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Electronic structure of Mn on the GaAs(001) surface
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The electronic structure of Mn adsorption on G&#®]) surface is studied by using the linear muffin-tin
orbital approach. The Mn adatom chemisorption on Ga-terminated surface and As-terminated surface are
considered separately. A monolayer of S atoms is used to saturate the dangling bonds on one of the supercell
surfaces. The layer projected density of states for a half monolayer of Mn atoms covere(@@aAsrface
are calculated and compared with that of the clean surface. The chemisorption energy and charge transfer are
investigated. It is found that Mn-As interaction is stronger than Mn-Ga interaction and Mn atoms prefer to be
adsorbed on the As-terminated surface. It is possible for the adsorbed Mn atoms to sit below the As-terminated
surface resulting in a Mn-Ga-As mixed layer which is in agreement with the experimental results and our
recent theoretical resultfS0163-18207)04135-Q

I. INTRODUCTION lated results and discussion are presented in Sec. lll, and a
brief summary is given in Sec. IV.

Recently, epitaxial ferromagnetic metallic or metallic
compounds thin films on semiconductor substrates attract
much interest since it is anticipated that ferromagnet-
semiconductor heterostructures can lead to the integration of In this paper, the electronic structure of a half monolayer
magnetism with semiconductor electronics. It has been fount¥in atoms adsorption on Gafd1) surface is studied by
that some of the Mn-based metallic compounds sharing conrusing the linear muffin-tin orbita(LMTO) approach’!*
mon atoms with the underlying 1lI-V compound semicon- based on the density function the&ryvithin the local den-
ductors could be promising, such as MnGa, MnAs, andsity approximatior(LDA) using the Hedin-Lundqvist param-
MnAl on GaAg001).}~° etrization of correlatiort® A standard supercell model shown

As the initial stage of interface formation, the chemisorp-in Fig. 1, named the Ga-face model, is used to describe the
tion of Mn on the semiconductor surface is of importance foradsorption of a half monolayer Mn atoms on the Ga-face of
understanding the properties of the interface. Using a clustehe GaA$001) surface. Figure (B) is the schematic diagram
model and the extended ekel theory (EHT), Fu etal®  of the supercell which consists of four Ga atomic layers and
studied the chemisorption properties of a Mn atom on ghree As atomic layers with a monolayer of sulfur atoms
GaAgq110 surface. In view of the integration of magnetic saturating one face of the slab, a half adsorbed monolayer of
materials with compound semiconductors, the epitaxial magMn, and four layers of vacuum. In the region of the slab,
netic films MnGa or MnAs on GaAB01) substrate could some empty spheres are introduced in the usual tetrahedral
have many potential applications. Recently, we have studiethterstices. Figure (b) is the top view of the substrate slab
a single Mn atom chemisorption on Ga@861),” and found  which contains two atoms on each atomic plane. The model
that the preference adsorption sites are different for a Mror the case of As-face adsorption, named the As-face model,
adatom on Ga face and on As face. A Mn atom prefers to bean be obtained by exchanging the Ga and As atoms in the
adsorbed at the fourfold hollow site on the Ga-face, and aGa-face model. Thes} 4p states of Ga, 4, 4p states of As,
the bridge site on the As face. It is also found that the Mn-As3s, 3p states ofS, and the 8, 4s states of Mn are treated as
bond is much stronger than that of the Mn-Ga bond. For thevalence bands.

As-face adsorption, the adsorbed Mn atom may penetrate The polar character of the Ga@91) surface introduces

into the surface and sit below the surface, resulting in a Mnsome complications to the slab calculations. If the slab is not
Ga, As mixed layer at the interface. These results are ithick enough, the dangling bond states on the two sides of
agreement with the experimental observafidmn the previ-  the slab might interact with each other and give rise to an
ous study, we emphasized the local properties of the inter-artificial charge transfer from one face to the another. In the
action of a single Mn atom with the Gaf¥1) surface by case of Si slab or Ge slab, for avoiding the charge transfer
using a cluster model and the empirical EHT method. In thisand decoupling the two sides of the slab, the dangling bonds
paper we perform a first-principles calculation with a slabcan be saturated by H atoms. It is known that there are 0.75,
model to deal with the cases of a slab of half monolayer Mnl.25 electrons for the Ga- and As-dangling bonds, respec-
atoms chemisorption on Gaf®1) surface. The model and tively. Therefore the H saturation is not suitable for the GaAs
the calculation method are described in Sec. Il. The calcuslab. Ohno and Shiraistliused fictitious H atoms with 0.75

Il. MODEL AND CALCULATION METHOD
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FIG. 1. (a) The schematic diagram of the supercell used for the 'g 8
adsorption of Mn on the Ga-terminated surface of GaB3). (b) ¥e} 2nd layer
The top view of the supercell. The supercell for the adsorption of 8
Mn on the As-terminated surface of G881 can be obtained by 8 6l |
alternating the Ga and As atoms. The lafietlenotes the adsorp- E
tion site for Mn on Ga-terminated surface aBdfor the Mn- on —
As-terminated surface which includes one adsorption site above the 4 \
As face B;) and one below the As facddg). 3rd |aye|—
or 1.25 electrons to saturate the As- or Ga-dangling bonds. ]
But the LMTO method cannot deal with fictitious atoms. In 27
the present paper, a monolayer of sulfur atoms is introduced
to saturate the dangling bonds on the slab. Since both the . \
experimentdf*®and theoreticaf-'’ studies showed that, for 0_1 5= -0 5 o 5
the GaA$001) surfaces, the number of electronically active E(oV
dangling bond states can be dramatically reduced by the sul- (b) (V)

fur passivation, this method will be expected to improve the

- FIG. 2. The LPD f th -t inat Il I
slab calculation for the GaAs systems. G © OS for@ the Ga-terminated supercell mode

and (b) the As-terminated supercell model with two saturation sul-

In order to test the passivation effect, first, yve take %ur layers. The dashed line is the LPDOS for the bulk and the
monolayer of sulfur atoms as the adsorbed layer in Ri@, 1 | qpical line indicates the Fermi level.

i.e., both faces of the slab are covered by one sulfur layer and
the sulfur atoms are located at the ideal lattice sites for sim- ) )
plicity. Then we consider the clean surface by removing oné€cond layer is greatly different from that for the sulfur cov-
of the sulfur layers. The calculated layer projected density ofred surface. A sharp pealp)( of surface states appeared
states(LPDOS for the two cases are shown in Fig. 2 and near the edge of the valence band. This state is mainly con-
Fig. 3, respectively. The density of stat&@OS) for the bulk  tributed by Ga 4,4p states and As @ state, and damped
is shown by dashed line for comparison. rapidly on the second layer. The LPDOS of the third layer is
For the Ga-face model, it is found from Fig@2that all  still quite bulklike. These results show that the sulfur layer
the LPDOS for the first, second, and third layers are quitecan effectively passivate the Ga-terminated GaA3%) sur-
bulklike, and there are no surface states in the energy gajace. Similar results has been reported by Ohno and
when both sides of the slab are covered by a monolayer d®hiraishil* Therefore the model shown in Fig. 1 can ad-
sulfur atoms. Due to the LDA limitation, the calculated en- equately simulate the Ga-terminated G&¥) surface. The
ergy gap for the bulk GaAs is 0.95 eV by using the latticeposition of the third layer is near the bottom of the slab,
constanta=5.65 A. The LPDOS for the clean surface is therefore, compared with a nonsaturation model, the sulfur
given in Fig. 3. It can be seen from Fig(a® that, near the passivation method is quite effective for the calculation us-
top of the valence band, the LPDOS for the first layer and théng a smaller supercelthinner slab and thinner vacuurto



56 ELECTRONIC STRUCTURE OF Mn ON THE Ga4g0)) ... 6729

12 —_——— indicates that the passivation effect of sulfur atoms on As
1st Iayer p face is not as good as that on Ga face. A similar result has
also been pointed out by Ohno and Shiraféttilowever, the
10 : LPDOS of the third layer is also bulklike, therefore the sulfur
& saturated supercell for As-face model could be used for Mn
-‘§' . adsorption on the GaA801) surface.
g 2nd layer
D Ill. RESULTS AND DISCUSSION
g 6 \//w\ For the adsorption of Mn on the Ga®@91) surface, our
| recent studyhas shown that for the Ga-face adsorption, the
4 stable position of Mn atom is at the fourfold hollow site, 0.23
3rd layer A above the surfacfi.e., siteC in Fig. 1(b)]. While for the
As-face adsorption, the possible adsorption sites are bridge
oL sites[i.e., siteB in Fig. 1(b)], with a distance 1.19 A above
the surface(denoted asB;) or 1.07 A below the surface
(denoted a3,). Therefore we only consider the site ad-
0 sorption for a half monolayer Mn atoms on the Ga-face

model and théB, ,B, sites adsorption on the As-face model.
(@) E(eV) The positions of the Mn atoms for these adsorption sites are
taken as the values given above.

"{st layer q
A. Density of states
The LPDOS as well as the partial density of states
(PDOS of the adsorbed Mn after the adsorption of a half
monolayer Mn on Ga-face and on As face are shown in Fig.
4. 1t is evident from Fig. 49) that the adsorption of Mn on
2nd layer Ga face has obvious effects on the LPDOS near the top of
the valence band in the first layer. The surface state peak
(p) for the clean surface was split into two peaks: one de-
noted asp; moves downward into the valence band and the
other denoted ap, moves upward into the gap. These re-
3rd layer sults are mainly attributed to the interaction of Md @vith
A, : § Ga 4s, 4p and As 4 in the first layer. Experimentally, Jin
2 fYt A IV et al®°found a new state below Fermi energy after the depo-
" : Dot sition of Mn on the GaA®01) surface. This state might
43 P\ correspond to the pegk; in our calculation. The LPDOS of
0 — . . the third layer remains bulklike, which indicates that the
present model is reasonable. The narrow peak of the PDOS
of the adsorbed Mn atom shows that adsorbed Mn is almost
at its unperturbed atomicd3states, which means that the
interaction between Mn and the Ga face is very weak.
When a half monolayer of Mn adsorbed on the As face at
B, site (above the surfagethe LPDOS are shown in Fig.
simulate the GaA®©01) surface and will make the calcula- 4(b). It is found that the sharp Aspiresonance state peak
tion easier. g for the clean surfacFig. 3(b)] disappeared, due to the fact
For the case of As-face model, the LPDOS for the abovéhat the adsorption of Mn atom has partly saturated the sur-
two cases are shown in Fig( and Fig. 3b). When both of face As-dangling bond. Due to the interaction of Mah ®ith
the slab surfaces are terminated by S atoms, the LPDOS fdks 4p states, part of the dangling bond states moved down-
the first layer has a large difference from that of the bulk.ward and merged into the valence band pgaland the rest
While the LPDOS for the second and the third layers ardormed a new peal, in the gap. The PDOS of the adsorbed
both bulklike. For the clean surface model, it also showsMn atom has a sharp peak with some dispersions. When the
from Fig. 3b) that the LPDOS near the top of the valenceMn atoms are adsorbed Bt sites(under the surfage the
band for first layer and the second layer is very differentPDOS of Mn atom shown in Fig.(d) is split completely into
from that of the bulk GaAs. A large sharp pe@enoted as two peaks which reflects an even stronger interaction of Mn
q) appeared just below the top of the valence band with avith the substrate. The peak with lower energy corresponds
large tail in the energy gap, which is a resonance state mainlyp the bonding states and the one with higher energy corre-
contributed by the As @ state(i.e., the dangling bond states sponds to the nonbonding states. This splitting is induced by
of As). A few states coming from the interaction between Sthe strong interaction of thed3state of Mn with the 4
3p and As 4 states exist in the gap. The above discussiorstates of As atoms around the Mn atom.
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FIG. 3. The LPDOS for the clean Ga-terminated surf@end
for the clean As-terminated surfade). The dashed line is the
LPDOS for the bulk and the vertical line indicates the Fermi level.



6730 YANG, ZHANG, KE, AND XIE 56

20“"I""\"““" LANNNLENL R L N A A L N L L B L AL B I
PDOS of Mn 20 | PDOS of Mn i
~ 16| ] —_
2 816 1
=2 =
=2 3
g £ /J
@ 12 &
- 1st layer =12
1] P 7] g
8 . 8 1st layer h
o Yl o {;_/‘/\-
- -
8 2nd layer 8
I/\ /\‘/_/\/\ 2nd layer
4 \/\'\, /U/\/\\/J\
3rd Igyer 4 3rd layer
0 L L 0 1
-15 -10 -5 0 5 -15 -10 -5 0 5
(a) E(eV) (b) E(eV)
20| PDOSofMn | ]
w16 | 1
‘S
3
=
«
=12
1]
o 1st layer
o
o
|
8
2nd layer
4 )
3rd layer
0
-15 -10 -5 0 5
(c) E(eV)

FIG. 4. The LPDOS as well as the partial density of stda®O9 of the adsorbed Mn atom for Mn adsorptiga) on C site of
Ga-terminated GaA801) surface;(b) on B, site above the surface; arid) on B, site below the surface of the As-terminated G&®4)
surface. The dashed line is the LPDOS for the bulk and the vertical line indicates the Fermi level.

B. Adsorption energy which has been observed by Jin al®® These results are

The adsorption energy per Mn atom is calculated by théqualitatively in agreement with those of our recent stfidy.

difference between the total energy of the adsorption system
and the sum of the total energies of the clean surface and an
isolated Mn atont® The calculated adsorption energies for Usually, chemisorptions are accompanied by charge
the C site adsorption on the Ga face and for Bg B, sites  transfers between the adsorbates and the substrates. Table |
adsorption on the As face are2.67 eV and—7.36 eV, gives the layer effective charges which are obtained from the
—8.60 eV, respectively. The large difference between thasums of the effective charges of all atoms and empty spheres
adsorption energy for Mn on the Ga face and those for Mron the corresponding layers in the unit cell. From Table I, it
on the As-face demonstrates that Mn on the As face is morean be seen that the effective charges on the third layers are
stable than that on the Ga face. The lower adsorption energyimost not affected by the adsorption. For the case of the
of Mn atom at theB, site on As face shows that it is possible Ga-face adsorption, compared with the clean surface, the ef-
for Mn atoms to sit below the surface. Therefore a Mn, Gafective charge of the Ga-atomic layer in the first layer almost
As mixed layer might exist at the Mn/Gaf®1) interface  remains unchanged, while the As-atomic layer gains 0.38

C. Charge transfer



TABLE I. The layer effective chargg@n the unit of electropin
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the first layer. Therefore there are totally about 0.42 electrons

the unit cell. Here Gaor As) denotes the sum of the effective are transferred from the Mn atom to the substrate. The fact

charges of all atoms and empty spheres within the (@aAs)

that more charge transferred from Mn to the substrate for the

atomic layer. The values in the brackets are those for the cleaps-face adsorption than that for the Ga-face adsorption gives

surfaces.

Mn adsorbed a€ site on Ga-terminated surface

Atoms First layer Second layer Third layer
Ga 0.98(0.96 0.30(0.22 0.27(0.28
As —-0.62 (-0.24) -0.12(-0.14) —0.20 (—0.20)

Mn adsorbed aB, site on As-terminated surface

Atoms First layer Second layer Third layer
As -0.12(0.58 -0.18 (-0.16) —0.16 (—0.14)
Ga 0.27(0.08 0.28(0.30 0.24(0.29

Mn adsorbed aB, site on As-terminated surface

a clue about the reason for the large adsorption energies of
Mn on the As-terminated surface. The charge transfer analy-
sis also shows that the Mn-As interaction is stronger than the
Mn-Ga interaction.

IV. SUMMARY

In summary, the chemisorption of Mn adatom on the
GaAdq00]) surface is studied by using the LMTO method
with the atomic sphere approximatidASA). An effective
method of using a monolayer of sulfur atoms to passivate the
dangling bonds of the slab was introduced in this study,
which makes it possible to use a smaller supercell to simu-

Atoms First layer Second layer Third layer late the GaAg01) surface. This method is proved to be
As 0.02(0.58 —0.42 (—-0.16) —0.14 (-0.14) useful for the self-consistent calculation in the study of Mn
Ga 0.48(0.08 0.30(0.30 0.23(0.24 adsorption on GaA®01) surfaces. And, it seems that the

sulfur saturation could be used to study other chemisorptions
on GaAs surface with slab model. The Mn adatom adsorbed
electrons per unit cell after the Mn adsorption. After deduct-on both the Ga face and the As face are considered sepa-
ing the part coming from the second layer, there are aboutately. The total energy calculation, charge distribution, and
0.28 electrons transferred from Mn to the surface. For théhe analysis of the layer projected density show that the ad-
As-face adsorption, when the Mn atom is adsorbed above theorption of Mn atoms on the As face is stronger than that on
surface, it will make the As-atomic layer in the first layer the Ga face which is due to the fact that Mn-As interaction is
gain 0.70 electrons and the Ga-atomic layer in the first layestronger than the Mn-Ga interaction. The calculations also
lose 0.19 electrons. Therefore about 0.51 electrons are transhow that the adsorbed Mn atoms might sit below the surface
ferred from the adsorbed Mn atom to the first layer. Wherfor the As-face adsorption. Therefore a Mn, Ga, As mixed
the Mn atom sits below the surface, it gives about 0.56 eleclayer might exist in the Mn/GaAB01) interface region.
trons to the As-atomic layer in the first layer and about 0.26These results confirmed the results of our recent Sthgy
electrons to the As-atomic layer in the second layer, at theising the empirical EHT method with the cluster model and
same time it will gain about 0.4 electrons from the Ga face inare in qualitative agreement with the experimental re&ilts.
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