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The present Letter demonstrates a pop-in event that is caused by a nanoindentation-induced phase
transformation in GaAs, and not accompanied by any dislocation nucleation. Our computer simulations
reveal the appearance of the new phase, documented by the structural correlation functions and visual-
ization of the atomic positions. This challenges the orthodox view that the initial pop-in event reflects
nucleation of dislocations or their movement, and has a bearing on materials where dislocation activity is
not present.
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Recent advances in atomistic scale plasticity are due to
atomistic simulations of nanodeformation of crystals on
the one hand, and to nanoscale indentation experiments—
in which a tiny volume of the solid deformed under the tip
is probed—on the other. One of the most exciting aspects
of nanoindentation of materials concerns the so called
‘‘pop-in events’’ [1,2], where the indenter suddenly enters
deeper into the material without any additional force being
applied. Recent findings suggest that the origin of the
initial pop-ins in crystals could be explained in terms of
homogeneous [3–5], or heterogeneous [6] dislocation nu-
cleation under the penetrating tip. This has been repeatedly
demonstrated for metals [1–3] and more recently for SiC
[4]. Dislocation nucleation also seems to account for the
newly discovered reversible plasticity in metals [7], scale-
free intermittent flow in crystal plasticity [8], and agrees
with the observations of defect nucleation in colloidal
crystals [9]. A dislocation-based explanation has also
been offered for pop-in events observed in GaAs [10,11].

In the current Letter we carry out computer simulations
which show that, at least in GaAs crystal, a pop-in event
can result neither from dislocation nucleation nor defect-
activity, reflecting instead a crystalline-to-crystalline phase
transition. The reversible nature of this transformation
explains why it has not so far been detected in nanoin-
dented GaAs.

We have used a tailored version of the molecular dy-
namics (MD) code PARCAS by Nordlund et al. [12], capable
of simulating both dislocation activity as well as phase
transitions in a near-surface region [12,13]. The computer
experiments used a simulation cell composed of 700 316
atoms that formed a perfect cuboidal crystal of GaAs (size
of 316� 316� 158 �A) with its typical zinc-blende struc-
ture (aGaAs � 5:635 �A) and four bottom atomic layers
immobilized, i.e., rigorously kept in a fixed location. To
perform a quasistatic simulation of the nanoindentation
process into the (001) plane of GaAs, the crystal was
‘‘set in contact’’ with a diamond (adiamond � 3:567 �A)
cubic-indenter (size of 28� 28� 28 �A) [14], similarly

to the cubic-tip indentation into SiC-crystal modeled by
Szlufarska et al. [3] The C-Ga and C-As interactions were
realized by the universal Ziegler-Biersack-Littmark purely
repulsive potential [15]. The atomic interactions within
GaAs were modeled using a three-body Tersoff-type po-
tential [16] that had been constructed to describe both first
and second-order elastic constants of this compound as
well as several other crystalline structures of GaAs in
addition to the zinc-blende one.

The mechanical response of the MD-simulated tip-GaAs
system was analyzed in terms of total potential energy
E�h�, presented in Fig. 1(a), which provides depth
resolution of the force absolute value F�h� � dE=dh ex-
perienced by the tip [Fig. 1(b)]. Interestingly, the obtained
E�h� function is parabolic for indentation depths h not
exceeding hpop � 3:12 �A, while appearing linear beyond
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FIG. 1 (color). The variation in potential energy E of a GaAs
crystal deformed in the course of consecutive depth increments
�h of penetration into the (001) plane (a), and the nanoindenta-
tion load-depth F–h data (b) obtained by the derivation of the
E�h� relationship [F�h� � dE=dh]. The singularity S at the
depth hpop � 3:12 �A marks transition from a parabolic (green)
to linear (red) E�h� relationship (a) and denotes the starting point
of GaAs pop-in (b) that occurs under the force mean value
Fpop � 140 nN.
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the singularity S [Fig. 1(a)]. The point Smarks the moment
after which the deformation proceeds under a roughly
constant load Fpop � 140 nN. This corresponds to the
sudden depth excursion reflected by the F–h curve
[Fig. 1(b)], i.e., a pop-in behavior similar to that revealed
by nanoindentation experiments for GaAs crystals. This
has been attributed either to dislocation generation under
the tip [10], or their collective movement within slip bands
in the deformed zone [11]. The force drop observed after
an initial yielding [Fig. 1(b)] is characteristic of depth-
controlled nanoindentation tests [3], providing further
proof that our simulations were consistent with experimen-
tal behavior.

To determine whether the pop-in registered by us reflects
dislocation nucleation, we used the method by Zimmerman
et al. [17] (see Ref. [14]). Despite our efforts, we did not
detect any dislocation under the acting tip, which resem-
bles investigations of silicon by Sanz-Navarro et al. [18],
who also failed to find dislocations in the indented region.
This made us suspect that a phenomenon other than dis-
location generation was at play in GaAs crystals, and that
the frequently reported dislocation activity under the acting
tip [10,11,19] based on microscopic observations was as-
sociated with later stages (post pop-in) of indentation.

To arrive at the origin of the pop-in event, the structural
changes induced in GaAs during nanoindentation were
examined using radial (RDF) and bond-angle (BADF)
distribution functions determined for Ga-As pairs and
Ga-As-Ga as well as As-Ga-As angles, respectively.
Nanoindentation in the (001) plane of GaAs results in a
widening and simultaneous decrease of the main peak
height both for the RDF and BADF functions illustrated
in Figs. 2(a) and 2(b). This effect is accompanied by the
appearance of new peaks in the RDF-function for the
interatomic distance d of approximately 3.3 Å [Fig. 2(a)],
and more importantly, in the BADF spectrum at the loca-
tions � equal to 70� and 90� [Fig. 2(b)], which are incon-
sistent with the GaAs zinc-blende structure that we started
to deform. Variations in the distribution functions reflect
the changes in the arrangement and number of the nearest
neighbors [RDF, Fig. 2(a)] and the emergence of a con-
figuration with 90� bonding angles [BADF, Fig. 2(b)]
characteristic of the rocksalt structure of GaAs [20,21].

The deformed structure, when restricted to a smaller
cuboidal volume (size of 28� 28� 17 �A) of GaAs crystal
(here called U domain), was found to possess 521 sixfold
coordinated atoms with bond lengths that did not exceed
3.6 Å. The RDF function revealed two sharp, well-
developed peaks at interatomic distances of 2.5 and 3.3 Å
[Fig. 2(c)], while the BADF function provided clear evi-
dence that a new GaAs phase prevailed in the U domain
[Fig. 2(d)]. Indeed, the majority of bond-angle values
concentrate close to 90�, in contrast to the GaAs zinc-
blende structure with a preferred bond angle of 110�

[Fig. 2(d)]. This demonstrates that GaAs0 is the dominant
phase in a large part of the specific U region.

In the absence of any dislocation-nucleation mecha-
nisms in our material, it is perfectly reasonable to assume
that the pop-in phenomenon in Fig. 1(b) is associated with
a nanoindentation-induced phase transformation from an
initial zinc-blende structure to a new GaAs0 phase. There
have been indications that not all of the pop-in events are
necessarily related to dislocations. In a study of sapphire
by Nowak et al. [22–25] it was found that it was a twin-
ning type transformation, rather than a nucleation of
dislocation-loops in Al2O3, which was responsible for the
pop-in effect. Furthermore, Li et al. [26] also considered
the possibility of structure transition in an indented GaAs
based on some earlier results of pressure-cell experiments
[27], but they failed to detect a new phase by TEM
observations.

The nanoindentation-induced transformation of GaAs to
GaAs0 phase, revealed by an MD simulation, resembles the
transition from GaAs zinc-blende to the rocksalt structure
observed during anvil experiments under a hydrostatic
pressure of 16–23 GPa [20,27]. Furthermore, theoretical
calculations [21] showed that the pressure-induced GaAs
phase represents an orthorhombic, distorted rocksalt struc-
ture with a preferred atom coordination number of six and a
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FIG. 2 (color). The RDF (a),(c) and BADF (b),(d) functions
determined for the entire deformed area of the GaAs crystal (the
indentation depth hmax � 12:12 �A) (a),(b) as well as a restricted
volume (U domain) located directly under the indenter (c),(d).
The former (a),(c) define the predominant Ga-As distance, while
the latter (b),(d) the bonding angle. Green lines mark the
locations of the peaks for an undistorted GaAs zinc-blende
structure, while the BADF-peak, in the position of 90�, detected
in a deformed solid, is typical a GaAs rocksalt lattice. The
marked peak observed for an interatomic distance of 3.3 Å (c)
and, more importantly, the preferred concentration of bond
angles around 90� (d) shows that, in the highly stressed U
domain, one is dealing with a new phase of GaAs.
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characteristic bond angle equal to 90�, precisely the figures
that we obtained in our simulations (see Fig. 2).

Taken together, the consistent results of our analysis of
the atomic distances and angular distribution functions, the
lack of dislocations in the deformed volume, and finally,
the level of pressure (18 GPa) generated under the acting
indenter (details in Ref. [14]), all lead to the conclusion
that we are witnessing an unreported nanoindentation-
induced phase transformation from a GaAs zinc-blende
to a rocksalt structure. Indeed, it is this transformation,
which itself turns out to be a hitherto unknown cause of the
discussed pop-in event.

The final and decisive confirmation of the proposed state
of affairs comes from direct visualization of the GaAs
structure that undergoes deformation in a computer-
simulated nanoindentation experiment. The image of the
atomistic structure of GaAs under the tip that penetrated to
the depth hmax � 12:12 �A into the (001) plane was ob-
tained from MD simulations. Figure 3(a) illustrates the
atom arrangement in a nanoindented GaAs crystal viewed
along the [111] direction, thus exposing the contrast be-
tween (i) the GaAs0 structure of the highly stressed

U domain, (ii) the atom architecture of the intermediate
zone (IM), and (iii) the zinc-blende arrangement preserved
in untransformed GaAs.

Clearly, the well-developed crystallographic planes of
the new GaAs0 phase must have been formed in a highly
stressed region of the investigated crystal. The GaAs0 phase
is characterized by the arrangements of Ga and As atoms
located at a distance of 2.5 Å from each other along the
�1�10� and ��1 �1 1� directions, while the interatomic spacing
in the [111] direction equals alternatively 2.5 and 3.3 Å
[Fig. 3(c)], as already detected by our RDF-analysis
[Fig. 2(a)].

All of the properties of the GaAs0 phase described above
are consistent with those of a distorted rocksalt one (hence-
forth called rocksaltlike structure) [28]. Having established
that a new crystalline phase actually does form, an expla-
nation of the linearity of the total potential energy follows
naturally [Fig. 1(a)]. It is the consequence of the energy
consumption required for the transformation of a GaAs
structure to a rocksaltlike one; once the critical pressure for
the transition is reached and the initial nucleus of a new
phase is formed, the total potential energy can rise with a
linear increase. This is confirmed by the fact that the
number of bond angles within the range of 80� to 95�

(characteristic of a rocksaltlike structure) increases with
penetration depth exactly in the same manner as does the
potential energy [compare Figs. 1(a) and 4]. The force-
drop and its successive rise within the pop-in [Fig. 1(b)] is
due to a decrease of stress during phase transformation and
the subsequent straining of the entire crystal, respectively.

The pop-in event has been observed in GaAs during
nanoindentation experiments on many occasions
[10,11,19]. The effect has been attributed either to dislo-
cation rosettes [10,19] or slip band formations [11], which
contradicts the results of our research. Moreover, several

 

FIG. 3 (color). Direct visualization of: the atomic positions
determined for a nanoindented (hmax � 12:12 �A) GaAs crystal
viewed along the [111] direction (a), the orientation of the GaAs
rocksalt unit cell with respect to the zinc-blende lattice (b), and
the GaAs rocksaltlike structure generated under the acting in-
denter (c). The GaAs0 ordering resembles that of a GaAs rocksalt
structure (b). The ��1 �1 �1�, �1�10�, and ��1 �1 2� directions of the zinc-
blende configuration (b) define the principal vectors ~a, ~b, and ~c
of a rocksalt unit cell, respectively. The ~c0 vector coincides with
the ��1 �1 1� direction for a rocksaltlike arrangement (c) and forms
the angle of 70.5� with the direction, in accord with the BADF
analysis [Figs. 2(b) and 2(d)]. IM defines an intermediate region
with a mixed arrangement of Ga (magenta) and As (yellow)
atoms.
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FIG. 4 (color). Depth dependence of a number of bond angles,
between 80� and 95�, characteristic of a GaAs rocksalt structure.
The obtained relationship reflects the depth-resolution of the
total potential energy E�h� [Fig. 1(a)], supporting our concept of
GaAs pop-in behavior as having its origin in phase transforma-
tion.
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declarations based on post-indentation structural investi-
gations deny any trace of a new GaAs phase. Li et al. [26],
for example, claimed that the tiny remnant amorphization
on an indented GaAs surface is all that remains after
indentation process.

To solve the apparent dilemma between our calculated
results and nanoindentation experiments, we performed
MD simulation of the entire unloading path in GaAs, which
made us discover that the GaAs rocksaltlike structure
undergoes almost complete reverse transformation to the
original zinc-blende configuration, while a tiny part of the
new phase turns amorphous during the recovery. This
closely resembles the findings by Li et al. [26], as well
as the anvil-cell experiments by Benson et al. [27], whose
pressure release experiments involved a similar GaAs tran-
sition accompanied by limited amorphization. The atom-
istic aspect of pressure-induced phase transformations was
also studied by Rino et al. [29], whose results agree with
our output. Thus, given the reversible character of the
transition, it becomes clear why the experiments were
unable to discover a transformed GaAs phase after inden-
tation. The advocates of dislocation-related pop-ins, e.g.,
Leipner et al. [10] or Bradby et al. [11], were examining
GaAs samples loaded well above the pop-in force, which
obviously activated dislocation mechanisms during the
later stages of deformation (after pop-in). One should
however keep in mind that real crystals frequently contain
defects, which may significantly affect the incipient
plasticity.

In sum, the present study shows that the origin of the
pop-in phenomenon, already well documented for GaAs
crystals, is a phase transformation from a zinc-blende
structure to a rocksaltlike one that occurs under the acting
indenter. Apart from clarifying the deformation of GaAs
during nanoindentation, it challenges the orthodox view
that the initial pop-in event always reflects a nucleation of
dislocations or their movement. What appears to be the
case is that the pop-in effect may also be caused in mate-
rials where suitable phase transformation paths exist—by
atomic rearrangement due to a phase transformation under
the acting indenter.

We thank M. Sakai, I. Yonenaga, and M. Pessa for the
invaluable discussions and gratefully admit support by the
Dean of Materials Science—K. Heiskanen. The sponsor-
ship of the Academy of Finland through the Research
Consortium NAKAMA (No. 210850) is acknowledged.
The calculations were performed at the Centre for
Scientific Computing, Finland.

*Electronic address: rnowak@cc.hut.fi

[1] S. G. Corcoran, R. J. Colton, E. T. Lilleodden, and W. W.
Gerberich, Phys. Rev. B 55, R16057 (1997).

[2] D. F. Bahr, D. E. Kramer, and W. W. Gerberich, Acta
Mater. 46, 3605 (1998).

[3] J. Li et al., Nature (London) 418, 307 (2002).
[4] I. Szlufarska, A. Nakano, and P. Vashista, Science 309,

911 (2005).
[5] A. Guldstone, K. J. Van Vliet, and S. Suresh, Nature

(London) 411, 656 (2001).
[6] A. Schuh, J. K. Mason, and A. C. Lund, Nat. Mater. 4, 617

(2005); J. K. Mason, A. C. Lund, and C. A. Schuh, Phys.
Rev. B 73, 054102 (2006).

[7] G. L. W. Cross et al., Nat. Mater. 5, 370 (2006).
[8] D. M. Dimiduk et al., Science 312, 1188 (2006).
[9] P. Schall, I. Cohen, D. A. Weitz, and F. Spaepen, Nature

(London) 440, 319 (2006).
[10] H. S. Leipner et al., Physica (Amsterdam) 308B–310B,

446 (2001).
[11] J. E. Brandby et al., Appl. Phys. Lett. 78, 3235 (2001).
[12] K. Nordlund et al., Phys. Rev. B 57, 7556 (1998).
[13] K. Nordlund et al., Nature (London) 398, 49 (1999).
[14] See EPAPS Document No. E-PRLTAO-98-054704 for

details of the applied MD procedure and the slip-vector
analysis. For more information on EPAPS, see http://
www.aip.org/pubservs/epaps.html.

[15] J. F. Ziegler, J. P. Biersack, and U. Littmark, The Stopping
and Range of Ions in Matter (Pergamon Press, New York,
1985).

[16] K. Albe, K. Nordlund, J. Nord, and A. Kuronen, Phys.
Rev. B 66, 035205 (2002).

[17] J. A. Zimmerman, C. L. Kelchner, P. A. Klein, J. C. Hamil-
ton, and S. M. Foiles, Phys. Rev. Lett. 87, 165507 (2001).

[18] C. F. Sanz-Navarro, S. D. Kenny, and R. Smith,
Nanotechnology 15, 692 (2004).

[19] E. Le Bourhis et al., J. Mater. Res. 19, 131 (2004).
[20] S. T. Weir, Y. K. Vohra, C. A. Vanderborgh, and A. L.

Ruoff, Phys. Rev. B 39, 1280 (1989).
[21] A. Mujica, R. J. Needs, and A. Munoz, Phys. Rev. B 52,

8881 (1995).
[22] R. Nowak, M. Fujikane, S. Kucharski, and T. J. Wyrobek,

Phys. Rev. Lett. (to be published).
[23] R. Nowak et al., Appl. Phys. Lett. 83, 5214 (2003).
[24] R. Nowak, T. Sekino, and K. Niihara, Philos. Mag. A 74,

171 (1996).
[25] R. Nowak, T. Sekino, and K. Niihara, Acta Mater. 47,

4329 (1999).
[26] Z. C. Li et al., Mater. Lett. 55, 200 (2002).
[27] J. M. Besson et al., Phys. Rev. B 44, 4214 (1991).
[28] The phase transition from the zinc-blende to the rocksalt

structure can be understood as follows. When one locates
the principal vectors ~a, ~b, and ~c of rocksalt unit cell along
the ��1 �1 �1�, �1�10�, and ��1 �1 2� directions of zinc-blende
lattice [see Fig. 3(b)], and subsequently deforms the
obtained GaAs rocksalt cell in such a way as to secure
coincidence of the ~c0 and ��1 �1 1� directions [Fig. 3(c)], the
structure created under the acting tip is achieved.

[29] J. Rino et al., Phys. Rev. B 65, 195206 (2002).

PRL 98, 045502 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
26 JANUARY 2007

045502-4


