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An ab initio study on the formation of GaAs layers with wurtzite structure during GaAs nanowire growth is
performed for Au/GaAs�111� interfaces. The calculations reveal that Au atoms can be incorporated and stabi-
lize the wurtzite structure at the Au /GaAs�111�B interface. The zinc-blende structure, in contrast, is favorable
at the Au /GaAs�111�A interface, implying that wurtzite segments such as rotational twins can be formed only
when the GaAs�111�B substrate is used to fabricate GaAs nanowires by vapor-solid-liquid �VLS� growth. The
stabilization of wurtzite structure originates from the hybridization between incorporated Au and interfacial As
atoms which enhances the electrostatic interaction between anions and cations of GaAs layers. The results
provide a possible explanation for wurtzite-structure formation in GaAs nanowires by the VLS growth on the
GaAs�111�B substrate.
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Semiconductor nanowires �NWs� have remarkable physi-
cal properties and many potential applications. Recently,
GaAs NWs with cubic zinc-blende �ZB� crystal structure
grown along the �111� direction have been successfully fab-
ricated on different substrates,1–10 but they include hexagonal
wurtzite �W� crystal structure.1–4,6–10 Since the W structure is
metastable and the ZB structure is stable under bulk form,
such polytypism is a peculiar feature of GaAs NWs at vari-
ance with the bulk phase. The coexistence of two crystal
phases so far impedes basic studies as well as applications,
and the control of phase purity is one of the important issues
for the fabrication of GaAs NWs.

Theoretical studies11,12 focusing on the relative stability
between W and ZB structures in NWs have revealed that the
W structure is favorable over the ZB structure due to the
large relative contribution to total energy of the lateral facets,
leading to a critical radius ��15 nm in GaAs NWs� for the
stabilization of W structure. This approach can explain quali-
tative trends in the structural stability in NWs, but its critical
diameter is much smaller than the diameter ��100 nm� in
which the incorporation of W structure is observed by trans-
mission electron microscopy �TEM�.1–4,6–9 To explain the
formation of W phase for NWs with diameter as large as 100
nm, a nucleation-based model13 during the catalyzed growth
has been recently developed and predicted the stabilization
of W nuclei for certain interface energies. Even in such a
rigorous approach, effects of the interface between Au cata-
lyst and growing nanowire on the formation of W structure
have been less examined yet. Indeed, recent characterization
of GaAs NWs has reported that unlike NWs grown on the
GaAs�111�B substrate, ZB NWs without W segments are
successfully fabricated on the GaAs�111�A substrate,8 imply-
ing that in addition to the contribution of nanowire facets the
interface between Au catalyst and GaAs layers affects the
formation of W structure depending on the polarity of the
substrate.

In this Brief Report, we perform an ab initio study on the
formation of GaAs layers with W structure at Au/GaAs�111�
interfaces. Focusing on the Au/GaAs�111� interfaces as a
representative of interface between Au catalyst and growing

NWs during the vapor-liquid-solid �VLS� growth, we clarify
the relative stability between ZB and W structures of GaAs
layers at the interfaces. Our analysis of electron density clari-
fies the importance of hybridization between incorporated Au
and interfacial As atoms, which enhances the electrostatic
interaction between anions and cations of GaAs layers. The
results provide a possible explanation for wurtzite-structure
formation in GaAs nanowires by the VLS growth on the
GaAs�111�B substrate.

The calculations are performed within density-functional
theory using the generalized gradient approximation14 and
norm-conserving pseudopotentials.15 The partial core correc-
tions are used for 3d electrons of In atoms.16 The conjugate-
gradient technique is utilized both for the electronic structure
calculation and for the geometry optimization.17,18 In the op-
timized geometries the remaining forces acting on the atoms
are less than 5.0�10−3 Ry /Å. The valence wave functions
are expanded by the plane-wave basis set with a cutoff en-
ergy of 30.25 Ry.

We employ slab models consisting of five bilayers of
GaAs and six monolayers of face-centered Au with �8.5 Å
vacuum region to investigate the structural stability of GaAs
layers at the interface, as shown in Fig. 1. The bottom sur-
face is terminated by artificial hydrogen atoms with atomic
number of 0.75 and 1.25 for Au /GaAs�111�A and B inter-
faces, respectively.19 The stacking sequence shown in Fig.
1�a� consists of GaAs with ZB structure, whereas those in
Figs. 1�b� and 1�c� include one and two bilayers of W seg-
ments, respectively. Based on the experimental and theoreti-
cal studies suggesting that Au atoms can be incorporated into
GaAs layers,20,21 we also consider the interfaces incorporat-
ing an interstitial Au atom. The ��3��3�R30° interfaces
with an Au atom at various interstitial sites �labeled A, B, C,
and D in Fig. 1� are used to examine the effects of incorpo-
rated Au atoms into GaAs layers on the relative stability
between ZB and W structures at the interface. The calcula-
tions for both Au /GaAs�111�A and B interfaces are per-
formed to examine the effect of the substrate polarity. The
k-point sampling in the Brillouin-zone integration is care-
fully chosen to discuss the stability of GaAs layers at Au/
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GaAs�111� interfaces. The 36 k-point sampling for the �1
�1� surface unit, which is found to provide sufficient accu-
racy in the total energy, is used in the Brillouin-zone integra-
tion.

First, we focus on the relative stability between ZB and W
structures for various interfaces. Figure 2 shows the total-
energy difference between the interface with only the ZB
stacking sequence and that with one or two bilayers of W
segments. The calculated energy difference shown in Fig. 2
demonstrates an important role of interstitial Au on the rela-
tive stability. In the case of the interfaces without interstitial
Au atom �horizontal lines in Fig. 2�, the Au /GaAs�111�A
�Au /GaAs�111�B� interfaces with one- and two-bilayer W
segments are 0.08 �0.09� and 0.14 �0.12� eV higher than
those without W structure, respectively. These values are

converted into the energy differences per atom �7.0–7.9
meV/atom� comparable to that in bulk GaAs �8.3 meV/
atom�, implying that the ZB structure is stable as seen in
bulk GaAs and the relative stability is unchanged by the Au
layers on GaAs�111�.22 In contrast, for the interfaces with an
interstitial Au the energy differences drastically change de-
pending on its position. They are negative when the Au atom
is located at B for and C sites in Fig. 1, although the energy
gain at C site is small for the interface with one-bilayer W
segment. For the interface with two-bilayer W segments, the
ZB structure becomes stable when the Au atom is located at
D site in Fig. 1. This suggests that the stabilization of W
structure is prominent when the Au atom is located near the
W region of GaAs layers around the interface. Furthermore,
it should be noted that the value in Au /GaAs�111�B with an
interstitial Au at the interface is remarkably reduced �4.2
meV/atom�. Considering that the W segments could be ex-
perimentally observed in the case where the calculated en-
ergy difference is �5 meV /atom,23 this small energy differ-
ence could be sufficient to incorporate the W structure.

Next, we consider the plausibility of incorporating Au at-
oms around the interface. The plausibility is determined on
the basis of the incorporation energy Einc defined as

Einc = Etot − Eint − �Au, �1�

where Etot �Eint� is the total energy of the interface with
�without� interstitial Au atom and �Au is the chemical poten-
tial of Au measured from bulk Au. The incorporation energy
shown in Fig. 3 takes a negative value when the Au atom is
located at the interface �A site in Fig. 1�, indicating that Au
atoms in the bulk phase can be readily incorporated at the
interface. As the distance between Au and the interface in-
creases, Einc converges into that in bulk GaAs taking a large
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FIG. 1. �Color online� Geometries of Au /GaAs�111�B �a� with-
out W segment and with �b� one and �c� two bilayers of W segments
along the �111� direction. Purple �filled�, white �open�, and brown
�gray� circles represent Ga, As, and Au atoms, respectively. Posi-
tions of interstitial Au atoms are indicated by symbols A, B, C, and
D. The bottom bilayers and artificial hydrogen atoms are truncated
for simplicity. Same models with Ga-terminated interfaces are
considered.
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FIG. 2. �Color online� Calculated energy difference between ZB
and W structures as a function of distance between the position of
interstitial Au and the interface for Au /GaAs�111�A �circles� and
Au /GaAs�111�B �squares�. The position of the interface is defined
as the �averaged� midpoint between the top layer of GaAs and bot-
tom Au atom. The origin of the energy difference indicates bistabil-
ity exhibiting both ZB and W structures. Black �filled� and red
�empty� symbols represent the energy differences for the interfaces
with one- and two-bilayer W segments, respectively. The horizontal
axis for each plot represents the calculated distance between Au and
the interface with ZB structure. The energy differences between ZB
and W structures without Au interstitial atoms calculated using
Au /GaAs�111�A �Au /GaAs�111�B� interfaces are shown by hori-
zontal solid �dashed� lines.
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FIG. 3. �Color online� Calculated incorporation energy of inter-
stitial Au atom as a function of its distance from the interface for �a�
Au /GaAs�111�A and �b� Au /GaAs�111�B interfaces. Circles,
squares, and diamonds represent the formation energy for the inter-
faces without W segments, with one-bilayer W segment, and with
two-bilayer W segments, respectively. The shaded area indicates the
stable region for the interface incorporating Au atoms. The incor-
poration energy of Au in bulk GaAs obtained by the 64 atom su-
percell is shown by dashed lines.
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value. Since the energy difference in Einc between A and B
sites is ranging from 0.68 to 1.6 eV, it is concluded that Au
atoms cannot be incorporated readily into bulk GaAs layers.

Taking account of the activation energy for Au diffusion,
we can predict that W-structure formation can be evaluated
only for the interface with interstitial Au at the interface. The
calculated activation energy24 for the diffusion of Au atom
from B to A are found to be small �0.07–0.18 eV� so that Au
located within the GaAs layer can move easily toward the
interface. Starting from the interface without any W segment
at an initial stage, for instance, during nanowire growth a
GaAs bilayer incorporating Au atoms at the interface can be
formed due to the energy gain of �1.1 ��0.6� eV and the
crystal structure formed is thus determined by the energy
difference of 8.7 �4.2� meV/atom for Au /GaAs�111�A
�Au /GaAs�111�B�. The Au atoms, however, still remain at
the interface due to a large incorporation energy even when a
subsequent bilayer is formed. Thus, even though the Au at-
oms can move into GaAs layers and also formerly grown
bilayers, they readily diffuse back to the interface due to low
activation energy for diffusion. Therefore, the formation of
W structure is always dominated by the energy difference for
Au/GaAs�111� with interstitial Au at the interface. One-
bilayer W segment can be formed due to the small energy
difference in Au /GaAs�111�B, while it is difficult in
As /GaAs�111�A. Furthermore, the energy difference similar
to that in bulk GaAs for Au-incorporating Au /GaAs�111�B
with two-bilayer W segments �6.8 meV/atom� implies that W
segments with more than two bilayers are rarely formed,
leading to large intervals between W segments along the
�111� direction. Although we should verify quantitatively
how much the effect of interface contributes in actual nano-
wire system, these calculated results are consistent with the
TEM observation of GaAs NWs without W segments on
GaAs�111�A �Ref. 8� and those with rotational twins on
GaAs�111�B.1–4,6–9

Our analysis of electron density clarifies the stabilization
of the W structure at the interface. Figure 4 shows the

charge-density difference ���r� between Au/GaAs�111� with
the Au atom at the interface and the sum of Au/GaAs�111�
without interstitial Au and isolated Au atom. Here, ���r� is
obtained as

���r� = �Au/int�r� − ��Au�r� + �int�r�� , �2�

where �Au/int�r� represents the calculated electron density of
interface with an interstitial Au at the interface, �Au�r� is the
density of isolated Au atom, and �int�r� is the density of
interface without interstitial Au. As shown in Figs. 4�a� and
4�b�, the electron density is depleted around the Au atoms
and interface As atoms, and accumulates between them.
These electron transfers thus indicate the hybridization be-
tween Au 6s and As 4p orbitals which weakens the sp3 hy-
bridization forming Ga-As bond charges located at the top
GaAs layer. Due to the reduction in Ga-As bond charges
which stabilize the ZB structure, the relative stability be-
tween ZB and W structures is determined only by attractive
electrostatic interaction acting between third nearest-
neighbor Ga and As atoms.25 Thus, the shorter distance be-
tween interface As and its third nearest-neighbor Ga atoms in
the W sequence �4.18 Å� compared to that in the ZB se-
quence �4.83 Å� results in a small energy difference be-
tween ZB and W structures for Au /GaAs�111�B with inter-
stitial Au at the interface. In contrast, the depletion of
electrons around interface As atoms cannot be found in Figs.
4�c� and 4�d�, implying that the bond charges still remain in
Au /GaAs�111�A. This is because the distances between in-
terstitial Au and As atoms in Au /GaAs�111�A ��3.24 Å�
are larger than those in Au /GaAs�111�B ��2.72 Å�. Such a
difference in atomic configuration supports the conclusion
that in Au /GaAs�111�A, the interstitial Au at the interface
has little effect on the structural stability.

The concept of electrostatic interaction can also be ap-
plied to interpret the energy difference for other interstitial
site shown in Fig. 2. When the Au atom is located in the W
region of GaAs layers �B site for the interfaces with one-
bilayer W segment and B or C site for those with two-bilayer
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FIG. 4. �Color online� Charge-density difference, ���r�, between Au/GaAs�111� with interstitial Au atom at the interface and a simple
sum of Au/GaAs�111� without interstitial Au and Au atom for �a� Au /GaAs�111�B without W segments, �b� Au /GaAs�111�B with one-
bilayer W segment, �c� Au /GaAs�111�A without W segments, and �d� Au /GaAs�111�A with one-bilayer W segment. The positive �accu-
mulated� and negative �depleted� values of ���r� are represented by blue �dark� and yellow �bright� regions, respectively. Isosurfaces are
�0.008 e /Å3. Interatomic distances are also shown.
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segments�, the effect of electrostatic interaction is prominent
due to the short distance between Au and its nearest-neighbor
As atoms ��2.73 Å�. This results in a large energy gain
by taking the W structure. When the Au atom is located
below the W region �C and D sites for the interface with one-
and two-bilayer W segments, respectively�, the distances
��2.82 Å� become longer than those in the former case,
resulting in relatively small energy gain. In particular, since
the number of GaAs layers with W structure is large for the
interfaces with two-bilayer W segments, the contribution of
bulk GaAs layers, in which the ZB structure is stable, is
prominent and then the energy differences take positive val-
ues in these interfaces.

In summary, the formation of GaAs layers with wurtzite
structure during GaAs nanowire growth has been investi-
gated on the basis of ab initio calculations for Au/GaAs�111�
interfaces. We have clarified that Au atoms can be incorpo-

rated at the interface and stabilize the W structure at the
Au /GaAs�111�B interface. The ZB structure is on the other
hand favorable at the Au /GaAs�111�A interface. The stabi-
lization of the W structure originates from the hybridization
between incorporated Au and interfacial As atoms which en-
hances the electrostatic interaction among GaAs layers. The
results imply that the interface can trigger the W-structure
formation when the GaAs�111�B substrate is used to fabri-
cate GaAs NWs by the VLS growth, consistent with the
experiments where GaAs NWs using GaAs�111�B substrate
include W segments while those using GaAs�111�A substrate
lack W segments.
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