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Abstract

Compared to the widely investigated crystalline polymorphs of gallium oxide (Ga,0,), knowledge about its amor-
phous state is still limited. With the help of a machine-learning interatomic potential, we conducted large-scale atom-
istic simulations to investigate the glass transition and mechanical behavior of amorphous Ga,0, (a-Ga,0;). During
the quenching simulations, amorphization of gallium oxide melt is observed at ultrahigh cooling rates, including a dis-
tinct glass transition. The final densities at room temperature have up to 4% variance compared to experiments. The
glass transition temperature is evaluated to range from 1234 K to 1348 K at different cooling rates. Structural anal-
ysis of the amorphous structure shows evident similarities in structural properties between a-Ga,O, and amorphous
alumina (a-Al,0O,), such as radial distribution function, coordination distribution, and bond angle distribution. An
amorphous gallium oxide structure that contains approximately one million atoms is prepared for the tension simula-
tion. A highly plastic behavior is observed at room temperature in the tension simulations, comparable to amorphous
alumina. With quantitative characterization methods, we show that a-Ga, O, can possibly has a higher nucleation rate
of localized plastic strain events compared to a-Al,O,, which can increase the material’s resistance to shear banding
formation during deformation.
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1. Introduction conditions such as under high hydrostatic pressure or by
ultra-fast cooling rate [3| /4]. Additionally, Frankberg et

Oxide glass materials are widely used in industry and al. reported that thin films of amorphous alumina (a-
daily life because of tbeir di\./er'se f.unctlonal.ltles [ 2. AlL,0O;) exhibit plastic behavior under shear and com-
HOV&{GVCI‘,.OI.IG of the. l?lggest hmltatl(?n of thelr. wider us- pression as well as in tension at room temperature.
age is their incapability in load bearing, despite of their Combined with computational results, they confirmed
extraordinary theoretical strength-to-density ratio. This that time-dependent viscous creep is the dominant plas-
is because these materials are generally considered brit- tic deformation form and proposed an atomistic bond-
tle and flaw sensitive at room temperature due to the switching mechanism that plays an essential role medi-
lack of an effective plastic deformation mechanisms. ating the plastic deformation [3]. Microscopically, the
For example, unlike crystalline materials, the disloca- bond switching occurs by the nucleation of localized
tion mediated deformation mechanisms do not exist in plastic strain events (LPSEs), and at lower strain rates
oxide glass materials. Nevertheless, recent discoveries the plasticity is distributed more homogeneously in the
have shown that some oxide glasses exhibit plasticity volume, while at higher strain rates the plasticity is con-
via diffusion based mechanisms. Amorphous silica is strained to form shear bands [6]. Large-scale compu-
generally known as a brittle material, but computational tational characterization methods are especially impor-
studies have reported that it can show plasticity at room tant for investigating plastic deformation mechanisms
temperature if prepared under certain non-equilibrium in amorphous materials, because small-scale methods

suitable for crystalline materials, such as ab initio cal-
culations, can hardly be used for non-crystalline mate-
rials due to their lack of structural periodicity. More-
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over, as the lifetime of a single LPSE is some nanosec-
onds and includes a small amount of atoms at a time,
this is usually beyond the characterization capability of
short-range structural analyzing methods. Therefore, to
overcome this challenge, different computational char-
acterization methods have been proposed to provide a
quantitative indication of the plasticity in amorphous
materials, such as topological constraint theory [7, (8],
Dfnin analysis [9]], ring statistics [10, [11], and coarse-
grained analysis [12]. Each of them come with ad-
vantages and disadvantages in quantitatively character-
izing the plasticity and disclosing the medium-range
structural information and combining different methods
make the formidable challenge of quantifying and com-
paring plasticity across different oxide glass materials
more feasible.

Beyond the existing studies of low-temperature plas-
ticity in amorphous silica and alumina, the current body
of literature offers limited coverage on other diatomic
oxide glass materials. This study is dedicated to char-
acterize Ga,O, which has analogous crystalline phases
with AL,O, [13]. In addition, Ga** and AI** cations
have distinct chemical similarity and outer electron
structure and oxides of Ga and Al form solid solutions
together without phase changes [[14]. Due to this simi-
larity, these two materials are often investigated together
and compared with each other [15] 16, [17]. Among
the known crystalline phases, the a, 8, vy, d, and «
phases are the (meta-)stable and clearly distinguishable
ones, apart from amorphous Ga,0; (a-Ga,0;). Crys-
talline gallia is a promising semiconductor material be-
cause of its ultrawide bandgap (~4.85-5.35 eV) [18]],
while a-Ga,0O; is a novel functional material, candidate
for photodetectors [19} 20, 21]]. Experimental studies
on crystalline Ga,O, have become increasingly popu-
lar in recent years, but a-Ga,O; has been studied only
at a limited level. As a poor glass former, again sim-
ilar to Al,O,, the synthesis of a-Ga,O; requires non-
equilibrium conditions, such as ultrahigh cooling rates,
which limits the available synthesis methods and size of
the sample that can be obtained with the current tech-
nology.

From a computational perspective, density functional
theory (DFT) and ab initio molecular dynamics (AIMD)
methods have been extensively used in investigating
Ga,0; and can provide data of high accuracy [22, 23|
241 [17),25]]. However, the high computing power cost of
DFT and AIMD methods makes a larger-scale computa-
tional study of Ga,O, impossible. Characterizing plas-
ticity especially benefits from large-scale atom systems
in order to avoid the occurrence of finite-size effects,
as been observed when investigating other amorphous

oxide materials [3} 26]. Therefore molecular dynamics
(MD) studies at a larger scale (more than 10* atoms)
have become of great importance in studying plasticity
in amorphous oxides [27, 28]].

Machine-learning (ML) methods are emerging as im-
portant and efficient tools in interatomic potential (IAP)
development [29]. From a large enough DFT calcula-
tion database, it is possible to obtain an IAP that has
accuracy comparable to ab initio methods and is highly
efficient to compute at the same time. IAPs for specific
crystalline phases of Ga,O, have already been devel-
oped [30, 31]. Recently, a low-dimensional tabulated
Gaussian approximation potential (tabGAP) aimed to
provide a solution for the universal atomistic studies
of Ga,0; was developed [32]. With the help of this
ML-IAP, it is now possible to extend the computational
studies on amorphous Ga, O, to larger length and time
scales, avoiding finite-size effects when investigating
the plastic deformation behavior. MD simulations with
the ML-IAP can provide an accurate prediction regard-
ing the mechanical behavior and mechanisms of plas-
ticity in amorphous Ga,Q,, providing a deeper under-
standing of the fundamental mechanisms and facilitat-
ing future experimental studies to validate these results.

In this work, we computationally prepared a-Ga,O,
with the ML-IAP through a melt-quenching scheme.
The obtained structure was characterized and compared
with existing literature on amorphous Ga,0,. Next,
tensile test simulations were conducted on large-scale
amorphous structure including approximately one mil-
lion atoms to investigate the mechanical behavior and
plasticity of a-Ga,O,. Plasticity observed under tension
was quantitatively characterized and compared with ear-
lier experimental and computational results on a-Ga, O,
and on a-Al,O;, the latter being a well-known amor-
phous oxide capable of significant ductility at room tem-
perature [S]. We show that a-Ga,O; shows similar low
temperature plasticity as a-Al,O, suggesting that high
ductility is not unique to a-Al,O; but can be generalized
to other amorphous oxides that fulfill the criteria intro-
duced here to be shared between a-Al,O, and a-Ga,O,.

2. Methodology

2.1. Preparation of the Amorphous Structure

Melt-quenching molecular dynamics (MD) simula-
tions on Ga,0O; is performed under various cooling
rates. To control the computing resource needed, a
stoichiometric system with 48,000 randomly gener-
ated atoms is first heated up to 3000 K and equili-
brated for 50 ps. Then the structure is cooled down



to 300 K with desired cooling rate and then equili-
brated for another 50 ps. Periodic boundary condi-
tions and isothermal-isobaric (NPT) ensemble is ap-
plied to the system throughout the simulation. Temper-
ature and pressure is controlled using the Nosé-Hoover
algorithm [33]. Four independently prepared structures
are used in the glass transition analysis. All MD simula-
tions are performed using the LAMMPS code [34] with
the recently developed general-purpose ML-IAP (tab-
GAP) for Ga, O, [32].

Another a-Ga,O; structure with significantly larger
dimensions is prepared for the tensile test simulations
using a cooling rate of 1 x 10'> K/s. The final size of
this structure is 11.3 x 13.3 x 73.9 nm® with 960,000
atoms, as shown in Figurem
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Figure 1: Amorphous structure with 960,000 atoms after melt-
quenching. Gallium and oxygen atoms are colored in yellow and
blue, respectively. The gray arrow indicates the direction of the tensile
force, Fiensile-

To compare the mechanical behavior, an a-Al,0,
bulk structure with 960,000 atoms is created in a sim-
ilar melt-quenching fashion as described in Ref. [35]]. A
Buckingham-form IAP developed by Matsui is used for
a-Al, O, simulations [36].

2.2. Tensile Test Settings

During the tensile simulations, structures are de-
formed along the long axis. Periodic boundary condi-
tions were applied to the system. The NPT ensemble is
applied on dimensions orthogonal to the tensile defor-
mation, the temperature and pressure is kept at 300 K
and O bar during the stretching using the Nosé-Hoover
algorithm. The simulation box is deformed every MD
timestep (1 fs) without remapping the atom coordinates.
The strain rate is 5 X 10% s~!, and the simulation box is
stretched to a maximum of 50% engineering strain. In
this work, we use engineering strain and true stress in
all results. The strain is defined as:
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where Ly is the original length of the system and L is the
length at a given strain. True stress is equivalent to the
momentary tensile force divided by the cross-sectional
area perpendicular to the tensile axis at the correspond-
ing moment. Radial distribution function (RDF), bond
angle distribution (BAD) and coordination distribution
(CD) are analyzed using the OVITO analysis and visu-
alization software [37]. For CD and BAD analyses, a
cutoff distance of 2.3 A is used for both a-Ga,0; and
a-Al,O;, which is the first minimum in the RDFs.

2.3. Characterization of Plasticity

Based on the tensile simulation results, local plas-
tic strain (D2 ) is calculated in a-Ga,O5 and a-Al,Oj.
Dﬁlm is the minimum of the non-affine squared displace-
ment as introduced by Falk and Langer [9] and has been
proven useful in capturing plastic deforming regions. In
this work, we calculate momentary Dﬁﬂ.n, which means
that the reference configuration changes with the con-
figuration to be analyzed. A constant 1% strain is used
between these two configurations. The same cutoff dis-
tances used in Dﬁnn analysis are 3.0 A, 4.6 10\, and 6.0
A

Based on the Drznm analysis, the concept of LPSE:s is
defined in Refs. [516]. Although the size of LPSEs can
vary a lot, here we define the LPSE according to Ref. [6]
to make a meaningful comparison to earlier results with
a-Al,O;. Therefore, LPSE refers here to an atom clus-
ter that has more than 200 atoms that each have a Drznin
higher than the threshold value. To quantify the occur-
rence of these events, cluster analysis is performed on
the atoms fulfilling the LPSE definition. The threshold
value equals two times the average momentary Dﬁﬂ.n of
the system and would dynamically change during the
tensile test. The total amount of atoms included in the
clusters and the size distribution of the clusters are then
further compared.

The polyhedral analysis is performed in a way pro-
posed by Zhang et al. [12]. Polyhedron in this work
indicates a structure that has one center cation and mul-
tiple bonded oxygen atoms. According to the way
they connect, polyhedra are classified as corner-sharing
(CS), edge-sharing (ES), and face-sharing (FS).

3. Results

3.1. Amorphization and Glass Transition of Gallium
Oxide

The four cooling rates (g) used in the melt-quenching
fashion preparation of a-Ga, O, structures were 1 X 1010
K/s, 1 x 10" K/s, 1 x 10'? K/s, and 1 x 103 KJs.



Figure [2a) presents the mass density (o) and atomic
density of a-Ga,O; as functions of temperature during
quenching. At 3000 K, liquid Ga,O; has a density of
3.2 g/cm®. Above 1800 K, curves of density under dif-
ferent cooling rates overlap with each other, showing a
linear increase with decreasing temperature. As temper-
ature decreases below 1800 K, the increase of density
slows down and the curves start to diverge from each
other, leading to differences at the final temperature of
300 K. The highest cooling rate produced a density of
4.96 g/cm?, and the lowest cooling rate 5.05 g/cm?, with
a 2% difference. At 300 K, the a-Ga, O, densities show
approximately a 4% difference with recent experimental
results of 4.78 to 4.84 g/cm3 [16}31], consistent with the
density range reported earlier [38]. However, we also
report a different density of approximately 4.25 g/cm?
at 2100 K, which is lower than the reported experimen-
tal value of 4.84 g/cm? [39].

Regarding the atomic density, at the chosen cooling
rates we obtain atomic densities ranging from 79 to 81
atoms per nm® at 300 K. Results show that though a-
Ga,0; has a significantly higher mass density due to
heavier Ga atoms, its structure is not as closely packed
as a-Al,O;, which has an atomic density of approxi-
mately 97 atoms per nm? at 300 K [40].

The potential energy (E,) as a function of tempera-
ture for all cooling rates is presented in Figure 2Jb). At
all cooling rates, potential energy shows a continuous
and smooth decrease without abrupt change, indicating
a transition from liquid to amorphous state instead of
crystallization. The evident difference of gradients at
high- and low-temperature parts of the curves indicates
possible glass transition during the quenching. We de-
termined the glass transition temperature (T) by sepa-
rately fitting the high- and low-temperature parts of the
E,-T curve using a linear function. T is determined as
the intersection point of the two fitted lines ranging be-
tween 1234 to 1348 K and showing high dependence on
the cooling rate.

A number of models have been proposed to de-
scribe the correlation between viscosity and tempera-
ture of glass-forming materials, from which the cor-
relation between glass transition point and cooling
rate can possibly be derived. Among them, the Vo-
gel-Fulcher—-Tammann (VFT) model is an early and
widely used one, but is also believed to behave poorly
for fragile glass formers [41} 42} 43| [44]. The Mauro-
Yue-Ellison-Gupta-Allan (MYEGA) model is a newer
model that has been shown to behave better for poor
glass formers [45]. The correlation between T and ¢ is
based on Maxwell’s expression between relaxation time

and viscosity:

T=—, 2

oo @)

where G, is the instantaneous shear modulus, and the

assumption of an inverse correlation between the relax-
ation time and cooling rate:

T
== 3)
q 1=T,

where T is a constant. Least-squares method curve fit-
ting is performed with the following equations and re-
sults are shown in Figure [2{c). For the VFT model, the
fitting function is:

A
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where A, B and T are fitting parameters. From our data,
we obtain A = 305.636 K, B = 1.9679 x 10715 g/K,
Tp = 1168.87 K. For the MYEGA model, the fitting
function is:

B C
log;o(q) = A - T_g eXP(T—g)» ©)

where A, B and C are the fitting parameters. And here
we obtain A = 13.4607 K/s, B = 7.1997 x 1077 K?%/s,
C = 2.7763 x 10* K. We see from Figure c) that both
models can give a smooth fit to the T, values obtained
from our simulations. The MYEGA model predicts
slightly higher T, at ¢ > 10" K/s, and lower predic-
tion of Ty at g < 10'° K/s, compared to the VFT model.
The steeper increase of predicted T at high ¢ region is
reasonable if we consider the significant artifacts that
have been observed in amorphous silica when prepared
ata g = 10" K/s [46]. It is possible that the behavior of
the structure detaches quickly from a predictable behav-
ior beyond ¢ > 10" K/s and such cooling rates remain
out of experimental reach. At the low g region, verify-
ing the performance of the model is challenging because
of the occurrence of crystallization. For a-Al,O;, crys-
tallization has been observed at a computational cool-
ing rate of 10' K/s [40]. Although not observed in this
computational work, a-Ga,O; is also assumed to require
extreme cooling rates to remain amorphous, due to its
reported strong tendency for crystallization [32]147]].

3.2. Tensile Test

Tensile test simulations are performed using a large-
scale amorphous structure prepared with ¢ = 1 x 10'2
K/s to avoid possible finite-size effects. The structure
is elongated to 50% engineering strain at a strain rate
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Figure 2: (a) The mass density (o) and atomic density of the Ga, O, structure as a function of temperature, with different cooling rates. (b) Potential
energy (E}) as a function of temperature during cooling, with different cooling rates. (c) Fit of the Ty data evaluation from potential energy change

to the VFT and the MYEGA model.

of 5 x 10% s7!. In Figure a), we present the stress-
strain results, including data of a-Al,O, obtained un-
der the same conditions. For both structures, the tensile
stress first increases linearly with strain until the yield-
ing. From the elastic deformation region, the Young’s
modulus of a-Ga, O, is calculated by a linear fitting of
the first 1% of the stress-strain curve. For a-Ga,0;, we
obtain the Young’s modulus of 113.74 +0.22 GPa. As a
comparison, the elastic modulus evaluated from nanoin-
dentation experiments ranges from 100 to 220 GPa [4§]].
The yielding occurs later in both structures and they
reach maximum stresses of 6.2 GPa for a-Ga,0O; and
6.6 GPa for a-Al,O,. After yielding, the stress gradu-
ally decreases and levels to a steady state flow stresses
of 3.9 GPa for a-Ga,0O; and 4.2 GPa for a-Al,0O; mea-
sured at 50% strain. While a-Ga, O, has a slightly lower
strength, it also shows further minor softening during
the steady state flow up to 50% strain.

Fi gurea) also presents the average momentary Dfnin
measured during the tensile tests. Note that the Dfmn

results between a-Ga,0O; and a-Al,O; are comparable

here because we are able to use the same cutoff distance
(rcur) when performing the D?ni , analysis, which will be
discussed later. In comparison, we see that these two
materials have similar average Dﬁﬂ.n results. Atoms in
a-Al,O; response to strain slightly faster than a-Ga, O,
as indicated by the momentary DIZnin value increase at a
range of 2-10% strain, while a-Ga,O, shows a slightly
higher average during the steady state flow at range of
20-50% strain. No other significant difference in plas-
ticity can be confirmed from the average momentary
Dfnin results. To obtain a quantitative comparison of the
plastic deforming ability between these two materials,
further characterization is needed.

Figure [3(b) shows the correlation between relative
deformation in directions parallel (Z-axis) and perpen-
dicular (Y-axis) to the tensile force. Similar to the
stress-strain curve, a correlation with a linear function
(dashed line) between the length changes can be ob-
served up to 10% engineering strain, while after 10%
the values start to diverge from linearity. The Pois-
son’s ratios (v) are calculated from the 1% strain of
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Figure 3: (a) Stress (solid lines) and average momentary (Dﬁli o dashed lines) as functions of strain during tensile test. The Young’s modulus is

calculated from the linear fitting of the first 1% of the curve. The D[znin

is calculated with rey = 4.6 A. (b) Volume change on the dimension

orthogonal to the strained dimension as a function of the volume change on the strained dimension in both a-Ga,O; and a-Al,O;. The Poisson’s
ratio of a-Ga, Oy is fitted from the first 1% strain (Az/z < 0.01) data of a-Ga, O;.

the data. The result is 0.3253 for a-Ga,O;, and 0.3215
for a-Al,O;. The measured Poisson’s ratio corresponds
approximately to that of metallic aluminum alloys and
such high values of the ratio have been connected to in-
creased shear deformation ability of amorphous oxide
materials [49] |5]. In addition, Poisson’s ratio has been
reported to have the following correlation with a glass
former’s fragility, which can be used to classify liquids
into strong or fragile glass formers [50]:

m—17 = 29(% _ ©)

where By is the bulk modulus, G is the shear modulus,
and m is fragility. The correlation between By, G, and v
is formulated as:

% _ % 1+v ’ 7

(1-2v)

thus the value of By/G can be calculated to be 2.5287
for a-Ga,0;, and 2.4678 for a-Al,0;. The fragility is
then calculated as 61.3328 for a-Ga, O, and 59.5658 for
a-Al,O,. Direct estimation of fragility is difficult be-
cause the high viscosity at temperatures near 7, makes
the time cost unaffordable. Therefore, from the data
in a much higher temperature range, the fragility of a-
Al,O; has been estimated by fitting the super-Arrhenius
response in the Angell plot [51], leading to the result
of approximately 40. Therefore, both a-Ga,O, and a-
Al,O; can be classified as fragile glass formers based
on the simulation data.

3.3. Structural Analysis
After obtaining the strained structure, a complete
characterization is performed to verify that the structure

prepared for tensile test simulation is amorphous, and
investigate the influence of strain on the structural fea-
tures. We compute the RDF and BAD results for the
four conditions: liquid (3000 K), near the T, (1000 K),
room temperature (unstrained, 300 K), and 50% strain
(strained, 300 K). Results are shown in Figure a—f).
The RDF results show that for all structures there is a
clear convergence to g(r) = 1 as the pair distance in-
creases, confirming the absence of ordering in the long
range. The RDF and pairwise partial RDFs (PRDFs) of
liquid Ga,O; show evident differences from the other
three structures [Figure Eka-d)], and much wider peaks
can also be observed in the BAD plots [Figure e, )].
This is due to the low density and high mobility of the
system at high temperature. In comparison, from 1000
K to 300 K, only minor differences are observed, which
confirms the occurrence of glass transition above this
temperature range between 1000 and 3000 K. At 300 K,
the first g(r) peak values for Ga-O, Ga-Ga, O-O pairs
appear at 1.90 A, 3.31 A, and 2.95 A, respectively. Al-
though the structure is quenched without fixing the vol-
ume as constant, the RDF results are closely related to
the DFT results reported earlier [31]. Comparing un-
strained and strained results at 300 K, we see that strain
has only a minor influence on the RDFs and PRDFs.

The BADs of the O-Ga-O and Ga-O-Ga triplets are
presented in Figure Efke-f). For liquid Ga,O;, both the
0-Ga-O and Ga-O-Ga bond angles have a broad distri-
bution with a single peak value around 100°. From 1000
K to 300 K, the overall bond angle distribution show no
change in position, but clear peaks can be seen to form
at approximately 80°, 100°, and 170° for O-Ga-O and
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100°, and 120° for Ga-O-Ga indicating an increased di-
rectionality of the bonding.

Figure[]g, h) presents the CD of gallium and oxygen
atoms and Figure i) shows the polyhedral analysis re-
sults. Similarly to the RDF and BAD results, the most
significant difference can be observed in the 3000 K lig-
uid structure, where much lower coordination numbers
(such as 1-fold and 2-fold) of gallium and oxygen atoms
can be observed. We see that at 300 K, 56% of the gal-
lium atoms are 5-fold coordinated, 38% are 4-fold co-
ordinated and 6% are 6-fold coordinated and straining
at 300K has only a minor effect shifting atoms slightly
from 5-fold and 6-fold coordination to 4-fold coordina-
tion. For oxygen atoms, 77% of them are 3-fold coor-
dinated, followed by 18% 4-fold coordinated and 5%
2-fold coordinated. From 1000 K to 300 K and then to
strained structures, the coordination distributions show
only minor differences. Polyhedral analysis results in
Figure Eki) show that in 300 K unstrained a-Ga,O;, the

ES polyhedra outnumber the CS polyhedra by an order
of 2.7 to 1. The high fraction of ES polyhedra has been
found to be correlated with the plastic deformation abil-
ity of amorphous oxide materials [12]], which partially
explains why a-Ga,O, exhibits high ductility.

Comparisons of a-Ga,O5 and a-Al,O; are presented
in Figure 5] Specifically, in Figure [5[a), we see that
choosing 2.3 A as the cutoff distance for the Drznin analy-
sis is reasonable because it is indeed where the first min-
imum is for both the a-Ga,O; and the a-Al,O;. How-
ever, the first peak position of the Ga-O pair is found
at 1.90 A, which is 0.15 A larger than the first peak
of Al-O pairs, indicating different cation-oxygen bond
length in the two materials. This consequently leads to
the lower atomic density of a-Ga,O, shown earlier. The
first peak of a-Ga,O, RDF is also significantly wider
in comparison, which indicates that more variations of
bond length are permitted within the structure. A sim-
ilar trend can be seen in the PRDFs in Figure [5(b-d)



as well. BAD results in Figure Eke, f) show that both
types of bond angles of a-Al,O; are larger than that of
a-Ga,0; in general. O-Al-O has only one peak value
at 100° instead of two present in O-Ga-O, and the first
peak of the Al-O-Al distribution is slightly smaller and
lower in height compared to Ga-O-Ga. Data on atomic
coordination in Figure [5[g, h) show that a-Ga,O; has a
significantly higher fraction of 5-fold coordinated and
a significantly lower fraction of 4-fold coordinated Ga
atoms compared to a-Al,O,. Higher coordination of Ga
atoms is likely enabled by the wider distribution of al-
lowed bond lengths shown in Figure[5{a, b). The 3-fold
coordinated O atoms are similar in number, but there are
also more 4-fold coordinated O atoms and fewer 2-fold
coordinated O atoms in a-Ga,O,. Figure Eki) shows the
medium-range polyhedral ordering, where a-Ga, O, has
a significantly higher fraction of ES polyhedra than a-
Al,O;, indicating a good potential for low temperature
plasticity in a-Ga,Oj;.

3.4. Characterization of plasticity

The stress-strain results in Figure [3(a) show that the
average Dﬁﬁ , results are similar for a-Ga,0; and a-
AL, O; from 1% to 50% strain, possibly indicating a
similar plastic deforming ability. However, the aver-
age Drznin is mainly a statistical quantity. Therefore, to
reveal how similar the plastic behavior is between a-
Ga, 0, and a-Al,O,, we further analyze the Dﬁ]i , results
from a microscopic point-of-view. When computing the
momentary Dﬁﬂ.n, a larger cutoff would produce a gen-
erally larger value of Drznin’ and it helps to capture the
localized deformation in a longer range and filter out
the noise of short-range activities such as thermal vi-
bration. On the other hand, summation within a large
cutoff means that the smaller localized deformations are
concealed. In contrast, a small cutoff distance can show
localized deformation with a smaller size, but it would
also produce more noise in the data. Combining these
different results, we can identify a clearer spatial distri-
bution of the localized deformation regions in these two
materials. To probe the size of the localized deforma-
tion region in these materials, we calculate the momen-
tary Di}m of both structures at 50% strain with different
cutoff values. In Figure [f[a-c), we present the momen-
tary D2 distribution with rey = 4.6 A, rey = 3.0 A,
and rey = 6.0 A. Choosing 4.6 A is based on the two
times the first RDF minimum principle, while 3.0 A and
6.0 A are used for comparison between a-Ga, 0, and a-
Al O;. We see that although 7 is decisive on the ab-
solute value of Dﬁﬂ.n and on the amount of atoms associ-
ated with the maximum peak, the distributions are sim-
ilar at different rc, values, and results in a-Ga,O; and

a-Al,O; are comparable with all chosen 7, values. Fig-
ure [6(d, e) presents the visualization of a cross-section
taken along the long edge. A slab with 5 A in thickness
is visualized to avoid badly overlap of atoms. Each atom
is individually colored by the momentary Drzni , value in
accordance with the background color in Figure [6[a-c).

At oy = 4.6 A, a-AL,0, and a-Ga,0, show very
similar morphology with respect to the size of the lo-
calized deformation regions. Although a gradient color
coding method in Figure[6{d) helps to illustrate the tran-
sition from static to deformed regions, it makes compar-
ison between these two materials difficult. Because of
the highly comparable Drznin distribution shown in Fig-
ure @b, ¢), a constant threshold value is used for both
materials to divide the atoms into low Dﬁlm and high
Dﬁli , groups, colored in red and blue, respectively. This
helps in a direct comparison of the high Dfnin region size
between a-Ga,O; and a-Al,O;. For each subfigure in
Figure [6[(d-e), we see that when using a smaller cut-
off, we see more but smaller regions in both systems.
The larger cutoff, on the other hand, shows fewer but
larger regions of plasticity. Comparison of the visualiza-
tion results in these two materials shows a slight differ-
ence in the high Drznin region size. To further investigate
the plastic deformation ability of these two materials,
a quantitative characterization of the whole structure is
needed.

As defined by Frankberg et al. [5 6], a LPSE is a
highly deformed local volume of atoms and in simula-
tions they can be captured by the momentary Drznm char-
acterization. The LPSEs play an important role during
the plastic deformation of a-Al,O, but has not yet been
applied in the simulations of a-Ga,O,. To obtain the
fraction of atoms in LPSEs in a-Ga,O;, the Dﬁﬂ.n results
of the tensile test simulation are further analyzed. Al-
though the average Dfﬂin values are close, they fluctuate
during the tensile test simulation. Therefore, we use a
threshold value of two times the average Drznin at each
moment to filter out high Dim atoms, as presented in
Figure We can see in both materials that the total
fraction of high DIZnin atoms increases with strain and
level approximately to 10%, however in a-Al,O, the
material response to strain is faster leading to faster in-
crease of the fraction of high D2min atoms and reaching
a maximum peak of atoms associated with LPSE at a
2% lower strain compared to a-Ga,0O,. The strain at
which the fraction of high DIZrlin atoms levels is already
past the stress maximum, but matches the point when
average momentary Dﬁm levels in the two materials, as
shown in Figure[3(a). This shows that the stress is asso-
ciated with the rate of atoms shifting to high Dfmn values
and not with the absolute amount of them. Therefore,
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as the atoms associated with LPSEs are increasing in
the system, the rate that the stress is increasing gradu-
ally lowers until it levels and finally obtains a negative
slope. Next, the negative stress slope reverts towards
a level slope when reaching equilibrium conditions and
steady state flow. However, a slight negative slope in
stress is observed in both materials up to 50% strain in-
dicating a gradual and loss of material strength under
tensile strain. The similar fraction of high Dfnin atoms
in both a-Ga,O, and a-Al,O; indicate that momentar-
ily they have a very similar total amount of atoms in-
volved in a comparable degree of localized deforma-
tion. Figure [7{b) presents the accumulation of bond
switching events in these two materials. As a typical
characterization of short-range ordering, it again shows
slight differences during the tensile tests. Compared
to the unstrained structure, the atom fractions with in-
creased and decreased coordination number (CN) have
initial values of 4% for a-Al,O, and 6% for a-Ga,O,,
respectively. The fluctuation of bond lengths around the

cut-off distance result in equal fraction of increased and
decreased CN. As strain increases, the fractions of in-
creased and decreased CN first increase in the two sys-
tems, then slow down and level at approximately 20%
and 26% for a-Ga,0,, 17% and 23% for a-Al,Oj, re-
spectively. The fraction of decreased CN is greater than
that of increased CN for both materials, indicating a
slight but the same degree of expansion of the systems’
volume. The fractions of unchanged CN with differ-
ent neighbors starts from O at and quickly increase to
47% and 50% in a-Ga,O, and a-Al,O; at the end of
the tensile tests, respectively. Therefore, majority of the
atom translocations occur in both materials by chang-
ing neighboring atoms while retaining the local enviri-
onment. Compared to Figure [/[a-b), histogram of high
Dﬁli , atom clusters’ size difference at 50% strain pre-
sented in Figure [7[c) gives us some evident difference
between a-Ga,O; and a-Al,O, finally. We see that a-
Ga,0; has significantly more small clusters, i.e., less
than 20 atoms. While for a-Al, O, it has a much greater
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number of clusters in the range of 500 to 800 atoms.
This clearly shows the spatial distribution difference in
these systems. Then quantitatively, results of the frac-
tion of atoms associated with LPSEs presented in Fig-
ure [Zlshow evident differences between these two mate-
rials. Notably, a-Al,O; has approximately 60% higher
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fraction of atoms in LPSEs than a-Ga,O,. The results
indicate that although the two materials and structures
have comparable amounts of highly plastic atoms, in
a-Al,O; the LPSE regions are larger and can react to
applied stress faster.



[y
o

Atoms [%]

2 "
min

Fraction of High D

20 30
Strain [%]

40 50

103
102

10!

10°

-10°

-10?

-10?

300 400 500 600 700 800

Cluster Size

0 100 200

Cluster Number Difference (Nga,o0, — Nai,0,)

Fraction of Atoms in LPSEs [%]

50

40

30

20

Increased CN
Decreased CN
Unchanged CN, different neighbors

20 30 40 50
Strain [%]

10

Bond Switching Event [%]

0.0351

0.030

0.025

0.020

0.015

0.010

0.005

0.000 55 35
Strain [%]

10 40 50

Figure 7: (a) The fraction of high Drznin atoms as a function of strain during the tensile test. The high Dfni“ atom here means the atoms that have Drznin
value greater than two times the average Dfmn. (b) Bond change events compared to the unstrained structure. The results are classified as atoms
with increased coordination numbers, decreased coordination numbers, unchanged coordination numbers but different bonded atoms. Absolute
numbers are normalized according to the system size. (c) Difference in cluster number between a-Ga, O, and a-Al,O; at 50% strain as a function
of cluster size. (d) The fraction of atoms in LPSEs as a function of strain during tensile test. A LPSE is here defined as a high D%nin atom cluster

with more than 200 atoms.

4. Discussion

A comprehensive computational study is conducted
in this work to first verify the reliability of the ML-IAP
developed for generalized modeling of Ga,0; [32], fo-
cusing on the amorphous state of this material. The
computational results show good consistency with ex-
isting experimental results, such as density [39, 38|
16, 31]], and mechanical properties [48]. Comparisons
are also performed with DFT data, but we note that
the preparation conditions are critical for the amor-
phous structure, and thus we should be careful when
doing such comparisons. The crystallization temper-
ature of a-Ga,O; has also been reported experimen-
tally [52 I53] 48], but no crystallization was observed
at the cooling rates investigated in this study. In sum-
mary, in addition to the crystalline phases validated ear-
lier [32], we show that the developed ML-IAP is ef-
ficient and accurate in describing the amorphous state
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of Ga,0; as well. Oxide glasses typically exhibit low
fracture toughness leading to flaw sensitivity during me-
chanical loading. Our simulations confirm that melt-
quenching produces an a-Ga,O; structure sufficiently
free of intrinsic geometrical defects that prevents a frac-
ture from nucleating and propagating.

In accordance with the striking chemical similarity of
both a-Ga, O, and a-Al,O,, our simulations predict both
materials to be poor and fragile glass formers. This ex-
plains why their pure amorphous phases are difficult to
synthesize with current technology and therefore these
oxides are mainly used as glass modifier components in
glass engineering. Due to the evident similarities be-
tween a-Ga,O, and a-Al,O; and the exceptional room
temperature plasticity having been reported in the latter,
comparisons were made between these two materials to
understand the plastic deforming ability of a-Ga,O; in
detail.



Amorphous Ga, O, shows a significantly higher glass
transition temperature compared to a-Al,O. As shown
earlier for a-Al,O5 [40], the glass transition of a-Ga, 0O,
is dependent on the cooling rate and will dictate the
mechanical properties of the obtained material. There-
fore, using the same quench rate allows a better com-
parison between the intrinsic material properties. At
a commonly shared quench rate [Figure a)], Ga, 0,
glass has a slightly lower yield stress than Al,O, glass.
After a high plastic strain at 50%, a-Al,O; is known
to undergo healing towards an energetically favorable
flow structure and converge towards the minimum flow
stress [40]. At 50% strain a-Ga,O; again shows a
slightly lower flow stress and a slightly higher tendency
to continue softening as a function of strain which in-
dicates minor changes occurring in the glassy structure
up to high strains. Neither of these materials undergo
hardening under plastic strain which is typical for amor-
phous materials due to lack of persisting plasticity me-
diators, such as dislocations. With currently available
technology, glass transition is difficult to verify by ex-
periments in such poor glass formers given the ultra-
high quench rates involved and therefore this value is
reported here also as a future reference.

The results show that a-Ga,O; can withstand high
plastic strain comparable to that characterized for a-
Al,O,, despite the interatomic potentials for the two
materials being mathematically completely different
(fully machine-learned versus analytical pair potential).
This also serves as good cross-validation that the amor-
phous structures prepared for both materials are likely
realistic. Building the link between structural and me-
chanical properties was based on one decisive obser-
vation that the same r., can be used for both materi-
als. However, although the RDFs of these two materials
justify the use of this ., we should still consider the
approximately 8% difference in the peak positions of
the cation-oxygen pair distribution indicating a signifi-
cantly longer bond length for Ga-O in comparison to Al-
O. In principle, such a bond length difference can lead
to an atomic density difference of approximately 26%,
which is close to the difference in simulated atomic den-
sities of this work. The bond length additionally ex-
plains why the lower atomic density still does not lead
to a lower average coordination number, as illustrated
by the coordination distributions and polyhedral analy-
sis results. As such structural differences will ultimately
dictate the mechanical behavior, a more detailed analy-
sis should be conducted in the future.

Although similar plastic deforming ability is ob-
served in the macroscopic stress-strain behavior, the
LPSE analysis shows distinct differences between these
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two oxide glasses. As a short review of how the LPSEs
can reflect on the viscous creep plasticity, in Ref. [6],
it has been previously found that the number of atoms
associated with the LPSEs in a-Al,O; remain nearly
constant with increasing strain rate. At high strain
rates, this leads to localization of the available LPSEs
to shear bands at the location of the shear stress max-
imum. Accordingly, in a-Al,O, micropillar compres-
sion experiments at relatively high strain rates up to
10* s7!, micropillar deformation proceeds dominantly
by a slip-like shear band propagation. At low quasi-
static strain rates the deformation becomes homoge-
neous in the whole volume with only a minor contribu-
tion of shear bands to the plasticity. Amorphous Ga,O,
shows a similar overall amount of high Dﬁﬂn atoms with
a-Al, O, however the LPSEs are smaller with fewer
atoms included. This could indicate that the LPSE nu-
cleation rate is higher in a-Ga,0;. The nucleation rate
of LPSEs was found to be a critical mediator of plas-
ticity in oxide glasses [6]. Therefore, a possible pre-
diction regarding the mechanical behavior of a-Ga,O,
is that due to the higher LPSE nucleation rate, a-Ga, O,
is predicted to yield a more homogeneous deformation
at varying strain rates and to resist shear band forma-
tion more compared to a-Al,O5. This can possibly in-
crease the damage tolerance of a-Ga, O, as catastrophic
shear band propagation is a known failure mechanism
in amorphous materials. However, experimental verifi-
cation of these predictions remain essential.

5. Conclusions

In summary, we investigate the room temperature
plasticity of a-Ga,O; with large-scale atomistic simu-
lations based on a newly developed ML-IAP, tabGAP,
and the results are compared with existing experimental
and computational results. On an atomistic simulation
time scale, the IAP can produce an a-Ga,O; structure
that has density and structural properties comparable to
the reported properties of the material. Therefore, the
new tabGAP IAP is efficient and reliable in modeling
a-Ga,0,. Computational results validate that following
a melt-quenching preparation process, a glass transition
occurs in Ga,O;.

Tensile test simulation shows that overall a-Ga,0,
exhibits room temperature plasticity comparable to that
earlier observed in a-Al,O; with similar number of
atoms momentarily exhibiting a high local plasticity.
However, differences were also found. When deformed
at the same strain rate, the two materials have differ-
ent fractions of atoms in the LPSE clusters that mediate
the plasticity. This indicates a higher LPSE nucleation



rate for a-Ga,O, which can increase the resistance of
the material to shear banding, which is a known fail-
ure mechanism in amorphous materials. The results of
this work show that the ML-IAP is a useful tool in the
study of the mechanical properties of amorphous mate-
rials, providing predictive information for experimental
study.
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