+de SS's unambiguously. In Fig. 3
the SS's are denoted by +'s, while the limits of continu-
um regions are indicated by ~'s. A large absolute gap
along the MX direction, in both spin-up and spin-down
PBS's, is obtained with two and one occupied SS, respec-
tively. These SS's have binding energies lower than 2 eV
below EF. Small gaps along the I M direction also ap-
pear, although no gaps are found along the I X direction.
However, in the I X direction many surface resonances
(SR's) are developed, although for the sake of clarity the
SR's are not plotted in the figure.

In Fig. 4 the LDOS at the I point of the surface Bril-
louin zone (SBZ) is shown for both surface and bulk
atomic planes. In order to see the total change induced
by the surface, the difference between surface and bulk
atomic planes is represented at the bottom. The features
of both spin-up and spin-down difference spectra can be
identified as resonances and antiresonances; both being
balanced, the number of states is conserved and
Levinson's theorem is satisfied. The spin-up difference
spectrum is dominated by two peaks at 3.5 and 1.5 eV
which we identify as SR's, since no absolute gap were
found at the I point. These values are slightly higher
than the 3.25 and 1.35 eV obtained in slab calculations. "
The lower-binding-energy (1.5 eV) SR may correspond to
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the 0.75-eV state measured at 300 K by normal-emission
ARPES, taking into account that the s and p bands
have not been included. The spin-down difference spec-
trum has a very low LDOS for energies below EF and

only a small SR at about 2.5 eV appears.

B. Cr/GaAs(001) interface

The LDOS's for the first four atomic planes on each
side of the Cr-Ga and Cr-As interfaces are presented in
Figs. 5—8. Figures 5 and 7 correspond to the spin-up Cr
DOS and Figs. 6 and 8 to the spin-down Cr DOS. The
Cr DOS's plotted in the four figures are those of atoms
placed at P sites. The difFerences between the DOS's of P
and M atoms are indicated as thinner lines, being only
significant in the first two interface atomic planes. The
general structure of the two ideal interface LDOS's is
similar. Both LDOS's show a significant amount of
interface-induced effects and show analogous evolution at
the metal and semiconductor sides of the geometrical in-

As Ga (Ga)/Cr up

terface. The changes induced in the LDOS are mainly re-
stricted to the first atomic plane in the Cr semicrystal,
while the interface LDOS decays more slowly to the bulk
shape on the GaAs side. Then, the induced efFects extend
for at least two layers further in GaAs than in Cr, as is
expected from the localized character of the d orbitals.
This behavior is observed in both spin polarizations. On
the semiconductor side, a large DOS appears in the fun-
damental gap up to three atomic planes. Then, metal-
induced gap states occur and are responsible for the me-
tallic character of both Cr-Ga and Cr-As interfaces. In-
terface perturbation is not restricted to the energy gap;
rather it covers the entire energy range of the Cr band-
width. Furthermore, changes of the DOS with respect to
the bulk DOS are observed in both valence and conduc-
tion bands at energies for which the Cr LDOS is very
small; see, for example, the structure around —6 eV in
the Cr-Ga interface or the sharp peak around —10 eV in
the Cr-As interface.

On the Cr side, beyond the first atomic plane both
spin-up and spin-down LDOS's are similar to the bulk
DOS. The main interface-induced states are restricted to
the first layer and primarily near the Fermi level. The
shape of the Cr DOS curves resembles rather a Cr surface
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DOS than it does a DOS of the bulk. This must be due to
the fact that Cr atoms at the interface have occupied only
half of their first-nearest-neighboring sites on the Ga(As)
first layer. However, due to GaAs-Cr hybridization, the
first-layer Cr DOS extends to a larger energy region than
those of the (001) surface, or even of the bulk Cr DOS.

In the interface calculations charge neutrality was
achieved by shifting the on-site energies of atoms near the
interface. For the Cr-Ga interface a charge transfer of
0.01 electron has been obtained, shifting the on-site ener-
gies of the Cr interface atoms by 0.1 eV, which seems a
sufficiently good result. The magnetic moment is 0.76pz,
slightly greater than the bulk magnetic moment of
chromium. For the Cr-As interface the charge transfer is
greater, 0.02 electron, and the magnetic moment obtained
is 0.79pz. In absence of experimental evidence, spin po-
larization of the GaAs has not been allowed. However, it
is possible that, as in the Cr/Au(001) interface, a small
magnetic moment may be induced onto the GaAs inter-
face layer.

Nevertheless, further penetration into the bulk is not
probable, as in the Cr/Au (Ref. 42) and Fe/Ge (Ref. 5)
systems, where no spin polarization is found on the plane

next to the interface. The present results show an
enhancement of the Cr magnetic moment at the interface
with respect to its bulk value, but much lower than that
produced at the free surface, so the magnetic proximity
effect is larger in the Cr/GaAs interface than in
Cr-noble-metal interfaces.

IV. CONCLUSIONS

The (001) interfaces of Cr/GaAs are found to be of a
metallic character. The main changes appear in the ener-

gy range from —6 to 6 eV (which coincides with the Cr
d-band width), especially around the Fermi level, where
the DOS increases in both chromium and gallium ar-
senide. Interface-induced effects in the LDOS are
significant in the first two layers on the semiconductor
side, and in the first Cr atomic plane. Density of states is
found in the GaAs gap at both interfaces, which extends
three layers further into the semiconductor. The magnet-
ic moment of a Cr atom at the interface, although higher
than at a bulk atom, is considerably lower than at the
(001) surface due to the presence of the GaAs over-
layers.
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