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Abstract 
Computational exploration of previously unknown reactive sites is a powerful strategy 
for emergence of new catalytic reactions. Exotic surfaces can be theoretically investigated, 
but there are very few, if any, computational models of high index orientations that 
considers reconstruction of the surface. A workflow to efficiently obtain a set of 
accessible terminations by removing those that are metastable against macroscopic facet 
formation and by comparing cleaved surfaces and surfaces suggested by a genetic 
algorithm (GA) for promising orientations is proposed and demonstrated using 34 
orientations of β-Ga2O3 and θ-Al2O3. Seven and six terminations considered 
experimentally accessible are found for β-Ga2O3 and θ-Al2O3, respectively, where the 
highest surface energy was roughly twice of the lowest. The lowest surface O vacancy 
formation energy (EOvac) in an accessible surface is 3.04 and 5.46 eV in the (101) and (20
1 ) terminations for β-Ga2O3 and θ-Al2O3, respectively, where the decrease in EOvac from 
the most stable surface is 1.32 and 1.11 eV, respectively. The EOvac in accessible surfaces 
showed a good correlation with descriptors of the local coordination environment, 
suggesting that exploiting surface O in an unfavorable environment in an accessible 
termination would enhance O vacancy-related catalyst performance even in materials that 
do not show reactivity on the most stable surface. 
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1. Introduction 
High catalytic reactivity in oxides are expected in high index surfaces and at surface 

defects, such as corners and step edges, since there are cations and anions with more 
unfavorable coordination environments including low coordination number. Theoretical 
studies are leading experimental investigations on irregular sites because of the difficulty 
of the latter. A pioneering computational work is first principles calculations on explicit 
models of step edges on the (101) surfaces of tetragonal ZrO2 

1-2 and anatase TiO2 
2. Many 

orientations can be exposed on an actual oxide particle, thus development of an algorithm 
that can rapidly model diverse surfaces considering surface reconstruction would be very 
helpful. This is because attempts to experimentally synthesize high index surfaces and 
unstable surface sites, which can be handled in theoretical studies, could fail because of 
reconstruction to a stable surface. The reconstruction of ZnO (0001) and (000 1 ) surfaces 
(c-plane) are thoroughly investigated, both experimentally and theoretically3-7, while 
there is a detailed computational work on orthorhombic perovskite LaFeO3 

8. These ZnO 
surfaces as well as LaFeO3 surfaces are polar, where the macroscopic dipole moment 
perpendicular to the surface plane diverges when considered as a function of system 
thickness 9-10. Polar surfaces are often complicated because a compensating electric field 
is required to resolve this intrinsic so-called “polar instability”. Examples are through (1) 
intrinsic surface charge modification by partial filling of electronic states, (2) intrinsic or 
extrinsic modification of the surface region composition, or (3) extrinsic adsorption of 
charged foreign species. Although polar surfaces show a rich variety of reconstruction, 
the polar instability resolution mechanism strongly depends on the surface and therefore 
are not suitable when trying to screen many surfaces. 
 

Defects strongly affect the chemistry and physics of metal oxides11-14. Catalytic, 
electrical, optical, and mechanical properties, as well as chemical reactivity, is typically 
governed by defects, both point and extended15-19. Among these, surface point defects of 
metal oxides, such as O vacancies, have a dominant effect on heterogeneous catalysis20-

22. As an example, the Mars-Van Krevelen mechanism is a prototypical catalytic process 
where the reaction sites are surface O vacancies on a metal oxide catalyst.23-26 The surface 
O desorption energy (EOvac), which is equivalent to the surface O vacancy formation 
energy, is a physical quantity that reasonably predict catalytic performance in relevant 
catalytic processes27-28. 

 
Many experimental methods are used to investigate O vacancies29-31. Scanning probe 

techniques are especially useful and successfully revealed much information regarding 
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the structure of surfaces with defects32-35. However, there is much uncharted territory in 
experimental observation of O vacancies because evaluation of EOvac is not always 
possible even when employing sophisticated techniques36. In contrast, there are recent 
theoretical studies on O vacancies of metal oxides37-41, which are very important because 
surface defect sites are often adsorption sites and the adsorption process is a key step for 
many surface-catalyzed reactions42-43. Finding good correlations between properties that 
are hard to obtain, such as EOvac, and properties easy to obtain, where examples are the 
band gap (BG), bulk formation energy (Eform), and ionization potential (IP), is important 
in two aspects. First, these relations often provide insight on the science that governs the 
former property. Second, screening of candidate materials can be accelerated. Suppose 
we want materials where some property lies within a desirable range. One example is a 
catalyst candidate where EOvac is close to a certain value. Searching of useful materials 
can be accelerated by investigating latter properties (“descriptors” in the language of 
materials informatics) at low cost and then removing materials that are unlikely to have a 
desirable EOvac. The main descriptors of EOvac for relatively stable surfaces are the bulk 
minimum BG and Eform

28, which are similar to descriptors for neutral O vacancy 
formation energies in bulk44. However, the surface termination dependence on EOvac has 
not been investigated in detail. 

 
This research calculates EOvac of different surface terminations in a given crystal. In 

particular, discovery of a strategy to find highly reactive sites in synthesizable surfaces 
with surface energy (Esurf) higher than the most stable surface could lead to emergence of 
previously untapped reactivity in already known materials. 67 terminations each of β-
Ga2O3 and θ-Al2O3 are initially investigated on an equal computation level. These 
isostructural materials have low symmetry (space group symbol C2/m) and, therefore, 
many slab models with different orientations can be obtained for a given supercell size 
limit compared to high symmetry structures. These materials are also industrially 
important. β-Ga2O3 has been widely used in electronics and optoelectronics45-46, namely 
as an n-type widegap semiconductor for solar-blind UV detectors 47-48, gas sensors 49-50, 
and transparent conductors51-52. Recently, the possibility of relatively cost-effective 
device fabrication as well as the high Baliga’s (specific on-resistance in vertical drift 
region) and Johnson’s (power-frequency capability) figures of merit, have been attracting 
significant research interest in power device applications 53-54. β-Ga2O3 also demonstrates 
catalytic activity. For example, β-Ga2O3 is experimentally found to split water55, and 
computational studies indicate that β-Ga2O3 is active in CO2 hydrogenation56 and that 
excess electrons from neutral O vacancies affect the activation energy for oxygen 
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evolution reaction intermediates 57. Al2O3 has many polymorphs including α (corundum), 
θ, δ, κ, γ, χ, and η58-59. The θ phase is a relatively stable polymorph that requires 1000 to 
1200 °C to cause a phase transition to the stable α phase. The γ phase is frequently used 
in catalysis. Atomically-dispersed noble metal catalysts, so-called single-atom catalysts, 
supported on Al2O3 have been synthesized for CO 60-62 and NO 63 conversion reactions. 
In addition, non-oxidative isobutene dehydrogenation has been reported on Al2O3 64. 
Although the θ phase is not actively considered as a catalyst, careful engineering of the 
surface based on theoretical insights may bring about emergence of new reactivity. A 
direct comparison with In2O3 would be attractive in the scope of this study. Heavily doped 
n-type In2O3, where Sn is commonly used as the dopant, is a prototypical transparent 
conductive oxide for electrode applications 65-67. Gas sensing of both oxidizing gases, 
including NO2, NO, and SO2, and reducing gases, for instance H2, CO, and propane, is 
possible by doping to change the surface oxidation state68. In2O3 also has many uses in 
catalysis. Pure In2O3 can promote hydrogenation of CO2 to CH3OH69-71, and the 
performance can be improved by combining with, for example, Pd72-73 and ZrO2

74. Pd-
doped In2O3 can also hydrogenate amides to form amines and alcohols75. Unfortunately, 
In2O3 cannot take the β-Ga2O3 structure76, and therefore it is not considered in this paper. 
 

2. Methodology 

First-principles calculations were conducted using the projector augmented-wave 
method77 as implemented in the VASP code78-79. As in our previous study28, the Perdew-
Burke-Ernzerhof functional tuned for solids (PBEsol) 80 within the generalized gradient 
approximation (GGA) was used because it provides reasonable bulk energetics and 
crystal structures, for instance, compared to the standard PBE-GGA functional 81 as 
shown in a previous systematic study of groups I to VI binary oxides 82. A comparison of 
relative energies between the PBE-GGA, the strongly constrained and appropriately 
normed (SCAN) meta-GGA 83, and Heyd-Scuseria-Ernzerhof (HSE06) range-separated 
hybrid 84-86 functionals for polymorphs of Ga2O3 is available in Ref. 76. The PBEsol direct 
and minimum band gaps are 1.98 and 2.03 eV for β-Ga2O3 and 4.54 and 4.83 eV for θ-
Al2O3, respectively. The experimental band gap is 4.787 or 4.9 eV 88 for β-Ga2O3 and 7.4 
eV 89 for θ-Al2O3, hence the band gap underestimation in PBEsol is about 3 eV in both 
compounds. The PBE band gap, both minimum and direct, is smaller than PBEsol by 0.2 
and 0.1 eV for β-Ga2O3 and θ-Al2O3, respectively, showing that the underestimation is 
slightly more significant in PBE compared to PBEsol. 

 
Slab-and-vacuum models under three-dimensional periodic boundary conditions 



5 
 

(hereafter simply “slab models”) were used to analyze surfaces, where slabs infinitely 
extending parallel to the ab-plane alternate with vacuum layers along the c-axis. Initial 
models were obtained by simply cleaving bulk. The considered surfaces are type 2 in 
Tasker’s definition90, or nonpolar type B in the definition by Hinuma et al.91, except for 
the (010) surface that is Tasker type 1 and nonpolar type A, respectively. Two distinct 
terminations exist for each orientation except for the (010) surface where only one exist. 
The in-plane area is defined as the minimum possible area in the ab-plane allowed for a 
slab model. Slab models with an in-plane area less than four times that of the smallest 
possible in-plane area were considered. 67 terminations each were obtained for both β-
Ga2O3 and θ-Al2O3. The geometries of adopted models are given in Tables S1 and S2, 
respectively, and the terminations are illustrated in Figures S1-S9. Internal coordinates 
and lattice parameters were relaxed in bulk calculations, and all internal coordinates were 
allowed to relax while lattice parameters were fixed in slab model calculations. 
 

 The surface energy, Esurf, is defined as  

( )surf slab bulk 2E E E A= − ,    (1)  

where Eslab and Ebulk are the energy of the slab without defects and the energy of the 
constituents of the slab when in a perfect bulk, respectively. A is the in-plane area of the 
slab, where the coefficient of 2 accounts for both sides of the slab. The most natural choice 
of Ebulk is from a bulk calculation, and this is used for Eslab in “thin” and “thick” slabs in 
Supplementary Tables SI-3 and SI-4. The difference in Eslab and the IP between “thin” 
and “thick” slabs defined in Supplementary Tables SI-1 and SI-2 is less than 5 meV/Å2 
and 0.15 eV, respectively. The Esurf and IP reflect the arrangement of atoms and the charge 
distribution at the surface. These quantities, which are easy to obtain, are used to check 
the convergence of the slab with respect to the slab thickness. The Esurf where Ebulk is 
based on a linear fit of energies from these slabs (see Ref. 28 for details) is given in the 
“fit” column. Namely, the fitted surface energy is 

( ) ( )fit thin thick
surf thick surf thin surf thick thin= − −E n E n E n n         (2) 

where thin
surfE  and thick

surfE  are the Esurf of thin and thick slabs, respectively, while thickn  

and thinn   are the number of atoms in the thin and thick slabs, respectively, with a 
common in-plane area. This fitted definition of Esurf is used in subsequent analysis unless 
otherwise noted. The IP is based on the bulk-based definition in Hinuma et al.92 The 
relative differences between terminations in the IP, the electron affinity (EA), and the 
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work function when defined as the mean of the IP and EA are the same because the 
difference between the IP and EA is always the bulk band gap (BG) that is a constant for 
each compound in this definition. Only relative differences between terminations for the 
same compound is relevant in this study, thus only the IP is considered. The O vacancy 
formation energy is defined as  

( )Ovac removed slab 2 2OE E E µ= − +    (3) 

where removedE  and Oµ  are the energy of the slab when two O atoms are removed (one 

O from each surface) and the chemical potential of the O (that of O2 gas in this study), 
respectively. 
 
3. Results and discussion 
3.1. Finding reasonable terminations 

Correlations between the minimum EOvac and a number of descriptors were obtained 
for β-Ga2O3 and θ-Al2O3. The EOvac of stable surfaces of binary oxides is strongly related 
to the bulk BG and Eform 28, while the O vacancy formation energy bulk correlates with 
the BG, enthalpy of formation, midgap energy relative to the O 2p band center, and the 
atomic electronegativities44, 93. However, these descriptors cannot be used when 
investigating different terminations of the same crystal. Three descriptors were examined 
instead, which are the Esurf, IP, and BG of the slab model. The coefficient of determination 
(R2) and root mean square error (RMSE) of the linear fit are shown in Table 1. Here, 
terminations with EOvac<0 were removed from consideration. Plots of the minimum EOvac 
for each surface versus Esurf, which had the best R2 among the three descriptors in both 
compounds, are shown in Fig. 1 using circles and triangles. EOvac decreases with 
increasing Esurf, which is natural because less stable surfaces could have O in less 
favorable environments that can be removed with lower energy. The RMSEs are 0.70 and 
0.80 eV for β-Ga2O3 and θ-Al2O3, respectively. These values are very bad for a good 
reason. Points with large Esurf strongly tend to lie below the linear fit in Fig. 1, which 
means that using a linear fit is not suitable when trying to reduce the RMSE. Terminations 
that were relaxed with first principles calculations after simply cleaving from bulk could 
have extremely high Esurf, and defect formation, such as removal of O from the surface, 
may spontaneously cause relaxation that drastically reduces the surface energy. The effect 
of this relaxation results in a very low EOvac that could even become negative in some 
cases. In other words, inclusion of surfaces that are very unrealistic, which is the case in 
some cleaved surfaces, corrupts the veracity of the data. To increase the volume and 
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variety of the data without compromising veracity, surfaces that are appropriately 
reconstructed need to be added. From another viewpoint, terminations that are likely to 
be experimentally accessible need to be distinguished from those that are not because 
only surfaces that can be experimentally synthesized, preferably with less effort, can be 
used industrially and therefore contribute to improvement of our society. We propose the 
following workflow to find a set of reasonable terminations while keeping computational 
costs low. A flow chart is provided in Fig. 2. 

 
Table 1. R2 and RMSE of linear fits of EOvac for slabs cleaved from bulk. 
  

β-Ga2O3 θ-Al2O3  
Esurf IP BG Esurf IP BG 

R2 0.39 0.02 0.08 0.47 0.06 0.40 
RMSE 0.70 0.89 0.86 0.80 1.07 0.86 
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Fig. 1. EOvac vs Esurf for (a) β-Ga2O3 and (b) θ-Al2O3. Accessible surfaces are shown in 
colored pointed symbols. Inaccessible surfaces are shown in black or gray symbols, and 
the symbol depends on the type of competing surface. The R2 for a linear fit of all non-
USPEX terminations, including all inaccessible surfaces with a positive EOvac, is also 
given. 
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Fig. 2. Flowchart of termination search. Solid and dashed lines indicate the first and 
second loops, respectively. 

 
[Loop 1] 
(a) For each orientation, terminations where the Esurf is not the lowest are removed from 
consideration.  
(b) A table of Esurf for each orientation (Esurf library) is prepared. 
(c) Terminations that can lower Esurf by forming macroscopic facets are identified using 
the Esurf library.  
(d) The most stable termination for orientations where macroscopic facet formation does 
not result in a lower Esurf is searched using a GA.   
(e) The Esurf library is updated to reflect lowering of Esurf from GA calculations. 
(f) Same as step (c). 
[Loop 2] 
(g) Additional GA calculations are conducted for terminations where the macroscopic 
facets that minimize the Esurf are both (1) at a large angle with respect to the original 
surface and (2) macroscopic facet formation reduces Esurf by a relatively small amount. 
(h) Same as step (e). 
(i) Same as step (f). 
 

(a) Unique

(b)
(e)
(h)

Library

(c)
(f)
(i)

Facet

(d)
(g) GA
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The goal of step (a) is to obtain the lowest Esurf for each orientation. In other words, a 
unique Esurf is assigned to each orientation, thereby the word “Unique” is used to represent 
this step in Fig. 2. All orientations except (010) have two terminations in this study, thus 
the termination with higher Esurf was removed from further consideration. For example, 
the (100)A termination of β-Ga2O3 has a lower Esurf than (100)B (see Supplementary 
Table SI-3), thus the (100)A termination was considered for the (100) orientation. The 
Esurf for each orientation is saved as a library in step (b), which is shown as “Library” in 
Fig. 2. 

 
Reduction of Esurf through macroscopic facet formation is explored in the subsequent 

step (c) (“Facet” in Fig. 2). For a given surface with surface energy Esurf0, two surfaces at 
angles of θ1 and θ2 against the original surface are considered that have surface energies 
Esurf1 and Esurf2, respectively [Fig. 3(a)]. Formation of macroscopic facets will reduce the 
surface energy if  

( )
surf1 2 surf 2 1

surf 0
1 2

sin sin
sin

E EE θ θ
θ θ
+

>
+

          (4) 

This relation is purely based on geometry and does not consider how atoms arrange at the 
edges of the facets. The effect of edges will be diminished if the facet width becomes 
wide enough (macroscopic facets) but cannot be ignored for narrow facets (microscopic 
facets). The algorithm to automatically find facet orientation pairs in Ref. 94 was used to 
find the lowest energy.  
 

 
Fig. 3. (a) Geometry of a facet. (b) USPEX optimized surface of the β-Ga2O3 (60 1 ) 
orientation. Green and red balls indicate Ga and O, respectively. EOvac is minimized by 
removing the blue O site. 
 

There is a need to confirm that the currently available termination is indeed reasonable 
for the orientation. Evolutionary algorithms are, along other fields, used in materials 

(601)

Esurf0

θ2θ1

_

(a) (b)
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discovery and optimization 95-107, and has been used to explore the surface of oxides. GA 
has been applied to oxides to determine the structure of TiO2 108and MgO 109 nanoparticles. 
The advent of surface determination of a given orientation by GA using the USPEX 
code95-98 led to studies of rutile-like RuO2 (110)110 and four SiO2 surfaces111. In this study, 
GA calculations using USPEX were conducted on orientations where the Esurf does not 
decrease by macroscopic facet formation, which is step (d) in the flowchart (“GA” in Fig. 
2).  
 

To reduce computational cost, the General Utility Lattice Program (GULP) code 112-113 
with interatomic potentials by Matsui 114 or Minervini et al.115 was used as the energy 
calculator in USPEX. Detailed parameters of USPEX calculations are given in 
Supplementary Information 2. As of time of writing, USPEX calculates slabs where the 
atoms in the bottom part is fixed and the top part is not. One challenge of step (d) is to 
obtain a nonpolar slab model with a USPEX-determined termination. The Esurf of a slab 
is well-defined only if both surfaces are equivalent, or in other words, the slab is strictly 
nonpolar due to existence of a certain type of symmetry. Otherwise, only the sum (or 
mean average) of surface energies of the two surfaces is well-defined; the individual 
surface energies are unavailable. The surface energy of the termination from USPEX may 
be mathematically calculated by subtracting the surface energy of the non-relaxed 
termination, which can be obtained separately using a nonpolar slab, from the total surface 
energy of the slab. However, the energy of the slab would naturally depend on the number 
of atoms that could be relaxed; relaxation of more atoms will decrease the energy of the 
slab and therefore result in a smaller surface energy. The surface energy obtained using 
this procedure will be useful as a guide to determine the stability between terminations of 
USPEX slabs derived under the same conditions, and this is exactly why such energies 
can be used to compare the fitness between individuals in a GA. However, the energies 
lack the precision for detailed analysis between different orientations that is necessary in 
the proposed algorithm. This study used a procedure to construct a strictly nonpolar slab 
by carefully positioning the inversion center during USPEX calculations and then 
doubling the slab thickness (see Supplementary Information 2 for details). The internal 
coordinates of the nonpolar slabs were optimized using VASP; this allows direct 
comparison of Esurf between calculations starting from a cleaved termination and those 
based on a USPEX-derived termination. The resulting slab always contained inversion 
centers, therefore are strictly nonpolar and the surface energy is well-defined. USPEX 
could not find the lowest energy termination in all cases, though we note that the surface 
terminations with low surface energy that USPEX could find can significantly depend on 
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the calculation settings and the initial structure population. For example, the lowest Esurf 
for the θ-Al2O3 (11 3 ) orientation obtained using USPEX in this study was more than 10 
meV/Å2 higher than a standard calculation from cleaved bulk. Therefore, taking the best 
result from two approaches, which are cleaved bulk calculations and GA calculations, is 
critical. The cleaved bulk was not explicitly included as an individual in USPEX 
calculations; however, atoms were randomly added to the cleaved bulk termination to 
generate the initial population. Separate USPEX calculations were conducted using the 
two cleaved bulk terminations, thus the termination discarded in step (a) is implicitly 
reflected in the GA steps. USPEX may find a termination with macroscopic facet 
orientations, which happened in the β-Ga2O3 (60 1 ) orientation [Fig. 3(b)], but this is an 
exception rather than the norm. There is no guarantee that the favorable facet widths are 
commensurate with a small in-plane area. The effect of edge energies will become more 
profound in microscopic facets where the facet width is of nanometer order, hence the 
surface energy could differ much from the right hand side of Eq. 4. Finally, the energy 
library must be updated to reflect lowering of the Esurf based on GA calculations in some 
orientations [step (e)], and surfaces that stabilize by macroscopic facet formation are 
identified again [step (f)]. Although USPEX calculations may reduce Esurf in an 
orientation that is stable against facet formation, further reduction of Esurf by USPEX 
calculations in competing orientations could make the Esurf higher than facet formation 
involving the competing orientation. 

  
The application of this workflow to β-Ga2O3 and θ-Al2O3 is discussed below. Points 

removed in step (a) are shown in empty circles in Fig. 1. The gray points (gray filled 
circles and gray double circles) are metastable against macroscopic facet formation in 
step (b). USPEX calculations find a lower termination in some cases, and the original 
termination is shown as a black double circle. The USPEX termination identified as 
metastable against macroscopic facet formation in step (f) is shown in a black circle. 
Stable surfaces are shown in pointed symbols and are either obtained from cleaved bulk 
(red and empty triangles or USPEX (blue squares). 
 

The process up to this point gives a set of reasonable terminations with a relatively 
small amount of calculations. However, we may be missing other terminations. For 
example, the θ-Al2O3 (310) orientation has a surface energy of 74 meV/Å2 after USPEX 
calculations but that of the β-Ga2O3 (310) orientation is very high at 119 meV/Å2 without 
USPEX calculations. It is unnatural that the lowest known β-Ga2O3 (310) surface energy 
is 1.6 times that of θ-Al2O3, especially as the surface energies of β-Ga2O3 tend to be lower 



13 
 

than θ-Al2O3. One can run GA calculations for all considered terminations to identify the 
stable termination and Esurf, but this is costly and very inefficient. On the other hand, 
investigation of unreasonable surfaces and missing reasonable and interesting surfaces 
should be avoided if possible. As a compromise, another loop to find stable surfaces (loop 
2) is initiated. Additional USPEX calculations were performed on carefully prioritized 
orientations. Orientations that can accommodate stable microscopic facet terminations 
could significantly lower Esurf compared to macroscopic facet formation.  

 
Therefore, as step (g), USPEX calculations, which may be able to find microscopic 

facet terminations, were additionally conducted for orientations with θ1+θ2>70° and 
where the decrease in Esurf by macroscopic facet formation is less than 15 meV/Å2. A 
large θ1 and θ2 results in a large increase in the surface area after facet formation [see Fig. 
3(a)], therefore chances are higher that a smoother surface identified by USPEX has a 
Esurf smaller than the macroscopic facet. In θ-Al2O3, there are only two orientations below 
7 meV/Å2 and the rest is above 16 meV/Å2, therefore 15 meV/Å2 was adopted in 
consideration of this gap in the decrease of Esurf. There is a gap between 64° and 71° for 
θ1+θ2 in both β-Ga2O3 and θ-Al2O3, hence the cutoff was positioned in this gap. 
Orientations that were considered in this step are β-Ga2O3 (312), (11 1 ), (312), (51 2 ), 
(110), and (310) and θ-Al2O3 (51 2 ). USPEX calculations have been already calculated 
in step (c) for θ-Al2O3 (51 2 ) and has an Esurf higher than a competing surface, thus no 
additional calculation is necessary on this orientation that is known to be inaccessible.  
 

The “Library” and “Facet” steps [(h) and (i), respectively] are subsequently performed 
after the additional USPEX calculations. Orientations where the additionally calculated 
USPEX termination is found to be stable against facet formation in step (i) are denoted 
in green diamonds and the original cleaved termination is shown as a gray double circle 
in Fig. 1. The β-Ga2O3 (111) orientation is stable against facet formation at step (f) but 
becomes unstable against facet formation in loop 2, therefore is shown as a black triangle. 
No additional stable surfaces of θ-Al2O3 were found in loop 2. All terminations considered 
“accessible”, which means that it is stable among other terminations in the same 
orientation and against macroscopic formation of facet pairs with different orientations, 
are shown in colored symbols in Fig. 1, and such terminations and surface energies for β-
Ga2O3 and θ-Al2O3 are shown in Figs. 4 and 5, respectively. 

 
In summary, orientations with accessible terminations are (100), (20 1 ), (310), (101), 

(11 2 ), (11 3 ), and (11 1 ) in β-Ga2O3 and (100), (20 1 ), (11 2 ), (310), (11 3 ), and (001) 
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in θ-Al2O3, respectively. The Esurf of the β-Ga2O3 (11 1 ) and θ-Al2O3 (001) orientations 
are 1.9 and 2.1 times that of the most stable (100) surface. Identifying these surfaces as 
accessible is very difficult without the proposed workflow. 
 

 
Fig. 4. Accessible terminations of β-Ga2O3. Green, red, and blue balls indicate Ga, O, and 
O with lowest EOvac, respectively. Numbers in brackets indicate the surface energy in 
meV/Å2. 
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Fig. 5. Accessible terminations of θ-Al2O3. Light blue, red, and blue balls indicate Al, O, 
and O with lowest EOvac, respectively. Numbers in brackets indicate the surface energy in 
meV/Å2. 
 
3.2. EOvac and local coordination environment 

Sites with low EOvac are desirable as reaction sites because of its high reactivity. The 
EOvac of the most stable surface, which is for the (100) orientation, is 4.36 and 6.57 eV in 
β-Ga2O3 and θ-Al2O3, respectively. These values are extremely high when we consider 
the minimum energy needed to remove neutral O from bulk, which is 4.07 and 6.36 eV, 
respectively. This may appear perplexing, but the reason is simple. The O site that can be 
removed with the lowest energy in bulk does not appear on the (100) surface.  

 
Strategies to identify O sites with low EOvac are discussed below. The minimum EOvac 

in an accessible termination is 3.04 and 5.46 eV in the (101) and (20 1 ) terminations for 
β-Ga2O3 and θ-Al2O3, respectively. The decrease in EOvac from the most stable surface is 
1.32 and 1.11 eV for β-Ga2O3 and θ-Al2O3, respectively, indicating a large difference in 
reactivity between the terminations. The local coordination environment could strongly 
affect the EOvac in relatively stable terminations. There are two benefits if there is a good 
descriptor of EOvac related to the local coordination environment. First, the number of 
defect calculations could be reduced. Although defect calculations are much cheaper than 
GA calculations, the supercell used for defect calculations is larger than a standard slab 
model calculation and therefore takes much time. Second, it may be possible to design 
slight defects in accessible surfaces, such as step edges, to further lower EOvac. Surfaces 
with steps, which can be also considered models with facets, can be obtained with 
computational assistance using the algorithm in Ref. 116.  
 

Lowering the coordination number does not necessarily reduce EOvac. For example, the 
EOvac of removal of a two-fold coordinated O from the β-Ga2O3 (11 3 )A termination is 
3.12 eV [Fig. 6(a)]. The two Ga-O distances in Fig.6(a) are almost the same, and the Ga-
O-Ga angle (109.7°) is very close to the bond angle in the ideal sp3 coordination (109.5°). 
Therefore, the O is in a comfortable coordination environment although the coordination 
number is low. In contrast, the minimum EOvac for the β-Ga2O3 (101)USPEX termination 
is 3.04 eV [Fig. 6(b)], which is the smallest EOvac for an accessible termination. The O to 
be removed has two short and one long Ga-O bond. The distances of the short bonds are 
almost the same as in Fig. 6(a). However, the bond angle between these short bonds is 
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114.1°, which is right in the middle between the ideal sp3 bond angle and the ideal sp2 
equatorial bond angle of 120°. The other two bond angles are also not close to either the 
ideal sp2 axial bond angle of 90° nor the ideal sp3 bond angle. This means that, although 
this O has three bonds instead of two, its unfavorable coordination environment decreases 
its stability. The former effect acts to increase EOvac compared to the O in Fig. 6(a), while 
the latter effect decreases EOvac.  

 

 
Fig. 6. Coordination environments of O with small EOvac in β-Ga2O3.  
 

Based on the above observation, three geometrical descriptors for three-fold 
coordinated O are defined in Fig. 7. The vast majority of surface sites in accessible 
terminations in this study have three-fold coordination, thus we focus our analysis on such 
sites. The Ga plane is defined as the plane defined by the three Ga that bond to the O. Let 
Q be the circumcenter of the triangle where the vertices are the three Ga. The line 
perpendicular to the Ga plane that passes Q is defined as L. Let P be the point on line L 
that is closest to the O. All points on line L are equidistant to the three Ga, thus P can be 
considered as the position of O in an environment where the bond lengths are the same. 
The distance between P and a Ga is defined as the “ideal radius” r, and the distance 
between P and O as the “coordination distortion” d. The distance between P and Q is 
defined as the “trigonal pyramid height” h. Each of these descriptors depend on all bond 
lengths and bond angles, therefore provides information of the whole coordination 
environment, in contrast to more conventional and simple descriptors such as the 
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minimum (bmin), maximum (bmax), mean (bave) bond lengths and the difference between 
the longest and shortest bond (bdiff=bmax-bmin). Relations between EOvac for surface O in 
Figs. 4 and 5 and nine descriptors are investigated below. The descriptors are the 
aforementioned r, d, h, bmin, bmax, bave, and bdiff as well as an electronic structure descriptor, 
which is the BG of the model after O removal (BGdesorb), and a surface stability descriptor, 
which is the Esurf prior to O removal. The Esurf is not the fitted value, but is derived from 
the energy of the slab used for calculation of EOvac and the energy from a bulk calculation. 
 

 
 
Fig. 7. Definition of coordination environment descriptors.  
 

Figures 8 and 9 shows the surface O sites that are two- and three-fold coordinated for 
the accessible surfaces in Figs. 4 and 5, respectively. Two-fold coordinated surface O 
atoms (labeled as X) appear at the two highest Esurf surfaces only, and there the two-fold 
coordinated O have lowest EOvac. Tables 2 and 3 give the values of descriptors of O sites 
of Figs. 4 and 5. The atom ID in the tables correspond to those in the figures. Tables 4 
and 5 gives R2 for all combinations within EOvac and the descriptors for β-Ga2O3 and θ-
Al2O3, respectively. By definition, the main diagonal values are unity and the tables are 
symmetric. First, we focus on R2 between descriptors. The R2 is very high at over 0.9 for 
the r-bave and d-bdiff pair. The former is a natural result because r is designed as the bond 
length when O is in an “ideal” position that is equidistant from the three O and still close 
to the actual position. Here, the bond lengths are evened out, thus should strongly reflect 
the average (mean) bond length bave. The R2 between EOvac and a descriptor is considered 
next. The maximum R2 for β-Ga2O3 and θ-Al2O3 is 0.54 and 0.64 with d and bmin 
respectively (Tables 2 and 3). EOvac is plotted against the descriptor in Fig. 10. A further 
increase in R2

 is attempted here by adding another descriptor. Plots of calculated EOvac 
against fitted EOvac from a linear combination with two descriptors are shown in Fig. 11. 
Note that increasing descriptors in the fit always increases R2; the original R2 can always 
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be recovered by setting the contribution of the added descriptor to zero. The R2
 improves 

to 0.73 and 0.82 for β-Ga2O3 and θ-Al2O3, respectively, and the additional descriptor is 
bave and d, respectively. The feature importance scores from nonlinear regression (random 
forest with 200 decision trees as implemented in scikit-learn117 version 0.21.2) for EOvac 
are given in Fig. 12. There should be no highly dependent descriptors when calculating 
the feature importance, thus either r or bave and either d or bdiff must be eliminated. All 
four removal combinations yield very similar results, and the result that gives low RMSE 
and high R2 among the combinations are shown as representatives. The R2 is not 
impressive at 0.37 and 0.43 for β-Ga2O3 and θ-Al2O3, respectively, hence the results 
should be regarded as qualitative than quantitative. However, the feature importance 
results corroborate the results in Figs. 10 and 11; d is identified as the most important 
descriptor in β-Ga2O3,  and bmin followed by bmax-min (or d) have high feature importance 
in θ-Al2O3. Descriptors that reflect the total coordination environment, such as d, is more 
important in β-Ga2O3 while a descriptor of a very specific coordination environment, 
namely bmin, has strong influence on θ-Al2O3. One possible reason is the ionicity of the 
bonds. β-Ga2O3 is more covalent than θ-Al2O3, which can be inferred from the 
electronegativities of Ga and Al (1.8 and 1.6, respectively) and the Bader charge of O (1.2 
and 1.7 in β-Ga2O3 and θ-Al2O3, respectively; the Bader charge of O is defined here as 
the electron density integrated over the Bader volume minus the number of electrons of 
an O atom). The overlap integral between orbitals becomes more important in covalent 
bonds, hence d, which reflects information on bond angles, has a stronger influence on 
EOvac in β-Ga2O3 than θ-Al2O3. The minimum bond length, which is considered most 
important in θ-Al2O3 based on our analysis, is somewhat important too in β-Ga2O3; the 
R2 of bmin is 0.46, which is not very different from 0.52 for d. Therefore, the difference in 
ionicity might have changed the order of importance in two descriptors highly relevant in 
both materials. The minimum bond length should carry more importance than the 
maximum bond length because, due to anharmonicity of the interatomic potential, 
shortening of the bond length from the equilibrium bond length generally incurs a higher 
energy penalty compared to elongation by the same amount. This could be the reason why 
bmin is more important than bmax in both β-Ga2O3 than θ-Al2O3. Note that anharmonicity 
is found in major interatomic potential models, such as the Lennard-Jones and Morse 
potentials, and a direct consequence is positive thermal expansion that is observed in 
almost all materials. As a final note, we calculated EOvac of θ-Al2O3 for sites shown in Fig. 
9 using a hybrid functional, namely HSE06. The HSE06 EOvac was consistently larger by 
0.18±0.05eV compared to PBEsol with the exception of site 1 in (20 1 ) where HSE06 
was larger by 0.01 eV, hence there are no significant changes to the trends. Although 
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hybrid functionals give more accurate band gaps compared to semi-local functionals, use 
of functionals with semi-local treatment of exchange-correlation is sufficient in this type 
of study. 
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Fig. 8. Two- and three-fold coordinated surface sites of accessible terminations of β-
Ga2O3, which are labeled with an X and a number, respectively. Green and red balls 
indicate Ga and O, respectively. 
 

 
Fig. 9. Two- and three-fold coordinated surface sites of accessible terminations of θ-Al2O3, 
which are labeled with an X and a number, respectively. Blue and red balls indicate Al 
and O, respectively. 
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Fig. 10. EOvac vs one descriptor that maximizes R2 for (a) β-Ga2O3 and (b) θ-Al2O3. 
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Fig. 11. Calculated EOvac vs fitted EOvac as a linear combination of two descriptors for (a) 
β-Ga2O3 and (b) θ-Al2O3. 
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Fig. 12. Feature importance of descriptors for (a) β-Ga2O3 and (b) θ-Al2O3. 
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Table 2. Descriptors of three-fold coordinated surface O atoms for β-Ga2O3. Atom 
positions are shown in Fig. 8. Units of descriptors are eV for EOvac and BGdesorb, eV/Å2 
for Esurf

 , and Å for the rest. 
 

Orientation ID EOvac r d h bmin bave bmax bdiff BGdesorb Esurf 
(100) 1 4.36 1.96 0.07 0.52 1.90 1.97 2.00 0.11 0.81 42 
(100) 2 4.36 1.96 0.07 0.54 1.90 1.97 2.00 0.11 0.80 42 
(20 1 ) 1 4.14 1.91 0.08 0.69 1.84 1.92 1.96 0.12 1.13 54 
(20 1 ) 2 3.99 1.89 0.03 0.60 1.86 1.89 1.91 0.05 2.21 54 
(20 1 ) 3 3.08 1.90 0.20 0.86 1.83 1.92 2.08 0.25 2.16 54 
(310) 1 4.18 1.90 0.03 0.87 1.88 1.90 1.92 0.04 0.91 50 
(310) 2 3.95 1.89 0.01 0.85 1.88 1.89 1.89 0.02 1.41 50 
(310) 3 4.01 1.90 0.03 0.90 1.88 1.90 1.92 0.04 1.39 50 
(310) 4 3.42 1.89 0.10 0.56 1.80 1.89 1.95 0.16 1.47 50 
(310) 5 3.61 1.89 0.09 0.56 1.80 1.89 1.95 0.15 1.54 50 
(310) 6 3.56 1.89 0.09 0.60 1.80 1.89 1.95 0.15 1.78 50 
(101) 1 3.57 1.91 0.09 0.70 1.83 1.91 1.96 0.13 1.03 65 
(101) 2 4.01 1.91 0.09 0.62 1.83 1.91 1.95 0.12 0.43 65 
(101) 3 4.06 1.91 0.02 0.81 1.90 1.91 1.92 0.02 0.09 65 
(101) 4 4.00 1.88 0.03 0.57 1.85 1.88 1.90 0.05 1.48 65 
(101) 5 3.53 1.90 0.13 0.84 1.85 1.90 2.02 0.17 1.02 65 
(101) 6 3.04 1.89 0.17 0.85 1.83 1.90 2.04 0.21 1.58 65 
(11 2) 1 4.36 1.93 0.09 0.16 1.93 1.96 2.02 0.09 0.91 62 
(11 2) 2 4.75 1.96 0.01 0.50 1.96 1.96 1.97 0.01 1.25 62 
(11 2) 3 4.15 1.95 0.06 0.56 1.90 1.95 2.00 0.10 0.72 62 
(11 2) 4 3.97 2.01 0.07 0.43 1.94 1.99 2.03 0.09 0.63 62 
(11 2) 5 3.58 2.03 0.18 0.52 1.90 2.01 2.20 0.29 1.04 62 
(11 3 ) 1 4.71 1.92 0.02 0.29 1.91 1.92 1.95 0.04 1.66 66 
(11 3 ) 2 4.60 1.93 0.03 0.54 1.91 1.93 1.95 0.04 1.59 66 
(11 3 ) 3 4.33 2.01 0.07 1.02 1.98 2.01 2.07 0.09 0.62 66 
(11 3 ) 4 4.16 1.94 0.03 0.48 1.91 1.95 1.97 0.06 0.81 66 
(11 3 ) 5 4.10 1.91 0.03 0.42 1.90 1.92 1.94 0.04 0.83 66 
(11 3 ) 6 3.84 1.95 0.04 0.61 1.92 1.96 1.99 0.07 1.04 66 
(11 1 ) 1 4.00 1.95 0.07 0.05 1.91 1.95 2.01 0.11 0.93 70 
(11 1 ) 2 3.91 1.91 0.12 0.22 1.87 1.94 2.02 0.15 1.52 70 
(11 1 ) 3 4.08 1.91 0.03 0.51 1.87 1.91 1.94 0.06 1.01 70 
(11 1 ) 4 4.10 1.93 0.09 0.59 1.86 1.94 2.01 0.15 1.44 70 
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Table 3. Descriptors of three-fold coordinated surface O atoms for θ-Al2O3. Atom 
positions are shown in Fig. 9. Units of descriptors are eV for EOvac and BGdesorb, eV/Å2 
for Esurf

 , and Å for the rest. 
 

Orientation ID EOvac r d h bmin bave bmax bdiff BGdesorb Esurf 

(100) 1 6.57 1.87 0.08 0.48 1.80 1.88 1.92 0.13 2.61 32 

(100) 2 6.58 1.87 0.08 0.50 1.80 1.88 1.92 0.12 2.59 32 

(20 1 ) 1 6.29 1.82 0.08 0.62 1.74 1.82 1.86 0.12 2.72 50 

(20 1 ) 2 6.43 1.78 0.02 0.50 1.76 1.79 1.80 0.03 4.20 50 

(20 1 ) 3 5.46 1.79 0.26 0.78 1.71 1.82 2.03 0.32 3.74 50 

(11 2) 1 6.57 1.84 0.10 0.08 1.83 1.87 1.93 0.10 2.32 53 

(11 2) 2 6.76 1.87 0.02 0.45 1.85 1.87 1.89 0.03 2.68 53 

(11 2) 3 6.64 1.85 0.06 0.53 1.80 1.86 1.90 0.10 2.61 53 

(11 2) 4 6.41 1.92 0.04 0.37 1.88 1.91 1.94 0.05 1.99 53 

(11 2) 5 6.20 1.93 0.15 0.47 1.83 1.92 2.07 0.23 2.32 53 

(310) 1 6.46 1.80 0.03 0.79 1.78 1.80 1.83 0.05 1.80 61 

(310) 2 6.31 1.78 0.01 0.77 1.78 1.78 1.79 0.01 1.95 61 

(310) 3 6.43 1.80 0.02 0.82 1.79 1.80 1.82 0.03 1.81 61 

(310) 4 5.77 1.79 0.10 0.45 1.69 1.80 1.86 0.16 2.94 61 

(310) 5 5.89 1.79 0.10 0.46 1.70 1.80 1.86 0.16 3.01 61 

(310) 6 5.86 1.79 0.10 0.50 1.70 1.80 1.86 0.16 2.97 61 

(11 3 ) 1 6.52 1.85 0.04 0.41 1.81 1.85 1.88 0.07 2.26 66 

(11 3 ) 2 6.37 1.81 0.03 0.33 1.78 1.81 1.83 0.05 2.47 66 

(11 3 ) 3 6.61 1.86 0.03 0.57 1.83 1.86 1.89 0.06 2.72 66 

(001) 1 6.75 1.84 0.01 0.33 1.84 1.84 1.86 0.02 2.68 91 
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Table 4. R2 between EOvac and descriptors for the seven surfaces of β-Ga2O3.  
  

EOvac r d h bmin bave bmax bdiff BGdesorb Esurf 
EOvac 1 0.12 0.54 0.11 0.46 0.11 0.08 0.52 0.10 0.01 

r 0.12 1 0.00 0.04 0.55 0.95 0.43 0.01 0.22 0.02 
d 0.54 0.00 1 0.01 0.18 0.02 0.57 0.95 0.06 0.00 
h 0.11 0.04 0.01 1 0.04 0.06 0.01 0.00 0.00 0.08 

bmin 0.46 0.55 0.18 0.04 1 0.55 0.06 0.21 0.20 0.09 
bave 0.11 0.95 0.02 0.06 0.55 1 0.52 0.03 0.20 0.03 
bmax 0.08 0.43 0.57 0.01 0.06 0.52 1 0.58 0.01 0.03 
bdiff 0.52 0.01 0.95 0.00 0.21 0.03 0.58 1 0.05 0.00 

BGdesorb 0.10 0.22 0.06 0.00 0.20 0.20 0.01 0.05 1 0.04 
Esurf 0.01 0.02 0.00 0.08 0.09 0.03 0.03 0.00 0.04 1 

 
Table 5. R2 between EOvac and descriptors for the six surfaces of θ-Al2O3.  
  

EOvac r d h bmin bave bmax bdiff BGdesorb Esurf 
EOvac 1 0.23 0.55 0.08 0.64 0.20 0.05 0.57 0.17 0.00 

r 0.23 1 0.00 0.14 0.61 0.96 0.39 0.00 0.11 0.06 
d 0.55 0.00 1 0.01 0.21 0.01 0.56 0.96 0.17 0.12 
h 0.08 0.14 0.01 1 0.12 0.19 0.03 0.01 0.00 0.01 

bmin 0.64 0.61 0.21 0.12 1 0.57 0.05 0.25 0.24 0.00 
bave 0.20 0.96 0.01 0.19 0.57 1 0.49 0.01 0.09 0.09 
bmax 0.05 0.39 0.56 0.03 0.05 0.49 1 0.55 0.01 0.12 
bdiff 0.57 0.00 0.96 0.01 0.25 0.01 0.55 1 0.16 0.12 

BGdesorb 0.17 0.11 0.17 0.00 0.24 0.09 0.01 0.16 1 0.02 
Esurf 0.00 0.06 0.12 0.01 0.00 0.09 0.12 0.12 0.02 1 
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4. Conclusions 
 

This paper investigated 34 orientations of β-Ga2O3 and θ-Al2O3 and developed a 
workflow to find surfaces that are regarded to be experimentally accessible. Surfaces that 
are metastable with respect to macroscopic facet formation are removed from 
consideration, and the termination of candidate orientations are investigated by 
calculating the Esurf of cleaved bulk and GA-suggested terminations. A total of seven and 
six accessible terminations were identified for β-Ga2O3 and θ-Al2O3, respectively. The 
lowest EOvac, which is a measure of reactivity of the O site, among the accessible 
terminations is 1.32 [(101) orientation] and 1.11 [(20 1 ) orientation] eV lower than the 
most stable termination, which is for the (100) orientation, in β-Ga2O3 and θ-Al2O3, 
respectively. Reduction in EOvac is possible by exposing unfavorable coordination 
environments at the surface, implying that formation of step and related local defects 
could further reduce EOvac. The Esurf of the highest accessible termination is roughly 
double of the lowest energy termination in both compounds, hence would be very difficult 
to consider without computational insight. We expect the proposed workflow would be 
of help to achieve emergence of new properties by efficiently exploring high Esurf yet 
accessible surfaces that have been overlooked. 
 
Supporting Information.  
Detailed data of cleaved slabs and details on USPEX calculations as well as the procedure 
of making a nonpolar slab with a USPEX-determined termination are supplied as 
Supporting Information. 
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(a) Cleaved (b) GA-reconstructed

(c) Macroscopic facet formation (a) or (b) is stable
= lowest energy surface is 
experimentally accessible


