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Abstract

We have systematically studied the surface reconstructions induced by the adso-

prtion of Mn atoms on GaAs(001). Several types of adsorption structures were observed

depending on the preparation conditions, and were identified using complementary ex-

perimental techniques of reflection high-energy electron diffraction, scanning tunneling

microscopy, reflectance difference spectroscopy, and x-ray photoelectron spectroscopy.

The sequence of surface structures as a function of As coverage was confirmed by the ex-

periments and first-principles calculations. Under the most Ga-rich conditions, (2⇥2)↵

and (6⇥2) structure are formed, both having As atoms at faulted sites and Ga-Ga

dimers at the third atomic layer. As the As coverage is increased, the structure with

Ga-As dimer [(2⇥2)�] becomes more stable, and, finally, the c(4⇥4) structure consist-

ing of three As-As dimers is energetically favored at the As-rich limit. We found that

the location of Mn atoms critically depends on the surface As coverage: As-deficient

(2⇥2)↵, (6⇥2) and (2⇥2)� structures have the Mn atoms at fourfold hollow sites, while

the incorporation of Mn atoms into the substitutional Ga sites is enhanced in the most

As-rich c(4⇥4) structure, in which the upper limit of substitutional Mn is 0.25 ML.
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1. Introduction

III-V compound semiconductors show a rich variety of surface reconstructions depending

on the surface compositions.1–3 The mechanism responsible for the reconstructions requires

the dangling bonds of the cation and anion atoms to be empty and filled, respectively.

This condition is often referred to as the electron counting model.4 The electron counting

model, together with the reduction of dangling bonds by the dimerization of surface atoms,
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successfully explain a large number of atomic structures on the (001) surfaces of III-V semi-

conductors.1–3

Surface reconstructions occur also when foreign atoms are adsorbed on semiconductor sur-

faces at the earliest stages of heteroepitaxy. It has been widely accepted that such adsorbate-

induced reconstructions are closely related to the initial processes of heteroepitaxy and the

resultant interface structures.5–13 Thus, for a more precise control of heteroepitaxy processes,

a detailed understanding of their atomic geometry is prerequisite. The adsorbate-induced

surface reconstructions are generally complicated, as the presence of multiple components

introduces additional factors. In particular, the adsorption of Mn atoms on the GaAs(001)

surface forms several types of reconstructions, depending on the preparation conditions and

the amount of Mn atoms.14–18 In this system, the surface atomic configuration is closely

related with the location of Mn in GaAs.14 Since Mn atoms at substitutional and interstitial

sites in GaAs behave as hole-producing accepters and electron-producing donors, respec-

tively, atoms in surface layers rearrange themselves so as to compensate the deficit or excess

charge.

The structure identification of GaAs(001)-Mn surface is of great practical as well as

fundamental interest, because the location of Mn in GaAs plays a critical role in determining

the magnetic properties of Mn-doped GaAs, one of the most attractive diluted ferromagnetic

semiconductors. It is now generally accepted that the ferromagnetism is mediated by holes

provided by substituted Mn atoms at the Ga site,19 while interstitial Mn atoms act as double

donors, compensating free holes and hence hindering ferromagnetism.20,21 Numerous studies

have shown that the successful growth of GaMnAs films with high concentration of Mn

atoms at substitutional sites can only be achieved by molecular-beam epitaxy (MBE) at low

temperatures (LT).22–25 Thus, information about the atomic processes of the Mn adsorption

on GaAs under actual MBE condition is expected to provide a mechanism for controlling

the location of Mn in MBE-grown GaMnAs.22–25

Erwin and Petukhov have studied the Mn incorporation in GaAs(001) using the den-
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sity functional theory (DFT), and have found that a bulk interstitial site is energetically

favorable for the Mn adsorption.26 They also found that in the presence of the As adlayer,

the energy difference between the interstitial and substitutional sites is reduced. Also, it

has been predicted that Mn atoms prefer to substitute the Ga sites in GaAs under As-rich

conditions.21 However, these calculations did not take account of actual atomic structure of

the surfaces. On the other hand, previous STM observations have shown that the adsorp-

tion of submonolayer of Mn on GaAs(001) induces the formation of several types of (2⇥2)

reconstructions,14–16 for which possible structure models have been proposed. However, to

our estimation, the structure identification is not fully convincing. In addition, the surfaces

studied in Refs.14–16 were prepared by depositing Mn atoms in ultra-high vacuum (UHV)

conditions, which is significantly different from actual MBE environments. We have recently

studied the atomic geometry of Mn-induced surface reconstructions prepared under As-rich

conditions.17,18 We found that Mn atoms are incorporated in the substitutional Ga site under

the most As-rich condition, and the interstitial site becomes more favorable as the surface

As coverage is decreased. However, the mechanism for Mn incorporation is still far from

being completely understood, because only As-rich phases were investigated in our earlier

paper17,18 and little is known for the atomic structures of Ga-rich phases. In addition, the

critical coverage of Mn in the Mn-induced reconstructions has not yet been determined.

Thus to obtain more complete understanding of the Mn incorporation in GaAs, information

about the atomic structures of Mn-induced surface reconstructions in the extended range of

surface stoichiometries from As-rich to Ga-rich limits is indispensable.

This paper reports a systematic study on the atomic structures of surface reconstructions

on GaAs(001) induced by the adsorption of Mn. The adsorption of 0.25 monolayer (ML)

of Mn atoms forms several types of reconstructions and their atomic geometry strongly de-

pends on the surface As coverage: the structure changes from c(4⇥4), through (2⇥2)�, to

(2⇥2)↵ and (6⇥2), as the As coverage is decreased. We show that the location of Mn atoms

is closely related with the surface As coverage, providing further credence to our arguments
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in the preceding paper.17,18 In addition, we found that the upper limit of the substitutional-

Mn in the As-rich c(4⇥4)-Mn structure is 0.25 ML, at least under the present experimental

conditions. On the basis of the experimental data from reflection high-energy electron diffrac-

tion (RHEED), scanning tunneling microscopy (STM) and x-ray photoelectron spectroscopy

(XPS), we propose structure models with substitutional and interstitial Mn atoms, which

are confirmed to be stable by first principles calculations.

2. Experimental

The experiments were performed in a MBE system which is equipped with STM and XPS ap-

paratuses for on-line surface characterization.3 Non-doped and nominally on-axis GaAs(001)

substrates were used for the RHEED, reflectance difference spectroscopy (RDS), and XPS

measurements, while Si-doped substrates were employed for the STM experiments. Cleaned

GaAs(001)-(2⇥4) surfaces were obtained using the procedures described in our earlier pa-

per.3 Mn atoms were deposited on GaAs(001) at a typical rate of 0.0125 ML/s, which

was calibrated by RHEED intensity oscillations measured during the growth of MnAs on

GaAs(001). Here, 1 ML refers to the site-number density of the ideal GaAs(001) surface

(6.26⇥1014 atoms/cm2).

All the STM images were acquired at room temperature using electrochemically etched

tungsten tips. XPS measurements were carried out using monochromatic Al K↵ radiation

(1486.6 eV). Photoelectrons were detected at an emission angle of 10� from the surface. The

RD spectra were obtained using a modified Jobin Yvon RD spectrometer. The RDS results

are commonly displayed in terms of �r̃/r̃ = (r̃11̄0 � r̃110)/r̃, where r̃11̄0 and r̃110 are the

near-normal-incidence complex reflectances for light linearly polarized along [110] and [110],

respectively.

RHEED rocking-curves were measured using the extended beam-rocking facility (Staib,

EK-35-R and k-Space, kSA400). The energy of the incident electrons was set at 15 keV.
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The glancing angle of the incident electron beam was typically changed from 0.5� to 8� with

intervals of 0.03�. RHEED intensities were calculated by the multislice method proposed by

Ichimiya.27,28 Parameters used in the calculations other than the atomic coordinates were

derived as described elsewhere.3 In order to quantify the agreement between the experiments

and calculations, the R factor defined in Ref.29 was used.

3. Calculations

First-principles calculations30,31 based on DFT32 with the generalized gradient approxima-

tion33 were performed. A slab geometry was used for the simple calculation, which has the

supercell consisting of ten atomic layers and of vacuum region (15 Å in thickness). The

cation terminated bottom layer of the slab is saturated with fictitious H atoms, which elim-

inate artificial dangling bonds and prevent it from coupling with the front side. The wave

functions were expanded in plane waves with a kinetic energy cutoff of 16 Ry. 8⇥8⇥1 k

points were used for the integration over the two-dimensional (1⇥1) Brillouin zones of the

(2⇥2)� and c(4⇥4) surfaces and 12⇥12⇥1 k points for the (2⇥2)↵ and (6⇥2) surfaces. The

top six layers were relaxed until all the forces were less than 0.5 eV/nm. The stability of a

certain structure in the equilibrium can be determined from the surface free energy and the

chemical potentials of the surface constituents, Ga and As.34 Here, it is written as a function

of the chemical potential of As with respect to its bulk As phase, µAs.

STM images were calculated from the local density of states, using the Tersoff-Hamann

approximation.35,36 The tunneling current between a tip of the STM and the surface of the

slab, I(R), was obtained for the empty (filled) state using the following integration from "F

to "F + eV ("F � eV ):

I(R) = C

Z
⇢(R, E)dE,

where "
F

is the surface Fermi energy and ⇢(R, E) is the local density of states at the tip

position, R. Here, we set the minimum energy of the bulk conduction band as "F. At
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the DFT level, band gaps are underestimated significantly, thus values of the sample bias

in the STM simulation for filled-state images were corrected using the experimental band

gap, 1.42 eV. The STM images were illustrated by the z-coordinate for the constant I(R),

corresponding to the condition of the constant-current mode in experiments.

4. Results and discussion

4.1. Phase Identification

We first examined the effect of the surface As coverage on the atomic structure of the Mn-

induced surface reconstruction using RHEED and RDS. To control the As coverage on the

GaAs(001) surface, the substrate temperature was changed from 550�C to 300�C in steps

of 50�C. RHEED and RDS measurements were carried out at each step, first with the As

flux (beam-equivalent pressure of 2.5⇥10�7 Torr) and then without the As flux, and the

temperature was kept until the RD intensities were saturated in either case. After the

measurements at a given temperature, the surfaces were exposed to the As flux again and

then the temperature was decreased to the next step.

The initial (2⇥4) reconstruction changed to (2⇥2) by depositing 0.25ML of Mn at 550�C

under the As flux. Figure 1(a) shows the real part of RD spectra, �r/r =Re(�r̃/r̃), obtained

from Mn-adsorbed GaAs(001) surfaces under the As2 flux. While the (2⇥2) RHEED pattern

was observed even after the As flux was interrupted at 500 and 550�C, the shape of the

spectrum significantly changes, as shown in Figs.1(b)-A and 1(b)-B. Since the excess As

molecules are easily desorbed from the surface at high temperatures of 500 and 550�C, the

change in the RD spectrum could be ascribed to the structure change from As-rich (2⇥2) to

Ga-rich (2⇥2). The Ga-rich and As-rich (2⇥2) reconstructions are henceforth referred to as

↵ and � phases, respectively.

As we have already reported,17,18 the (2⇥2)� phase begins to evolve into the more As-

rich phase of c(4⇥4), as the sample was cooled under the As flux. The shape of the RD
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Figure 1: RD spectra measured from the Mn-adsorbed GaAs(001) surfaces (a) with and
(b) without the As2 flux of 2.5⇥10�7 Torr. Dashed curves are RD spectra synthesized from
linear combinations of the (2⇥2)� [(a)-A and (b)-D] c(4⇥4) [(a)-F and (b)-F] spectra

.
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spectrum changes as the temperature was decreased below 500�C, which corresponds to the

structural change from (2⇥2)� to c(4⇥4). The shape of the RD spectra measured at 350,

400, and 450�C (solid curve) is well reproduced by the linear combination of the (2⇥2)�

and c(4⇥4) surface (dashed curve). This means that no additional phase exists between

(2⇥2)� and c(4⇥4). The c(4⇥4) structure, coexisting with the (2⇥2)� phase, disappeared

after the As shutter was closed at 400 and 450�C, leaving the (2⇥2)� phase alone, because

of the desorption of excess As. On the other hand, at lower temperatures of 300 and 350�C,

the shape of the RD spectra remains almost unchanged after the As beam was turned off,

indicating that the desorption of As from the c(4⇥4) surface is negligible below 350�C.

Figures 2(a)-2(c) show STM images and corresponding RHEED patterns taken from the

(2⇥2)↵ (a), (2⇥2)� (b), and c(4⇥4) (c) surfaces, which were prepared by closing the As

shutter at 550, 450, and 300�C, respectively. Here we note that the (2⇥2)↵ reconstruction is

stable at temperatures above 500�C, and changes to the (6⇥2) reconstruction when the sub-

strate temperature is slowly decreased below 500�C: only when the sample with the (2⇥2)↵

is rapidly cooled from 500�C, could the (2⇥2)↵ phase be preserved at room temperature.

The filled-state STM image from the (6⇥2) surface is shown in Fig.2(d).

When the Mn coverage was increased above 0.25 ML, the (5⇥2) reconstruction was

observed at 0.5 ML in the absence of the incident As flux, and the (2⇥2) reconstruction,

which is different from (2⇥2)↵ and (2⇥2)�, was formed at 1.0 ML either with and without

the As flux: details of these reconstructions are presently unknown. On the other hand, for

the Mn coverages below 0.25 ML, the surface consists of domains of Mn-free and Mn-induced

(Mn=0.25 ML) reconstructions. Since our primary interest is in the initial adsorption site

of Mn, in the following, we restricted ourselves to the analysis of the surface reconstructions

with 0.25 ML-Mn, and do not consider other reconstructions.

Figure 3 shows photoelectron intensity ratios of As 3d/Ga 3d for the (2⇥2)↵, (6⇥2),

(2⇥2)�, and c(4⇥4) surfaces (squares). The data are plotted as a function of the As coverage

of the structure models. The As coverages of the (2⇥2)↵ and (6⇥2), (2⇥2)� and c(4⇥4)-Mn
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Figure 2: Typical filled-state STM images and RHEED patterns obtained from the Mn-
induced surface reconstructions. (a) (2⇥2)↵, (b) (2⇥2)�, (c) c(4⇥4), and (6⇥2). Image
dimensions are 48 Å⇥64 Å. The images were taken with a sample bias of -3.0 V. The
integer-order reflections in RHEED patterns are indicated by arrow heads.
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models are found to be 0.5 ML, 0.5 ML, 1.0 ML, and 1.85 ML, respectively, as discussed

in the following subsections; (2⇥2)� in Sec.4.2, c(4⇥4) in Sec.4.3, (2⇥2)↵ in Sec.4.4, and

(6⇥2) in Sec.4.5. As expected from the preparation conditions, the structure changes from

(2⇥2)↵ [(6⇥2)], through (2⇥2)�, to c(4⇥4) with increasing As coverage.

Figure 3: Photoelectron intensity ratios of As 3d/Ga 3d plotted as a function of the As
coverage of the surface. Circles and squares show the results from clean and Mn-induced
surface reconstructions, respectively.

4.2. As-rich (2⇥2)� reconstruction

Figures 4(a) and 4(c) show filled- and empty-state STM images, respectively, taken from the

Mn-induced (2⇥2)� reconstruction. While, in the empty-state image, bright spots separated

by ⇠8 Å are linearly aligned along the [110] direction, the position is slightly (1-2 Å) shifted

in the [110] and the [110] directions in the filled-state image. We have already reported that

the (2⇥2) structure with the mixed Ga-As/As-Ga dimers [Fig.4(e)] accounts for the observed

STM features.17,18

Figures 4(b) and 4(d) show filled- and empty-state images, respectively, simulated for the

structure model shown in Fig.4(e). Comparing the observed and simulated filled-state im-

ages, we found that only As atoms of Ga-As dimers are imaged in observed image [Fig.4(a)].

In the empty-state STM image, on the other hand, both As and Ga atoms appear as bright
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Figure 4: Typical filled-state (a) and empty-state (c) STM image obtained from the Mn-
induced (2⇥2)� reconstruction. The images were taken with sample bias voltages of -3 V
(a) and +2 V (c). (b) and (d) show simulated images for bias voltages of -3V and +2V,
respectively. STM images were calculated for the (2⇥2) unit cell and arranged to accord
with the observed images. Image dimension is 40 Å⇥24 Å. (e) shows the optimized model
for the Mn-induced (2⇥2)� structure.

protrusions, which is broadly consistent with the observed features: bright spots are located

at the center of dimer bonds. In addition, Mn adatoms located between the Ga-As dimers

are observed as gray protrusions in both observed and simulated empty-state images.

The As coverage of the proposed model [Fig. 4(e)] is 1.0 ML, being consistent with our

XPS results (Fig.3). This model consists of surface Ga-As dimers on the As-terminated

surface and Mn atoms at the fourfold hollow site. The minimum energy configurations are

characterized by the Mn atoms located at the B site [Fig.4(e)]. The vertical position of the

Mn atom is 0.52 Å (0.61 Å) above As3 (As4) atoms. Adsorption at the A, C, and D sites are

found to be higher in energy by 0.54, 0.87, and 0.42 eV per unit cell, respectively.17,18 In good

agreement with the DFT calculations, the validity of the B-site model was also supported

by the RHEED rocking-curve analysis (Supporting Information, Figure S1).

The bond length of the Ga-As dimer in the optimized structure [Fig.4(e)] is 2.48 Å, which

is nearly identical to that of the Mn-free GaAs(001)-c(4⇥4)↵ reconstruction,37 and close to

the Ga-As bond length in bulk GaAs (2.45 Å). In this atomic geometry, the Ga-As dimer
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is buckled, with the Ga atom being located at 0.71 Å below the As atom. Consequently,

the Ga atom forms a planar sp2-type bonding configuration with its As nearest neighbors:

the bond angle of the surface Ga atom is 119.6� in average, which is quite close to the value

expected for the ideal sp2 arrangement.38 On the other hand, the As atom produces p3-type

bonds with its nearest neighbors: the averaged bond angle is 98.5� and is smaller than the

value 109.47� expected for an ideal sp3 arrangement.38 Thus, it is likely that charge transfer

from Ga to As occurs in this atomic geometry. As discussed in our earlier paper,17,18 if we

assume that two electrons are donated by the adsorbed Mn atom, all of the partially-filled

dangling bonds could be eliminated.

The bond lengths between atoms in the Ga-As dimers and the first layer are 2.37 Å for

Ga1-As3 and 2.46 Å for As2-As4, and are rather close to the Ga-As bond length in bulk.

On the other hand, the bonds between the As atoms at the first layer and Ga atoms at

the second layer are slightly expanded (2.52-2.53 Å). Such a bimodal distribution in bond

lengths has been found for GaAs(001)-(2⇥4) surface.39

Figure 5 shows imaginary part of the surface dielectric anisotropy of the Mn-induced

surface reconstruction, Im(�")d, which is calculated from �r̃/r̃ using the expression40

id�" =
�r̃

r̃

�

4⇡
("0 � 1),

where d is the effective thickness of the surface layer, "0 is the bulk dielectric function of

GaAs,41 and � is the wave length of the light. The results from clean GaAs surfaces are

also shown for comparison. As shown in Fig. 5(a)-C, Im(�")d spectrum of (2⇥2)� is

characterized by negative peaks at 2.8 eV and 4.7 eV and positive peaks at 3.1 eV, 4.4 eV,

and 4.9 eV. The peak positions are close to those of the clean c(4⇥4)↵ surface [Fig. 5(b)-C],

which could be attributed to the existence of the Ga-As dimers in both surface structures.

On the other hand, the amplitudes of the two spectra are quite different. It is reasonable to

consider that the spectrum amplitudes are affected by the difference in the density of Ga-As
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dimers (0.75/(1⇥1) for c(4⇥4) and 0.5/(1⇥1) for (2⇥2)�) and the existence of Mn adatoms

in the (2⇥2)� structure.

Figure 5: Imaginary part of surface dielectric anisotropy (Im(�")d) of the Mn-induced sur-
face reconstructions (a) and clean surface reconstructions (b) on GaAs(001).

In the (2⇥2) STM image, two adjacent Ga-As dimers along the [110] direction are often

oriented in the opposite directions. Such an antiparallel configuration is slightly more stable

than the parallel geometry, the difference in the formation energy being 18 meV per (2⇥2)

unit cell. The relative density of the parallel/antiparallel geometries could be estimated by

assuming the equilibrium state and the Boltzmann distribution; exp(-�E/kBT ), where �E

is the difference in the formation energy per (2⇥2) unit cell, kB the Boltzmann constant,

and T temperature. The ratio of estimated densities is 0.45 and 0.55 for T=450�C, which is

in good agreement with the STM observations (0.4:0.6).

Another interesting finding is that the (2⇥2) unit cells are often out of phase in adjacent

rows running along the [110] direction, resulting in the formation of a local c(2⇥4) unit

cell. The existence of the c(2⇥4) structure leads to a very small energy gain [⇠4meV/(1⇥1)]

compared to (2⇥2). Thus the formation of the phase defects is directly related to the small

energy difference between the two units. On the other hand, the shift of the (2⇥2) cell was
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not observed along the [110] direction: since the phase shift in this direction gives rise to

the coexistence of the Mn atoms located at A and B sites, such an atomic arrangement is

energetically unfavorable.17,18

4.3. As-rich c(4⇥4) reconstruction

As described in Sec. 4.1, the (2⇥2)� structure begins to evolve into the c(4⇥4) as the

sample was cooled under the As2 flux. Figure 6(a) shows a filled-state STM image of the

Mn-induced c(4⇥4) reconstruction, in which several types of building blocks, such as (2⇥2),

(3⇥2), (4⇥2), and (n⇥2) (n>5), are identified. As we have already shown,17,18 the most

of unit cells have As-As dimers with the density of 94%. However, contrary to the earlier

prediction,14 the density of the (2⇥2) unit with one As-As dimer is less than 5%.

Figure 6: Typical filled-state STM image obtained from the Mn-induced c(4⇥4) reconstruc-
tion (a) and the structure model (b). Image dimension is 104 Å⇥104 Å. The image was
taken with a sample bias of -3.0 V.

Shown in Fig.6(b) is the possible structure model for the c(4⇥4)-Mn surface. For sim-

plicity, we assumed that the c(4⇥4) unit consists of three As-As dimers and two Mn atoms

(0.25 ML in coverage) at several substitutional sites of A, B, and C at the third atomic

layer.17,18 As expected from the similar atomic geometries of the clean c(4⇥4)� and c(4⇥4)-
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Mn reconstructions, Im(�")d spectra resemble each other with common spectrum features

at 1.9 eV, 2.8 eV, and 3.1 eV [Figs. 5(a)-D and 5(b)-D]. Figure 7 shows relative formation

energies calculated for several Mn-induced surface reconstruction models as a function of the

As chemical potential. In these calculations, we set the chemical potential of Mn (µMn) at a

constant value so that no other phases (bulk Mn or MnAs) precipitate. When the Ga atoms

at the A(1) and A(4) sites are substituted by the Mn atoms, the surface becomes most stable

at the As-rich limit. On the other hand, the structure models with substitutional Mn atoms

at B and C sites and those with Mn atoms at interstitial sites have higher energies.17,18 These

results are consistent with the RHEED analysis (Supporting Information, Figure S2).

Figure 7: Relative surface energies for various Mn-induced surface reconstructions on
GaAs(001) (Mn coverage = 0.25 ML) as a function of relative chemical potential of As.
Thermodynamically allowed range is between -0.78 eV (Ga rich) and 0.00 eV (As rich).

In the optimized structure model (see surface structure data for coordinates), we found

a small buckling of 0.14 Å in the outer dimers (bond length = 2.55 Å), while the center

As-As dimer is symmetric with a bond length of 2.53 Å. These values are nearly equal to

the covalent As-As bond in bulk As (2.51 Å). Each As atom in the As-As dimer is bonded

to two As atoms in the second layer. The bond lengths between these atoms are calculated

to be between 2.40-2.50 Å, with average bond angles of 104.1�. The length and angle of the

surface As atoms calculated for the c(4⇥4)-Mn are close to the corresponding values (105�

and 2.54-2.57 Å) for the Mn-free c(4⇥4)� structure.3
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From STM observations, the As coverage is estimated to be 1.6 ML, on the assumption

that the As-As dimer is located on the ideal As-terminated GaAs(001) surface. Since, in the

c(4⇥4)-Mn structure, 0.25 ML of Ga atoms at the third layer is replaced by Mn atoms, the

As coverage is increased by 0.25 ML. The resultant value of 1.85 ML is in good agreement

with our XPS measurements: as shown in Fig.3, the surface As coverage of the c(4⇥4)-Mn

surface is close to the value for the GaAs(001)-c(4⇥4)� structure (1.75 ML).

In the proposed c(4⇥4)-Mn model, substitutional Mn has two possible valence states:

divalent (Mn2+) and trivalent (Mn3+) states, which have 1 and 0 holes, respectively. Thus,

if the valence state of Mn is Mn2+, the c(4⇥4)-Mn model does not satisfy the electron

counting requirements.4 However, our first-principles calculations show that one of the five

3d electrons, together with two 4s electrons, are consumed to the formation of covalent bonds

between the substituted Mn and its nearest neighbor As atom, so that the c(4⇥4)-Mn model

agrees with electron counting heuristics.15,42 This is in good agreement with the calculated

spin magnetic moment of 4µ
B

/Mn. On the other hand, as mentioned earlier, the Mn atom

located at the interstitial site in the (2⇥2)� structure donates two 4s electrons to stabilize

the surface, while leaving five 3d electrons intact. The calculated spin magnetic moment is

5µ
B

/Mn. These results are consistent with the band structure calculations: both (2⇥2)�

and c(4⇥4)-Mn structures are indeed semiconducting with an energy gap.

The present results show that the substitutional incorporation of Mn (0.25ML) in GaAs is

facilitated as the surface As coverage is increased. On the other hand, higher concentrations

of substitutional Mn atoms in GaMnAs films can only be achieved by MBE at LT.22–25 The

LT-MBE growth usually proceeds under the As-rich conditions and the growing GaMnAs

surface shows a (1⇥2)-like RHEED patterns,22–25 similar to those shown in Fig. 2(c). Thus,

while no definitive conclusion is available without detailed analysis on the growing GaMnAs

surface, it is plausible to consider that the substitutional incorporation of Mn in GaMnAs

growth occurs with the formation of the c(4⇥4)-like reconstruction at the growth front.

Here, one may raise the question as to whether it is possible to increase the Mn concen-
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tration above 0.25 ML. Thus, we have investigated the critical amount of substitutional-Mn

atoms using the samples with Mn coverages ranging from 0.25 to 1.0 ML. The samples were

prepared by cooling to 300�C under the As2 flux after the deposition of Mn at 550�C. As

shown in Figs. 8(b)-8(d), for Mn coverages above 0.375 ML, MnAs islands are formed on

the c(4⇥4) surface, which was also confirmed by RHEED observations. On the other hand,

such islands are hardly observed on the surface below 0.25 ML [Fig. 8(a)]. This means that

the upper limit of the substitutional-Mn in the c(4⇥4)-Mn structure is 0.25 ML, at least

under the present experimental condition, beyond which the excess Mn atoms are consumed

in the formation of MnAs islands. This value is significantly smaller than that (⇠1 ML) in

the Mn �-doped GaAs sample.43,44 We point out that Mn atoms are localized in the single

atomic layer in the c(4⇥4)-Mn structure, while Mn atoms are distributed over 2-5 ML in the

�-doped sample.43–45

Figure 8: Typical filled-state STM images obtained from the Mn-induced c(4⇥4) reconstruc-
tions with Mn coverages of 0.25 ML (a), 0.375 ML (b), 0.5 ML (c), and 1.0 ML (d). Arrows
indicate MnAs islands. Image dimension is 2000 Å⇥2000 Å. The image was taken with a
sample bias of -3.0 V.
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4.4. Ga-rich (2⇥2)↵ reconstruction

Previous DFT calculations have predicted that the (2⇥2) structure with the Ga-Ga dimer

becomes stable under more Ga-rich conditions.14 Since the STM image of the (2⇥2)↵ surface

shows pairs of bright spots aligned in the [110] direction, as shown in Fig.2(a), one may

speculate that the bright spots correspond to Ga atoms of surface Ga dimers. However, the

separation of the two bright spots is ⇠3.5 Å, which is incompatible with the formation of

dimers. To obtain the details of the Ga-rich (2⇥2)↵ structure, it is necessary to assign the

atomic site to which each bright spot is attributed. Although it is not a priori clear to which

protrusions a STM image correspond, in this case, the lattice sites of the (2⇥2)↵ surface can

be assigned, connecting the Ga-As dimer structure of the (2⇥2)� phase. For this purpose,

we prepared the (2⇥2)↵ surface coexisting with the (2⇥2)� structures. Figure 9(a) shows a

filled-state STM image taken from the sample prepared by closing the As shutter at 490�C.

By superimposing the (1⇥1) lattice mesh over the image (Fig.9), it turns out that the bright

spots [crosses in Fig.9(b)] in the (2⇥2)↵ phase are located at the positions shifted by ⇠2 Å

along the [110] direction from the surface As atoms (small circles) in the (2⇥2)↵ area. Thus,

it is suggested that the (2⇥2)↵ surface contains surface atoms at faulted sites relative to

their bulk positions, which manifest themselves as bright spots in Fig.9(a). Such structural

features are clearly incompatible with the Ga-Ga dimer model.

The existence of surface As atoms at faulted sites was found in the Ga-rich reconstructions

of (6⇥6),46,47 c(8⇥2),48,49 and (4⇥6),50 in which Ga atoms at the subsurface layers form

dimers. Since, as shown in Figs. 5(a)-A and 5(b)-A, Im(�")d spectrum of (2⇥2)↵ is similar

to that of the clean (4⇥6) surface, it is plausible to consider that the (2⇥2)↵ structure also

consists of the faulted As atoms and subsurface dimer. Thus, we propose a structure model

for (2⇥2)↵, as shown in Fig.10(a). This model is characterized by faulted As atoms, Mn

atoms at interstitial sites, and Ga-Ga dimers at the third atomic layer. As shown in Fig.7,

the proposed model (blue line) has an energy lower by 0.065 eV/(1⇥1) relative to the Ga-Ga

dimer model proposed in Ref.14 (light-blue line). The As coverage of the proposed model is
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Figure 9: (a)Filled-state STM image obtained from the coexisting phases of (2⇥2)↵ and
(2⇥2)�. Image dimensions are 36 Å⇥48 Å. The images were taken with a sample bias of
-3.0 V. Atomic positions are indicated in (b) and (c). Solid and dashed lines indicate the
(2⇥2) and (1⇥1) lattice meshes, respectively. The square in (c) corresponds to the (2⇥2)
unit cell in Fig. 10(a).
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0.5 ML, in good agreement with the XPS result (Fig.3).

The atomic positions of the (2⇥2)↵ and (2⇥2)� structures are indicated in Fig.9(c). It

is clearly seen that the Mn atoms are arranged with a (2⇥2) periodicity, which is often

continued over the boundary between the (2⇥2)↵ and (2⇥2)� phases. This means that the

rearrangement of Mn atoms is not required for the structure change between the (2⇥2)↵ and

(2⇥2)� phases. Another noteworthy finding is the occasional existence of the (2⇥2)� unit

with the Ga-Ga dimer which manifests itself as a darker spot located at the center of the

unit cell. The density of the Ga-Ga dimer unit is much lower than that of (2⇥2)↵ structure,

which is broadly consistent with its higher formation energy (Fig.7).

Figure 10: (a) Optimized structure model for (2⇥2)↵. Typical filled-state (b) and empty-
state (c) STM image obtained from the Mn-induced (2⇥2)↵ reconstruction. The images
were taken with sample bias voltages of -3 V (b) and +2 V (c). (d) and (e) show simulated
images for bias voltages of -3 V and +2 V, respectively. Image dimension is 24 Å⇥24 Å.
The structure model in (f) are obtained by arranging the (2⇥2)↵ unit cell to accord with
the observed images [(b) and (c)].

The largest displacements in the proposed model [Fig.10(a)] are observed for the faulted

As atoms along the [110] direction, resulting in the formation of third-layer Ga-Ga dimers

with a bond length of 2.56 Å. Here, we note that the chemical bonds are formed between

the Ga atoms constituting third-layer Ga dimers and surface As atoms at faulted sites:

the bond lengths are 2.50 Å (As3-Ga7) and 2.59 Å (As4-Ga8), which are smaller than the
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corresponding values for the c(8⇥2) surface (experimental value: 2.72 Å, theoretical value:

2.66 Å),51 and rather close to the Ga-As distance in bulk GaAs. Since the Ga7 and Ga8

atoms are bound with three As atoms and one Ga atom, the Ga-Ga dimer would result in a

deficit of a 1
2 electron per dimer. The threefold-coordinated surface Ga atoms are displaced

downward by large amounts of 0.69 Å (Ga1) and 0.86 Å (Ga2), to achieve an almost perfect

planar sp2 configuration with averaged bond angles of 119� (Ga1) and 120� (Ga2). The

surface Ga atom has an excess 3
4 electron, while the three-coordinated surface As atoms at

faulted (As3 and As4) and unfaulted sites (As5 and As6) have a dangling bond with a 5
4

electron. Since the Mn atom donates two electrons, charge transfer from two surface-Ga

atoms (2⇥3
4=

3
2 electrons) and the Mn atom (2 electrons) to the third-layer Ga dimer and

four surface-As atoms transforms the As- and Ga- dangling bonds into fully occupied and

empty states, respectively, leaving any partially filled dangling bonds.4 Similarly to the case

for (2⇥2)�, the (2⇥2)↵ structure is semiconducting, and five 3d electrons remain intact (the

calculated spin magnetic moment of this model is 5µ
B

/Mn).

Figures 10(b) and 10(c) show STM images taken with sample bias voltages of -3 V and

+2 V, respectively. A unit cell is positioned at identical locations on both images. Shown

in Figs. 10(d) and 10(e) are simulated STM images for the optimized structure [Fig.10(a)].

From the comparison of the observed and simulated images, it turns out that As atoms at

faulted sites correspond to the bright spots in the filled-state image and that the As atoms

at the unfaulted sites are observed as much less bright features. Such a difference could be

explained by considering the vertical positions of the two-types of As atoms: the faulted

As atoms are located at 0.93 Å higher than their ideal bulk positions, while unfaulted As

atoms are vertically displaced by a small amount of 0.01-0.09 Å. As a result of larger atomic

displacements, the faulted As atoms have a bond angle of 92�, which is significantly smaller

than those for unfaulted atoms (100-102�). In the empty-state image, on the other hand,

the bright protrusions come from empty state of the Ga1 atom and the gray protrusions

correspond to the Ga2 and Mn atoms. Since the Ga1 atom is located above the subsurface
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Ga-Ga dimer, the combination of STM observations and simulations enables us to obtain

the information about the atomic positions of subsurface Ga-Ga dimers.

Figure 11 shows RHEED rocking curve measured from the (2⇥2)↵ surface at 550�C,

together with the calculated ones using the atomic coordinates obtained by DFT calcu-

lations (see surface structure data for coordinates). In the present RHEED analysis, the
1
2 -order reflections for the [110]-incidence were excluded, because of their elongated feature

[Fig.2(a)].52,53 Parameters used for the RHEED calculations are the same as those for the

(2⇥2)�. The shape of the measured rocking curves is well reproduced by the calculations

for the model shown in Fig.10(f) with an R-factor of 0.153.

Figure 11: RHEED rocking curve (solid curves) measured from the Mn-induced (2⇥2)↵
surface at 550�C. The dashed curves are calculated using the atomic coordinates obtained
by first-principles calculations for the structure model shown in Fig.10(f).

4.5. Ga-rich (6⇥2) reconstruction

As mentioned in Sec. 4.1, the (2⇥2)↵ structure is stable only at temperatures higher than

500�C, and begins to evolve into the (6⇥2) one below 500�C. To obtain the well-ordered

23



(6⇥2) surface, the sample was prepared by interrupting the As molecular beam at 550�C

and then kept at 430�C for 1000s. The surface showed a distinct (6⇥2) RHEED pattern.

Figure 12(a) shows a filled-state STM image taken from the (6⇥2) reconstruction. Pairs

of bright spots running along the [110] direction are aligned in two 12-Å distanced lines in

Fig.12(a); the two lines are separated by the dots of the broken rows. The spacing of the

dots along the [110] directions is 8 Å in average, corresponding to the 2⇥ periodicity.

Figure 12: Typical filled-state (-3V) (a) and empty-state (+2V) (b) STM images obtained
from the Mn-induced (6⇥2) reconstruction. Image dimension is 56 Å⇥72 Å. Arrows indicate
the positions where Ga-Ga dimers at the first layer are replaced by Ga-As dimers. Simulated
filled-state (c) and empty-state (d) images. (e) shows the optimized structure model.

As shown in Fig.5(a) the shape of the Im(�")d spectrum for the (6⇥2) surface (B) closely

resembles that for (2⇥2)↵ (A) and the As/Ga XPS ratios for (6⇥2) nearly equals the value of

(2⇥2)↵ (Fig. 3). Thus, it is likely that the (6⇥2) and (2⇥2)↵ structures consist of common

24



structure elements. While several possible models containing these structure elements were

considered, only the model shown in Fig. 12(e) could account for the observed STM features.

The surface As coverage of this model is exactly the same as that of (2⇥2)↵ (0.5 ML). In

addition to structure elements common with the (2⇥2)↵ (subsurface dimerization, As atoms

at faulted sites, and Mn atoms at hollow sites), the proposed (6⇥2) model has the Ga-Ga

dimers at the first atomic layer. This model satisfies the electron counting requirement,4

and has the same formation energy as the (2⇥2)↵ model within 0.005 eV per (1⇥1) unit

cell, as shown in Fig.7. The energetic degeneracy of the two phases is consistent with the

experimental finding that the structure change between (6⇥2) and (2⇥2)↵ is reversible:

when the (6⇥2) surface was heated to above 500�C without the As2 flux, the (6⇥2) surface

rearranged to (2⇥2)↵. The proposed (6⇥2) model turns out to be semiconducting and is

in agreement with the electron counting rule.4,15,42 The calculated spin magnetic moment is

5µ
B

/Mn, indicating that five 3d electrons do not participate in the bonding.

Shown in Figs. 12(c) and 12(d) are simulated filled- and empty-state STM images for

the proposed structure model [Fig. 12(e)]. Comparing the observed filled-state image [Fig.

12(a)] with the simulated one [Fig. 12(c)], we found that the faulted As atoms (As7 and As8),

located at 0.79-0.86 Å higher than unfaulted As atoms (As5, As6, As9, and As10), correspond

to the bright lines running along the [110] directions in the filled-state STM image [Fig.12(a)],

similarly to the case for (2⇥2)↵. The dot-like features, which correspond to the Ga-Ga

dimer at the first atomic layer, are observed in both filled- and empty-state images. This

is in marked contrast with the naive interpretation of STM images for GaAs surfaces: the

dangling bonds of surface As and Ga atoms are imaged in the filled- and empty-state images,

respectively. Similar STM observations have been reported for GaAs(001)-(2⇥4) surface, in

which surface As-As dimers are imaged irrespective of the bias polarity.54 According to the

interpretation in ref.54 , the present results could be explained by assuming that tunneling

occurs predominantly from bonding orbitals of Ga-Ga dimer and that filled-states of As

atoms located lower than surface Ga atoms are hardly accessed at negative sample bias.
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However, further studies are needed to support this conjecture.

The proposed (6⇥2) unit cell is asymmetric with respect to the [110] direction. Such an

asymmetric feature is clearly seen in the observed [Fig. 12(b)] and simulated [Fig. 12(d)]

empty-state images: similar to the case for the (2⇥2)↵ model, the Ga2 atom located above

the subsurface Ga-Ga dimer manifests itself as a brighter protrusion than Ga1 atom. As seen

in these figures, there exist two types of asymmetric unit cells, which gives rise to symmetric

(6⇥2) RHEED patterns observed along the [110] direction.

The distance between Ga atoms constituting third-layer Ga-Ga dimer (Ga11 and Ga12)

and As atoms at faulted sites (As7 and As8) falls in the range of 2.50-2.58 Å, and is com-

patible with the existence of a chemical bond between these atoms. This bond formation is

indispensable to satisfy the electron counting requirement, as in the case for (2⇥2)↵.4 The

bond length of Ga-Ga dimers amounts to 2.44 Å in the first-atomic layer and to 2.55 Å in

the third layer.

As indicated by white arrows in Figs.12(a) and 12(b), the 2⇥ periodicity in the dot-like

features is often disturbed. Such a local disorder is caused by the coexistence of Ga-As

dimers with Ga-Ga dimers. Each Ga-Ga dimer shows a single protrusion in both filled- and

empty-state STM images. On the other hand, since As (Ga) atoms manifest themselves

as brighter spots in filled- (empty-) state STM images, the Ga (As) atom of Ga-As dimer

is imaged in empty- (filled-) state image, so that the positions of bright spots are slightly

shifted (⇠1 Å) along the [110] or [110] direction, as can be seen in Figs.12(a) and 12(b). We

note that the structure model having the Ga-As dimer, instead of the Ga-Ga dimer, also

agrees with the electron counting heuristics.4

Figure 13 shows the measured (solid curves) and calculated (dashed curves) RHEED

rocking curves. Fifty fractional-order and 11 integer-order reflections were used for the cal-

culation along the [110] direction, and ten fractional-order and 11 integer-order reflections

were used for the [110] incidence azimuth: As in the case for (2⇥2)↵, the streaky 1
2 -order re-

flections along the [110] direction [Fig.2(d)] were excluded from the present RHEED analysis.
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The atomic coordinates obtained by DFT calculations were used in the RHEED calculations

(see Ref. surface structure data for coordinates). The R factor for the proposed model is

0.131, showing a good agreement between the experiments and calculations.

Figure 13: RHEED rocking curve (solid curves) measured from the Mn-induced (6⇥2) sur-
face. The dashed curves are calculated using the atomic coordinates obtained by first-
principles calculations for the structure model shown in Fig.12(c).

As mentioned earlier, (6⇥2) surface was obtained by slowly cooling the (2⇥2)↵ surface

below 500�C, while the structure change was kinetically suppressed by quenching the (2⇥2)↵

sample. The difference in the structure models between (6⇥2) and (2⇥2)↵ is the existence

of the top-layer Ga-Ga dimers on the (6⇥2) surface, which manifest themselves as dot-like

features in the STM images. Here, it is interesting to note that the spectrum shape of the
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surface dielectric anisotropies (Im(�")d) shown in Fig.5(a)-A and 5(a)-B is insensitive to the

difference in the Ga-Ga dimer density. Figure 14 compares STM images obtained after the

(2⇥2)↵ surfaces were cooled with different rates. The surfaces shown in Figs.14(a) and 14(c)

correspond to (2⇥2)↵ and (6⇥2) phases, respectively, and the surface (b) corresponds to the

intermediate state in between. As we have expected, the density of Ga-Ga dimer depends on

the cooling rate of the (2⇥2)↵ surface: the coverages of Ga atoms constituting the Ga-Ga

dimer are estimated to be 0.06 ML, 0.10 ML, and 0.20 ML in Figs.14(a), 14(b), and 14(c),

respectively. The values of the (2⇥2)↵ and (6⇥2) surface are slightly different from those

estimated from the ideal models (0 ML and 0.167 ML). The discrepancy for (2⇥2)↵ could

be explained by considering that the formation of the Ga-Ga dimer in the (2⇥2)↵ matrix

could not be fully suppressed even when the sample was quenched. For (6⇥2), on the other

hand, carefully observing the image in Fig.14(c) we found the local c(8⇥2) unit also exists

on the (6⇥2) surface. Since the density of the Ga-Ga dimer in the c(8⇥2) unit (0.25 ML) is

higher than that in (6⇥2) (0.167 ML), the coexistence of the c(8⇥2) units with (6⇥2) results

in the increase of the Ga-Ga dimer density.

Figure 14: Filled-state STM images obtained after the (2⇥2)↵ surface was cooled from 550�C
to room temperature without the As2 flux. The images (a) and (b) were obtained when the
substrate temperature was rapidly (⇠1�C/s) and slowly (⇠0.3�C/s) cooled, respectively. The
sample (c) was prepared by slowly cooling from 550�C and then kept at 430�C for 1000s.
The images were taken with a sample bias of -3.0 V. Image dimension is 165 Å⇥165 Å.
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5. Conclusions

We have studied the atomic structures and their stability of the Mn-induced surface recon-

structions on GaAs(001). The experimental data show the sequence of surface structures as

a function of As coverage, in good agreement with the DFT calculations: (2⇥2)↵/(6⇥6),

(2⇥2)�, and c(4⇥4). We have demonstrated that Mn atoms change their adsorption site de-

pending on the surface As coverage: Mn atoms substitute the subsurface Ga-sites in the most

As-rich c(4⇥4) reconstruction, and are incorporated into interstitial sites in the moderate

As-rich (2⇥2)�, and Ga-rich (6⇥6) and (2⇥2)� structures.

Despite considerable efforts, the highest Curie temperature (T
c

) for GaMnAs is below

room temperature (< 200K), and practical applications of this material will require much

higher value. For further improvements, it is essential to control the incorporation of Mn

in GaMnAs growth at an atomic level, because the increase of T
c

is closely related with

the location of Mn in GaAs.19 The fundamental understanding of the Mn-induced surface

reconstructions on GaAs, acquired in this study, is one of the most primitive and important

factors to control the atomic process of GaMnAs growth. Thus, the present results will

offer a strategy to achieve the high concentration of substitutional Mn atoms in GaMnAs

for practical applications in spintronic devices.
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