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A B S T R A C T

Through constant-pressure ab initio simulations, we have uncovered high-pressure phase transformations in
amorphous indium nitride for the first time. Our results reveal a distinct two-step progression under compression.
Initially, a polyamorphic transition occurs, where the low-density amorphous (LDA) phase transforms into a
high-density amorphous (HDA) phase. This HDA structure remains stable in some pressure range and then
crystallization initiates, leading to a rocksalt configuration. Upon decompression, the HDA phase reverts to an
amorphous network with a slightly higher density and coordination number than the initial LDA state.

1. Introduction

Indium nitride (InN) stands out as a promising semiconductor ma-
terial due to its unique properties, including a small effective electron
mass, high carrier mobility, high saturation velocity, and narrow
bandgap [1–5]. These attributes make InN ideal for high-performance
applications in electronics, such as high-electron mobility transistors,
optoelectronic devices, and highly efficient solar cells [6–8]. However,
producing high-quality InN thin films through epitaxial growth presents
significant challenges.

In contrast to crystalline InN, amorphous InN (a-InN) might offer an
alternative material that may bypass some of these challenges. Amor-
phous materials, due to their simpler fabrication processes, can be easier
to produce and can offer advantages such as lower cost and flexibility.
So, a-InN might be a promising alternative to crystalline InN, with po-
tential in electronic devices akin to thin-film III-nitrides such as AlN and
GaN. In response, some efforts have been directed toward the synthesis
and characterization of a-InN thin films [9,10]. Ab initio simulations
[11] have provided detailed structural insights, indicating that a-InN is
chemically ordered with an average coordination number of about 4.0.
Unlike crystalline InN, however, a-InN includes unique structural
motifs—specifically edge-sharing tetrahedra—that do not appear in the
crystalline form, underscoring the distinctive bonding environment of
the amorphous phase.

Under ambient conditions, InN crystallizes in the hexagonal wurtzite
(WZ) structure and it undergoes a structural transition to a rocksalt (RS)
phase at about 10–13 GPa, accompanied by a substantial volume
collapse of approximately 17–20 %. [12–14] Recently, high-pressure
cycling studies at 20 GPa reported amorphization of InN [15].

While the high-pressure response of WZ-InN is well-documented, the
behavior of a-InN under similar conditions is not yet entirely under-
stood. In this work, we examine the high-pressure behavior of a-InN
through ab initio constant-pressure simulations, providing new insights
into its structural evolution and stability under compression.

2. Method

We employed an ab initio technique [16] with a local density
approximation through the Ceperley and Alder functional [17] as
parameterized by Perdew and Zunger [18] to study high-pressure sim-
ulations on a-InN. Troullier-Martins pseudopotentials [19] were used,
with In 3d states treated as core electrons. Simulations were conducted
under constant pressure using the NPH ensemble with the power
quenching technique. The electronic structure was represented with
double zeta plus polarization (DZP) basis sets, and Brillouin zone sam-
pling was limited to the Γ point. Pressure adjustments were executed via
the Parrinello-Rahman method [20], with structural relaxation
continued until the maximum atomic force was below 0.01 eV/Å. Due to
the structural similarities between a-AlN and a-InN, we based the gen-
eration of our a-InN model on an established a-AlN configuration [21].
After performing relaxation, the resulting structure aligned well with
previously reported data on a-InN [11].

3. Results

The equation of state (EOS) for a-InN, as illustrated in Fig. 1, reveals
two significant volume collapses, each corresponding to a first-order
phase transition. Initially, the volume decreases gradually under
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compression until a pronounced collapse occurs at 21 GPa. Upon further
compression, the volume continues to decrease steadily until a second
marked collapse is observed at 33 GPa. These findings indicate that a-
InN undergoes two distinct first-order phase transitions at these pressure
points.

To monitor pressure-induced changes, we first use pair distribution

function (PDF) analysis (Fig. 2), revealing that a-InN maintains its
amorphous nature up to 33 GPa. At this pressure, distinct long-range
correlations emerge, marking a shift toward a more ordered structure.
Visual examination of the structure at 33 GPa (Fig. 3) using the VESTA
program [22] suggests the onset of crystallization; however, structural
defects and coordination irregularities prevent clear symmetry identi-
fication. Drawing on high-pressure behavior observed in WZ-InN, we
postulate that this high-pressure phase may adopt an imperfect RS
structure.

Since the material remains amorphous up to 33 GPa, the transition
accompanied by a large volume collapse at 21 GPa likely represents an
amorphous-to-amorphous transformation, specifically a shift from a
low-density amorphous (LDA) to a high-density amorphous (HDA)
phase, a phenomenon identified as polyamorphism. This interpretation
is reinforced by coordination number analysis: as shown in Fig. 4, the
coordination numbers gradually rise between 6 and 18 GPa, followed by
a sharp increase to 4.7 at 21 GPa, consistent with an LDA-to-HDA
transition. Further compression of the HDA phase raises progressively
the coordination number and a sudden jump to approximately 6.0 at 33
GPa.

Additional insights into these transitions are provided by coordina-
tion distribution analysis, shown in Fig. 5. At ambient pressure, both In
and N atoms have an average coordination number of 4.027, with 90 %
of In and 94% of N atoms in fourfold coordination. The remaining atoms
show either threefold or fivefold coordination (3.3 % of In and 1.85 % of
N are threefold; 6.5 % of In and 4.62% of N are fivefold), consistent with
previous models [11]. Around 6 GPa, fivefold coordination begins to
increase. In the HDA phase, approximately 60 % of In atoms exhibit
fivefold coordination, with around 7 % showing sixfold coordination;
the rest remain fourfold coordinated. For N atoms, about 51 % display
fivefold and 12 % sixfold coordination, while 36 % retain tetrahedral
coordination. The HDA phase also shows a single N–N bond, which is
preserved through both crystallization and decompression processes. At
33 GPa, the majority of atoms (90 % of In and 95 % of N) achieve sixfold
coordination, with a minor fraction (6.2 % of In and 1.85 % of N)
reaching sevenfold coordination.

Bond angle distribution functions (BADFs) in Fig. 6 provide further
insights into structural changes under pressure. For the LDA phase, the
bond angle distribution deviates from the ideal tetrahedral angle of
109.47◦, showing broad peaks around this value alongside unexpected
subpeaks at 88◦–90◦ and larger angles, indicative of local structural
motifs like edge-sharing fourfold rings, as observed in nitrogen-based
amorphous materials such as AlxGa1-xN and GaN [23,24]. As pressure
increases, the main peak in the BADFs shifts toward smaller angles,
reflecting bond geometry distortion. This shift intensifies during the
LDA-HDA transformation, where the primary peak centers around 90◦,
suggesting a significant structural rearrangement. At pressure of 33 GPa,
sharper peaks emerge at 90◦ and 180◦, signifying a crystalline-like
ordering akin to the RS phase.

To investigate the nature of the LDA-HDA phase transformation, we
gradually release pressure from 30 GPa, revealing a clear hysteresis ef-
fect (Fig. 1). The recovered model retains its amorphous characteristics,
as indicated by the absence of long-range correlations (Fig. 2) and a
partial recovery in volume, settling at approximately 4% greater density
than the initial uncompressed structure (see Fig. 1). Coordination
analysis shows that in the recovered amorphous structure, approxi-
mately 80 % of In atoms and 84 % of N atoms form tetrahedral con-
figurations, while a smaller fraction (~15 %) exhibit fivefold
coordination. This leads to an average coordination number of 4.14 for
In atoms and 4.16 for N atoms. These results indicate that the recovered
model retains some structural motifs from the high-pressure phase.
However, since the tetrahedral arrangements largely reestablish them-
selves, the LDA-HDA transformation in a-InN can be classified as a
reversible phase transition.

In Fig.7, we present a comparison of the partial pair distribution
functions (PDFs) and bond angle distribution functions (BADFs) of the

Fig. 1. The EOS of a-InN exhibits two volume collapses at 21 GPa and 33 GPa,
corresponding to first-order phase transitions. A hysteresis loop upon pressure
release from 30 GPa, just before the second collapse, shows partial volume
recovery, with the final structure having a density approximately 4 % higher
than the initial state.

Fig. 2. Total pair distribution function (PDF) of a-InN at various pressures.
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Fig. 3. Ball-and-stick models illustrating a-InN structures at different pressure levels.
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uncompressed and recovered models. The first peak in the PDFs for both
models is consistently located at 2.17 Å, indicating no significant change
in the In-N bond length. However, a slight shift in the second-neighbor
peak from 3.523 Å to 3.423 Å is observed in the recovered model,
suggesting subtle rearrangements in the intermediate atomic
environment.

Analysis of the bond angle distributions reveals no substantial
change in the In-N-In bond angle. However, the main peak of the N-In-N
distribution shifts slightly to approximately 105◦ in the recovered
model, indicating a minor distortion in the local bonding geometry.

To gain deeper insights into the structural changes, a detailed anal-
ysis of the tetrahedral network is conducted using the ISAACS code [25].
Due to the presence of fivefold coordination in the recovered model, a
decrease in the total number of tetrahedra is observed. Specifically, the
number of tetrahedra reduces from 97 to 87 for In atoms and from 101 to
90 for N atoms. The connectivity of these tetrahedra also exhibits subtle
variations. In the uncompressed model, the fractions of corner-sharing
and edge-sharing tetrahedra are 91.49 % and 8.51 % for In atoms, and
91.03 % and 8.97 % for N atoms, respectively. In the recovered model,
these fractions shift to 96.91 % and 3.09 % for In atoms, and 96.18 %
and 3.82 % for N atoms, respectively. This indicates a slight decrease in
edge-sharing tetrahedra and a corresponding increase in corner-sharing
tetrahedra in the recovered model.

Based on these observations, we conclude that the recovered and
uncompressed models are structurally similar, with only minor differ-
ences in tetrahedral connectivity and local atomic arrangements. These
results suggest that the recovery process preserves the overall structural
integrity of the tetrahedral network while introducing slight modifica-
tions in bonding topology.

4. Discussion

Disordered materials often undergo complex phase transitions under
pressure, including amorphous-to-amorphous (LDA-HDA) transitions
[26–43] and, in some cases, pressure-induced crystallization [44,45].
The LDA-HDA phase transformation can be either first-order or gradual,
with gradual transitions being more commonly observed in amorphous
compounds. Under further compression, the HDA phase typically
evolves into a very high-density amorphous (VHDA) phase [28,31,42].
In certain cases, such as in AlN [46], crystallization can occur, though it
is rare. Continued compression of the VHDA phase may eventually lead
to crystallization, following the sequence LDA → HDA → VHDA →
crystal [31,32].

In this work, we observe a distinct two-step transformation in a-InN
under pressure. Compared to previous high-pressure studies on amor-
phous compounds, our findings reveal unique behaviors in the high-
pressure response of a-InN. First, the first-order nature of the LDA-
HDA transition in a-InN is especially notable, as such transitions are
rarely observed in typical amorphous compounds. Second, the LDA →
HDA → crystal transformation pathway obtained in this study is
particularly rare and not commonly encountered in other amorphous
materials.

We attribute the first-order amorphous-to-amorphous phase transi-
tion and subsequent crystallization of a-InN to the emergence of
chemical ordering and the formation of bonding motifs that deviate
from the ideal tetrahedral characteristic of the LDA phase. The mate-
rial’s inherent resistance to forming homopolar bonds (In-In and N-N),
combined with the presence of specific local structural features, such as
edge-sharing units, likely contributes to the observed volume collapses,
thereby driving the first-order phase transitions. Additionally, these
structural motifs, coupled with pressure-induced changes, appear to
play a pivotal role in enabling the transformation from an amorphous to

Fig. 4. Change in coordination numbers with pressure in a-InN. Fig. 5. Coordination distribution of a-InN as pressure increases.
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a crystalline phase.
Our simulations suggest that the LDA-HDA transition in a-InN is

largely reversible. On decompression, the material returns to an amor-
phous phase that retains some structural features from the high-pressure
states. This persistence may reflect limitations inherent to the simulation
process. Consequently, these high-pressure features suggest that the
LDA-HDA transition is likely reversible in practice, though experimental
confirmation under real-world conditions is necessary to fully under-
stand a-InN’s pressure sensitivity.

The Parrinello-Rahman method employed in our simulations is
recognized for its tendency to overestimate transition pressures, largely
due to certain limitations inherent to the simulation setup. These include
the use of periodic boundary conditions, the absence of impurities in our
model, and the relatively rapid pressurization rates applied in simula-
tions. Therefore, we anticipate that these phase transformations would
likely occur at lower pressures under real-world conditions.

5. Conclusion

Our ab initio constant-pressure simulations have revealed the high-
pressure phase behavior of a-InN, exposing a distinct two-step trans-
formation under compression. Initially, the LDA phase undergoes a
polyamorphic transition to a HDA phase. This HDA structure remains
stable within a certain pressure range, and upon further compression,
crystallization occurs, resulting in a RS-like structure. Upon decom-
pression, the HDA phase returns to an amorphous state, exhibiting a
slightly higher density and coordination number compared to the initial
LDA configuration. Notably, the LDA-HDA transition appears to be
largely reversible, with the material retaining some features of its high-
pressure structure after decompression. These findings highlight several
unique behaviors in a-InN’s high-pressure response, including the rare
occurrence of a first-order LDA-HDA transition and the subsequent

crystallization into an RS structure, which sets it apart from typical
amorphous compounds. While the simulation results provide valuable
insights into the pressure-induced structural evolution of a-InN, further
experimental studies are needed to confirm the high-pressure response
of the material.
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