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Various atomic arrangements of the Mn-induced GaAs(001) surface, consisting of one Ga-As dimer and

one Mn atom in the (2 × 2) unit, have been investigated using the first-principles calculations. The most

stable arrangement is reasonable in view of the classical electrostatic theory. It has been revealed that the

topmost Ga-As dimers tend to be aligned along the [11̄0] direction, while they are less ordered along the

[110] direction. These anisotropic orderings, that is, anisotropic interactions, imply that the Mn atom, which

is located between the Ga-As dimers, enhances local electrostatic interaction between the dimers along the

[11̄0] direction, which is caused by the dielectric anisotropy at the surface.

1. Introduction

A diluted magnetic semiconductor, the magnetic semiconductor with a low concentra-

tion of doped magnetic impurities, has been intensively studied, since a combination

of magnetic and semiconducting materials is required for the next-generation spintron-

ics devices. In particular, (Ga,Mn)As has attracted considerable interests because of

their ferromagnetism.1) However, Curie temperature of (Ga,Mn)As is too low for prac-

tical application.2) Several studies have proved that a ferromagnetism in (Ga,Mn)As

depends on two types of the Mn sites. When Ga atoms in GaAs are substituted by

Mn atoms, ferromagnetic interactions between the magnetic moments at acceptor Mn

atoms are mediated by the itinerant holes.3) On the other hand, Mn atoms located

at interstitial sites act as donors, inhibiting the ferromagnetic interaction.4,5) Hence,

in order to preferably incorporate Mn atoms into the substitutional sites of GaAs, we

have to control the elemental process of Mn incorporation into GaAs for the purpose

of precisely-controllable crystal growth of (Ga,Mn)As.

A large number of studies have been made on the initial process of Mn adsorption
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on GaAs.6–13) It has been reported that the substitution of a Mn atom with the surface

Ga atom can be realized on the GaAs(110) surface, using the substitution technique

by a scanning tunneling microscope (STM) tip.6) Theoretical studies have suggested

that the Mn atomic wire11) and one layer of MnAs12) on GaAs(110) can be stabilized

by the substitution of Mn. On the other hand, on GaAs(001), Zhang et al. have con-

firmed, using STM, that the adsorption of submonolayer of Mn induces the formation

of several (2 × 2) structures. They have discussed the structural stability on the basis

of the first-principles total energies and the chemical potentials.8,9) In their structural

models, the topmost surfaces with lower energies at a Mn thickness of 0.25 monolayer

(ML) consist of dimers (Ga-Ga, Ga-As, or As-As dimer), where Mn atoms are located

at interstitial sites between dimers. Recently, Ohtake, Hagiwara, and Nakamura have

revealed the atomic arrangement of the Mn-induced GaAs(001)-(2× 2) structure using

STM, reflection high energy electron diffraction (RHEED), and first-principles calcu-

lations.14) The experimental results show that the Ga-As dimer aligns along the [11̄0]

direction, forming the so-called ”dimer rows” without any antiphase boundaries (Fig.

1). In contrast, the coherency of the alignment of dimers is lost along the [110] direction,

so that the dimer rows in the [11̄0] direction are partially shifted by a half of the 2 ×
2 unit, resulting in the formation of antiphase boundaries.

Antiphase boundaries based on the anisotropic coherency of the surface structure

have been confirmed in the GaAs(001) surface: Pashley et al. have shown that the

GaAs(001)-β2(2 × 4) surface involves one-dimensional antiphase boundaries between

consecutive β2(2× 4) unit cells, using RHEED and STM.15,16) It is also reported that

the total energy of the c(2× 8) structure with a kind of antiphase boundaries is almost

the same as that of the elemental (2× 4) structure.17,18) From a theoretical viewpoint,

it is difficult to discuss the nature of disorderings attributed to such antiphase bound-

aries using the conventional first-principles calculations, since the stability of the whole

surface has to be evaluated for the regular orderings on the surface at zero temperature.

However, it has been reported, in some cases, local disorderings dominate the surface

structure at a finite temperature.19,20)

In this study, we evaluate, for the Mn-induced GaAs(001)-(2×2) surface, the relative

stability of possible dimer configurations and the interaction energy between the Ga-

As dimers along the [110] and [11̄0] directions using first-principles calculations. Our

statistical analysis of the disordering of dimer configurations shows quantitatively good

agreement with the experimental results. In order to clarify the factor of what dominates
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Fig. 1. Atomic arrangement for the Mn-induced GaAs(001)-(2× 2) surface (Mn: 0.25 ML).14)

Each square shows the (2× 2) unit cell. This figure is schematically depicted on the basis of the STM

observation.

the onset of irregular dimer configurations, we pay attention to the effect of electrostatic

interactions between the polarized Ga-As dimers on the surface. In particular, we show

that Mn atoms mediate local electrostatic interaction between the dimers.

2. Calculations

In the STM images for the (2× 2)-Mn structure, local disorderings with regard to the

dimer configuration have been confirmed (e.g., Fig. 1 in Ref. 14). In order to discuss

the relative stability of possible dimer configurations, we evaluate total energies for a

variety of Ga-As dimer configurations using first-principles calculations. Figure 2 shows

the calculation models for various dimer configurations. Here, we define the two Ga-As

dimers which are buckled in the same direction as parallel arrangements, as shown in

Fig. 3(b). In antiparallel arrangements, neighboring Ga-As dimers are buckled in the

opposite direction with each other (Fig. 3(a)). In the model PĀ shown in Fig. 2(a),

the Ga-As dimers are ordered in parallel arrangements along the [110] direction and in

antiparallel ones along the [11̄0] direction, respectively. The models PP̄, AĀ , and AP̄

correspond to possible combination of parallel/antiparallel arrangements in both the

[110] and [11̄0] directions (see Figs. 2(b), 2(c), and 2(d)).
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(b) (2×2) 

ΔE = +18 meV/(2×2)

(c) (4×4) 

ΔE = +8 meV/(2×2)

(d) (2×4)

ΔE = +18 meV/(2×2)

(a) (4×2)

ΔE = 0 meV/(2×2)

(e) (4×4) 

ΔE = -3 meV/(2×2)
(f) c(2×4) 

ΔE = +15 meV/(2×2)

(g) (2×4) 

ΔE = +14 meV/(2×2)

[110]

AA-ab

AP-ab

PP-abPA PP

AA AP

Fig. 2. Possible atomic structures for the Mn-induced GaAs(001)-(2× 2) surface. Relative total

energy, ∆E, is also shown for each model of the dimer configuration. Area enclosed by dashed lines

shows the surface unit cell.

antiparallel

parallel

(a)

(b)

Fig. 3. Possible configurations of two Ga-As dimers buckled in [110]. Two parallel vectors, which

are analogous to the so-called Ising spin, denote the orientation of the dimers.

The models AĀ-ab, PP̄-ab, and AP̄-ab belong to the group for the dimer configura-

tions in which the antiphase boundaries (ab) are formed. In the model AĀ-ab, the dimer

rows are shifted by a half of the (2 × 2) unit along the [11̄0] direction relative to the

model PĀ or the model AĀ-ab. In a similar way, the dimer rows of the models PP̄-ab

and AP̄-ab are shifted compared to the ones of the models PP̄ and AP̄, respectively.

We consider a slab model for the clean GaAs(001) surface with a thickness of seven

atomic layers. Two layers from the back side of the slab are fixed at the bulk positions.

The back side surface is terminated with fictitious H atoms21) and their positions are

fixed at the optimized ones. A periodic geometry is applied to the unit cell consisting

of a slab and a vacuum region with a width of 14 Å.

We execute total-energy calculations based on the first-principles pseudopotential

method within the spin density-functional theory.22–24) The Troullier-Martins-type pseu-

dopotentials are chosen for the Ga, As, and H atoms and ultrasoft-Vanderbilt25) type
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for the Mn atom, in which the nonlinear core correction26) is applied. The generalized

gradient approximation is used for the exchange-correlation potential.27) The cutoff en-

ergy is set to be 16 Ry for a plane-wave expansion. Four k points are used for the

integration over the first Brillouin zone for the (2 × 2) unit. The structural relaxation

is carried out until the forces acting on atoms are less than 10−3 Hartree/Bohr.

3. Results and discussion

The relative total energies from our first-principles calculations in Figs. 2(a)-2(d) show

that the model PĀ, in which the Ga-As dimers are ordered in antiparallel arrangements

along the [11̄0] direction and in parallel ones along the [110] direction, is more stable

than the models PP̄, AĀ, and AP̄. These results seem plausible from a viewpoint of

the classical electrostatic theory, if each Ga-As dimer is regarded as a classical electric

dipole. The interaction strength between two Ga-As dimers aligned along the [11̄0]

([110]) direction is 18 (8) meV, which is derived from the difference in the total energy

between the model PĀ and the model PP̄ (AĀ), respectively. On the other hand,

the energetic gain to form one-dimensional antiphase boundaries between the dimer

rows is less than 4 meV/(2 × 2), which is calculated from the total energy difference,

for examples, between the model PĀ and the model AĀ-ab. Such differences in the

interaction strength suggest that the Ga-As dimers prefer to be ordered in antiparallel

arrangements along the [11̄0] direction, while they are less ordered along the [110].

In order to confirm whether the results from first-principles calculations correspond

quantitatively to the experimental results, we perform a statistical analysis. Our first-

principles calculations show that the interactions in the [110] direction are much smaller

than that in the [11̄0] direction, thus, it is reasonable to neglect the interaction in the

[110] direction and to regard them as one-dimensional interacting system. Following

the statistical mechanics, the thermal average of the fraction of the number of parallel

configurations can be represented by ⟨n⟩ = p/(1 + p). The notation ⟨· · · ⟩ indicates

the thermal average with respect to the Boltzmann distribution p =exp(−∆E/kBT ),

where ∆E is the difference in total energy between the models PĀ and PP̄, kB is the

Boltzmann constant, and T is the temperature. At 450 ◦C, ⟨n⟩ is evaluated as 45 %.

This value is in quantitative agreement with the experimental results of 40%, which

is obtained from the STM image (250 Å× 250 Å).14) Hence, we can say the energetic

preference of the ordering in the [11̄0] direction, which is predicted by first-principles

calculations, is validated through the experiments.
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The anisotropic orderings on this surface can be interpreted from the classical elec-

trostatic viewpoints. Within the so-called electron-counting rule,28,29) semiconducting

GaAs surface is stabilized by filled (empty) dangling bonds on the As (Ga), respectively.

We may assign a charge of +3
4
e (−1

4
e) to the Ga (As) atom at the topmost Ga-As dimer

and a charge of −1
4
e to two of second-layer As atoms so that all of the dangling bonds

on As (Ga) atoms are filled (empty), respectively. The electrons at the topmost Ga-

As dimer are transferred from the Ga atom to the As lone pair, thereby each Ga-As

dimer can be regarded as an electric dipole. The electrostatic interaction between two

electric dipoles can be represented by the Coulomb energy between point charges. The

strength of the electrostatic interaction between the classical dipoles aligned along the

[110] direction is estimated to be 8 meV using the relative permittivity, εr = 29 (see

Table I), which is the same as our first-principles result of 8 meV. On the other hand,

the interaction energy along [11̄0] is estimated to be 0.5 meV, which is quite different

from the first-principles value of 18 meV. However, this discrepancy can be interpreted

by a large dielectric anisotropy; if we assume εr = 1, the interaction energy (15 meV)

quantitatively agrees well with that from first-principles.30) Such an interpretation is

supported by the results for the hypothetical models based on the models PĀ, PP̄, AĀ,

in which Mn atoms are located between the dimers along the [110] direction (B site

shown in Fig. 4) instead of [11̄0], although they are energetically unstable as previously

shown in Ref. 14. In this case, if we assume εr = 1.7 (εr = 5.7) for the [110] ([11̄0])

direction, the interaction energies evaluated from first-principles calculations agree well

with the electrostatic ones, 41 (9) meV, respectively. We would emphasize that the Mn

atom mediates the dimer interaction as schematically shown in Fig. 4, since it can be

presumed that the Mn atom, which is located between the Ga-As dimers, enhances

local electrostatic interaction between the dimers through the lower permittivity. 31)

Finally, we emphasize that our electrostatic interpretation successfully explains the

relative total energies for the models with the antiphase boundaries: The model AĀ-ab

is more stable than that for PP̄-ab or AP̄-ab (see Fig. 2). The absence of the Mn atoms

in the [110] direction results in the small energy difference between PĀ and AĀ-ab,

irrespective of the formation of antiphase boundaries. These results corroborate that

the Mn atoms aligned along the [11̄0] direction mediate the electrostatic interaction

between dimers.
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Table I. Interaction strength between two Ga-As dimers aligned along each direction (in meV).

The column for the “First-principles” (A site) corresponds to the differences in the total energy

between PĀ and PP̄ (AĀ) for [11̄0] ([110]) (see Fig. 2). The “Hypothetical” energy differences are

calculated for the same dimer arrangements but with the Mn atom located at the B site as shown in

Fig. 4. The “Electrostatic” interaction strengths are obtained on the basis of the Coulomb energies

for the corresponding dimer arrangements.

First-principles Electrostatic

Most stable Hypothetical

(A site) (B site)

[11̄0] 18 9 15 (εr = 1) 9 (εr = 1.7)

[110] 8 41 8 (εr = 29) 41 (εr = 5.7)

[110]

[110]

As Ga Mn

A site

B site× ×

Fig. 4. Schematic pictures for the dimer interactions mediated by the Mn atom in each direction.

The interaction between dimers denoted by ellipse with solid (dashed) line is much more enhanced

than the one with dashed (solid) line if the Mn atom is located at the A (B) site, respectively.

4. Conclusions

We have explored the stability of the local disordered structures observed in the Mn-

induced GaAs(001)-(2× 2) surface. Our first-principles calculations have revealed that

(1) the Ga-As dimer can be regarded as a classical electric dipole, since the dipole-

dipole interaction is basically accountable for the relative stability of the models, and

(2) the two Ga-As dimers prefer to be ordered in antiparallel arrangement along the

[11̄0] direction, while they are less ordered along the [110] direction. Further, a sta-

tistical analysis shows that the fraction of the Boltzmann distribution computed for

the parallel and the antiparallel configurations agrees well with the result of the STM

observations. Anisotropic orderings on this surface can be interpreted from the classical

electrostatic viewpoints: The Mn atom, which is located between the dimers along [11̄0],

enhances the local electrostatic interaction between the dimers, since the resulting di-
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electric permittivity along [11̄0] is lowered through the mediation of Mn, making the

dielectric permittivity at the surface quit anisotropic.
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