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METHODOLOGY OF CONVERTING OF THE COORDINATES
OF THE BASIS ATOMS IN A UNIT CELL OF CRYSTALLINE B-GA;O3, SPECIFIED
IN A MONOCLINIC CRYSTALLOGRAPHIC SYSTEM,
IN THE LABORATORY CARTESIAN COORDINATES
FOR COMPUTER APPLICATIONS

One of the most important areas of modern technology is the creation of new structural materials with
predetermined properties. Along with industrial methods for their preparation and technologies associated with the
artificial growth of crystalline structures, various methods of computer modeling of new materials have recently
become increasingly important. Such approaches can significantly reduce the number of full-scale experiments.
Many applications of the computational materials science are related to the need to establish a relationship between
structure and electronic characteristics, and other physical properties of crystals. This article on the example of
crystalline B-Ga,O; presents the algorithms used in the converting of the coordinates of the basis atoms in a unit cell
of crystal, specified in a crystallographic system, in the Cartesian coordinates for the computational experiment.

1. Introduction

Gallium Oxide (B-Ga,03) has recently at-
tracted considerable interest for its unique
combination of material properties, he has
been recognized the perspective wide band
gap semiconductor [1]. The perspectives for
use of material p-Ga,O3 are conditioning
systems, including pulsed power for avion-
ics and electric ships, solid-state drivers for
heavy electric motors, and advanced power
management and control electronics. Certain
classes of power electronics with capabili-
ties beyond existing technologies due to its
large bandgap, controllable doping, and the
availability of large diameter, relatively in-
expensive substrates In addition to having a
lower electron mobility than binary alloys,
high Al-AlGaN is difficult to dope control-
lably and selectively. The usual Si dopant
ionization level becomes very deep in Al-
rich AlGaN, and ion implantation activation
efficiency is low. We will focus on whether
Ga,03 has a role in complementing SiC and
GaN. Some of the key issues include the real
application space of UWB semiconductors
in power switching or RF power amplifica-
tion, whether in realistic conditions they are
capable of outperforming the mature SiC
and GaN technology, and whether the mate-
rial quality and cost, thermal problems, and
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reliability challenges will limit their applica-
tion. The biggest difficulties in implement-
ing Ga,O3 relate to its high thermal re-
sistance and the absence of p-type conduc-
tivity through doping with acceptors. This
limits the type of device structures that can
be realized and requires effective thermal
management approaches [2].

After an unprecedented development and
application of classical and compound
semiconductors, that started in mid of the
XX century, wide bandgap materials were a
natural step in the expansion of
semiconducting materials that would offer
an extended functionality of both electronic
and optoelectronic devices. Wide bandgap
materials, such as GaN, InGaN, and SiC
have been successfully industrialized in the
last decade with an impact on our daily life,
in particular in the case of nitrides.
Nowadays, the research is directed towards
ultra-wide bandgap semiconducting
materials with the energy gap exceeding 4
eV. There are several that materials that
attract  particular  research  attention,
including AlGaN, AIN, diamond, and -
Ga,03 belonging to the class of materials
called transparent semiconducting oxides.
Diamond is very difficult to fabricate in a
large volume and of high structural quality.
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Al-based nitrides also suffer from
technological difficulties in obtaining a large
volume of high quality crystals. Among
ultra-wide bandgap semiconducting
materials only B-Ga,O3 can be grown in the
large volume. B-Ga,Os; with its unique
optical and electrical properties is regarded
as complementary to other ultra-wide
bandgap semiconducting materials in new
areas of applications, as solar-blind UV
photodetectors, photocatalysts, gas sensors,
solar cells, phosphors, and transparent
conducting films for electrodes on a variety
of optoelectronic devices [3-5].

The polymorphs (i.e., different forms or
crystal structures) of Ga,Ozand their regions
of stability were identified more than 60
years ago [6]. There are five polymorphs of
Gay03, labeled as corundum (o), monoclinic
(B), defective spinel (y), and orthorhombic
(¢), with the & phase commonly accepted as
being a form of the orthorhombic phase [1,
6-10]. The B-phase (B-Ga,03) is the most
stable crystal structure and has been the
subject of most studies [1, 6-16].

2. Methodology of converting of the
coordinates of the basis atoms in a unit
cell ~of crystal, specified in a
crystallographic system, in the Cartesian
coordinates

It is known that the centers of atoms of
any ideal crystalline structure form, in
simple cases, one or, in the general case,
several regular point systems. By the correct
system of points (a system of equivalent
positions) we mean the set of points
obtained by multiplying the starting point
(nonequivalent) by all symmetry operations
of a given space group [17]. Moreover, each
regular point system contains only one point
in an independent region.

In each spatial symmetry group, the
regular point systems are subdivided into so-
called Wyckoff positions. Wyckoff positions
can be free (a region in three-dimensional
space), or can be specified as a plane, or as a
straight line, or as a point in three-
dimensional space (point position). The ba-
sis atoms of the substance under study are
located at specific Wyckoff positions within
the framework of the topology defined by

the spatial symmetry group. In total, in 230
spatial symmetry groups, there are 1731
Wyckoff positions [18-19].

The crystalline structure means the finite
set of regular systems of atoms in a given
Fedorov group. The crystalline structure is
described by the following characteristics:

e spatial symmetry group;

e metric parameters of a unit cell (Bravais
parallelepiped), to which are the
constant lattices and angles between
them;

e Wyckoff 's positions of the centers of
the basis atoms that make up this
structure, including their indices
denoting the multiplicity of positions
and the numerical values of the free
coordinates of these positions in the unit
cell.

The coordinates of all atoms of the
crystalline structure can be calculated on the
basis of these data and using Fedorov
symmetry  groups  or international
crystallographic tables.

Usually, when the crystal structures are
modeled, the coordinates of the basis atoms
are represented in relative coordinates in an
oblique system:

' o T Xai .. Xai
xl:'_ a 'xﬂi'_ b’ =3 A ¢ If the
origin is at the top of the unit cell, they are
expressed in fractions of the elementary
translations. These coordinates characterize
the ratio of the lengths of the oblique
projections of the radius vector coming from
the origin to the lengths of the basis vectors

a, b, ¢ — elementary translations

(parameters) of the Bravais lattice (unit

cell). The relative coordinates of the i-th

atom are positive numbers in the range from

0 to 1. Further, we will not use strokes,

considering the coordinates of the atoms

relative by the formula (1):

= Xya+ x5+ x50 1)
The point that lies in an arbitrary cell of
the crystal corresponds to the vector

r+ ua+ vbh +weg, where ¥ V and W

are integer numbers of translations to which
this cell is separated from the origin
(depending on the direction of translations,
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the numbers can be either positive, and
negative).

Unit cell parameters and relative atomic
coordinates completely determine the crystal

structure. If we consider the orthogonal
basis a, b, c, then the distance between the
atoms i and j will be calculated by the
formula (2):

P(ri?}) = J(M'(l’n - xlj))z + (”"(xzi - xz;‘))z + (le|(xs; — xajjjz ()

In the general case, the square of the
distance between the centers of the
atoms is calculated by the formula (3):

2 2 2

P(ﬁ'?})z = (Ial(xli - xlj)) + (lbl(xza' - xz;‘)) + (lcl(xaa' - xzj))
+2bllel(x2s — x2;) - (62 — x35) cosa + lallel(xy; — x4;) ®)
) (xaa' - xgj)casﬁ‘ + |a||b|(x1!- - xlj) ) (xzi - xz;‘)cc‘g}’

where a, f, y are the interplane angle. To
construct the images of basis atoms,
symmetry operations are applied for each
Fedorov group. A symmetry operator, R,
acts on a point r so that: r'=R-r, in which R
represents a 3x3 matrix by the formula (4):
X, Y, and Z are converted into fractional
crystallographic coordinates (x,y,z) in order
to perform crystallographic operations, and
inversely, geometric computations are more
easily performed in Cartesian space. In or-
thonormal systems (cubic, tetragonal, and
orthorhombic) the coordinate transformation
reduces to a simple division of the coordi-
nate values by the corresponding cell con-
stants. For example,
x=Xl/a, and X=ax. In the case of a generic
oblique crystallographic system, the trans-
formation is described by a matrix opera-
tion: let the atomic positions be described by

a Cartesian coordinate vectorX by the

formula(5):
X

X=1Y (5)
Z
and the fractional coordinate vector in the

crystallographic system be X by the formula

(6):

a abcosy
M-t — 0 bsiny
0 0
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X
X = (J) (6)
Z

With the systems having the same origin
x =MX

the operation reduces to and its
x' @y; @13 Qy3N sX
y' | =|Qz21 Q32 Q33 (}’) (4)
z' 3y Q3 Qi3/) M2

_ -1
inversion to X=M x’ with M the de-

orthogonalization matrix, and its inverse

-1
M the orthogonalization matrix. There
are multiple choices of M depending on the
order and selection of the axis rotations. The
following convention is followed by most
crystallographic programs:

o Cartesian axis A

lographic axis a.

. B is collinear with (aXb) X A;

. C is collinear with (a X b).
Using the above convention and we get

the formula (7):

is collinear with crystal-

ccosfd

c(cosa — cosfS cosy)

siny )
%4

ab siny



with

V = {/abe(1l — cos?a — cos?f — cos?y + 2cosa cosf cosy)

or adj(M™")
V = det(M™1) M = det(M1) (8)
The deorthogonalization matrix M , can and reduces to (9):
be obtained by inversion of M~ following
Cramer’s rule get by the formula (8):
b cosyc(cosa — cosf3 cosy)y 1
a bcosy ( , )—
siny %
1 ‘ ac(cosa— cosf3 cosy)
M~ =10 bsiny — : (9)
Vsiny
ab siny
0 0 —
vV

room temperature are measured to be
a=1223A b=304A c=
5.80A

and the wunique axis PB=103.7° (angle
between a and ¢ axes) unit cell. The unit cell
contains four formula units, eight Ga atoms
and twelve O atoms are evenly distributed
into two Ga and three O nonequivalent sites

3. Converting of the coordinates of the
basis atoms in a unit cell of crystalline p-
Ga,03, specified in a monoclinic
crystallographic system, in the laboratory
Cartesian coordinates

The above techniques will be applied to
crystalline p-Ga,O3; for construction in the
laboratory Cartesian coordinate system as-
sociated with a computer-generated author
program of an atomic environment within a

at positions 4i: (000,-0) + (x0z) [20-23]
unit cell B-Ga,0s.

The monoclinic f-Gaz0s [20] with space (Ta'lt')::tet)ﬂ?. 2 contains selected geometric
group C2/m has two nonequivalent Ga sites: parameters

Gal is the sixfold-coordinated site, while
Ga2 is the fourfold. In addition, there are
three nonequivalent O sites, which are three-
fold-coordinated O1 and O3 sites, while O2
is the four-fold. The lattice parameters at

Table 1.
Nonequivalent atomic fractional positions
of B-Ga,0O3 [20]

Atom X y z Coordination
Gal 0.09050 (2) 0 0.79460 (5) fourfold
Ga2 0.15866 (2) 1/2 0.31402 (5) sixfold
01 0.1645 (2) 0 0.1098 (3) threefold
02 0.1733 (2) 0 0.5632 (4) fourfold
03 0.0041 (2) 1/2 0.2566 (3) threefold
Table 2.
Selected geometric parametres (A, °) [20]
Gal-O1 1.835 (2) Ga2-01 1.937 (1)
Gal-02 1.863 (2) Ga2-02 2.074 (1)
Gal-03 1.833 (1) Gaz2-02 2.005 (2)
01-Gal-02 119.59 (9) Ga2-03 1.935 (2)
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01-Gal-03 106.79 (7) 01-Ga2-02 91.87 (7)
02-Gal-03 105.92 (7) 01-Ga2-03 94.66 (7)
03-Gal-03 111.9 (1) 02-Ga2-02 94.14 (6)
01-Ga2-01 103.22 (9) 02-Ga2-02 80.91 (6)
01-Ga2-02 80.91 (6) 02-Ga2-03 91.95 (7)

The fractional crystallographic coordi-
nates of the atoms shown in Table 1 were
converted to Cartesian coordinates using the
algorithm described in paragraph 2. Their
values are shown in Fig. 1, which is a screen

ated in the Delphi programming environ-
ment [24-28]. Two nonequivalent Ga atoms
[Gal and Ga2] and three nonequivalent O
atoms [O1, O2 and O3] are showed on Fig.
2.

shot of an authoring computer program cre-

Mz M y z zort
1 000930027 233030584 § 5,49024519729932E-16 4,47 7558339825075 1Gal
2 1.50305455516035 152 1.76343795703763 2 Ga2
3 1.86100E533505357 4822 BN FYB322E17 0.E187213415793M 3 01
4 1.34581298558789 2.47383097800023E-16 3,17 362349541951 4 02
5 -1.0211737711 5405 152 41830477 716VEZR 5 03

Fig. 1. Laboratory Cartesian coordinates of five atoms in nonequivalent atomic positions
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Fig. 2. Unit cell of B-Ga,03, which possesses two nonequivalent Ga sites: Gal, Ga2 (gray spheres) and three
nonequivalent O-sites: 01, O2 and O3 (white spheres) in different angles of observation. The image is built in a
laboratory Cartesian coordinate system using an author's computer program

To construct the images of basis
(nonequivalent) atoms, symmetry operations
are applied for C2/m Fedorov group:

C2/m symmetry Operators

7 1 1 11
1 LV, 2 1 5 —+x,-+yz EC[—_—_{]]
2 2,y,2 2.(0,y,0) 22 2’2 1
T 1 1
3 il.j}.ﬁ 1 (U,D,Dj B __x-—+JJ'2 21 (.f__l."}jlo) I:D,E,B:l
4 x, 9,z m (x,0,z) s 2
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?1 1 2I(110] 81+ 1 (1)[100]
——X,=—V —, = — ——vy,za |(x,-,z) |=,0,
2 2 ME R Yy R I 2"%) %
—a ( ccosfl (10)
The lattice vectors of the unit cell are given T = ( 0 p 0 )
in the ::x'y'zj-system as: 0 0 c sinf
a, =T(1,0,0)
. As a result, the elementary cell is filled with
a, =7(0,1,0) thirty atoms, which are shown in fig.3. Their
a; =7(0,0,1) values are shown in Fig. 4, which is a screen

shot of an authoring computer program
with the transformation matrix given by the
formula (10):

S-S0
OlIeCe

P . VERY W7t
SC

q

L AW A\~

Fig. 3. Unit cell of B-Ga203 in different angles of observation.
The image is built in a laboratory Cartesian coordinate system using an author's computer program

Ga2-02 2.009
Table 3. Ga2-03 1.889
Geometric parametres (A, °) that are 01-Ga2-02 91.95
calculated using laboratory Cartesian 01-Ga2-03 04.43
coordinates 02-Ga2-02 94.15
Gal-O1 1.835 02-Ga2-02 80.85
Gal-02 1.867 02-Ga2-03 92.20
Gal-03 1.859
01-Gal-02 119.59 We have transformed the coordinate from
01-Gal-0O3 106.79 the crystallographic monoclinic system to
02-Gal-03 106.77 Cartesian, and the geometry of the crystal
03-Gal-03 114.72 does not distort (Tabl. 3). So, our actions
01-Ga2-01 103.26 were correct and the obtained set of atomic
01-Ga2-02 80.89 coordinates can be used to calculate the
Ga2-01 1.939 characteristics of the electronic subsystem of
Ga2-02 2.076 the crystal.
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[E ] y z zort
1 0,00980027233030324 53,49024519?29932515 4,47750893836075 1
2 1.50905463516035 . 1.52 1.76343735703763 2
g 1,86100633505957 4. 82291621776322E-17 | 0.6187 21341573300 3
4 1,34581238558789 2,47383097800023E 16 317362343341 951 4
5 -1.02117977115405 1.52 41890477 7167625 5
E 4,7315384738291 152 1.1574258976356 1
7 3.23228405765306 3.01313667309765E-16 | 3.06540693894871 2
g8 2.88033175775924 1.52 5.01626355440705 3
g 3,395525767 23152 152 2,46136140256684 4
10 5.09382022834535 3.26535147202658E-16 418904777 167625 5
1 11.8775185239735 1.52 1.44533712431M 5
12 0,00980027 299030403 | 3.04 4,47756833535075 1
13 1.86100633505957 3.04 0.6187213415733M 3
14 1.345812385558783 3.04 3.17362343341351 4
15 10,84653847382591 304 1.1574258976356 1
18 9.34728405765308 1.52 3.86548633534571 2
17 8.99533175775954 3.04 5.01626355440705 3
18 9,510526767 23152 304 2,46136140256684 4
19 £.1248002723303 1.52 4,47755893535075 1
20 7.62405463516035 304 1,76349735703763 2
| 7.97600893505957 152 06187 2134157330 3
22 7.460312335553723 1.52 3.17362343341351 4
23 5,76251852337346 304 1,44533712431M 5
24 10,84653847382591 9.02210374434031E-17 1,1574258376356 1
25 8.99533175775924 3.91016334935703E-16 | 5.01626355440705 3
26 9.510525767 23152 19186245937 331 3E-16 | 2,46136140256684 4
2F 5.09382022834535 3.04 41890477 7167625 5
28 5,76251852337346 1.12710403970673E-16 1,44533712431M 5
29 3,23228405766906 304 3,86548653834871 2
a0 7.62405463516035 1.37331883863571E-16 1,76343735703763 2

Fig. 4. Laboratory Cartesian coordinates of thirty atoms in unit cell

Conclusions

The technique of converting of the
coordinates of the basis atoms in a unit cell
of crystal, specified in a crystallographic
system, in the Cartesian coordinates is
described. This technique is applied to crys-
talline B-Ga,O3 for construction in the labor-
atory Cartesian coordinate system associated
with a computer-generated author program
of an atomic environment within a unit cell
B-Ga,03. Conversion of the coordinates
from the crystallographic monoclinic system
to Cartesian did not distort the geometry of
the crystal.
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ATOMS IN A UNIT CELL OF CRYSTALLINE B -Ga,0O3, SPECIFIED IN A
MONOCLINIC CRYSTALLOGRAPHIC SYSTEM, IN THE LABORATORY
CARTESIAN COORDINATES FOR COMPUTER APPLICATIONS

Summary. One of the most important areas of modern technology is the creation of new
structural materials with predetermined properties. Along with industrial methods for their
preparation and technologies associated with the artificial growth of crystalline structures,
various methods of computer modeling of new materials have recently become increasingly
important. Such approaches can significantly reduce the number of full-scale experiments.
Many applications of the computational materials science are related to the need to establish a
relationship between structure and electronic characteristics, and other physical properties of
crystals. This article on the example of crystalline 3-Ga,O3 presents the algorithms used in the
converting of the coordinates of the basis atoms in a unit cell of crystal, specified in a
crystallographic system, in the Cartesian coordinates for the computational experiment.
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YJIK 538.9
P.M. Banabaii, M.B. Haymenko

METOAOJIOI'TA ITIEPEPAXYHKY KOOPAUHAT ATOMIB BA3UCY B EJIEMEH-
TAPHIA KOMIPIII KPUCTAJIYHOI'O B-Ga,0s, 11O 3AJIAHI B MOHOKJITHHIA
KPACTAJIOTPAGIYHINA CUCTEMI, B JABOPATOPHI JEKAPTOBI KOOPJIUHA-
TH JJI1 KOMIPIOTEPHOTI'O 3ACTOCYBAHHA

Pe3tome. OHUM 13 HaWBaXXIIMBINIMX HAINPSIMKIB Cy4acCHUX TEXHOJIOTIH € CTBOPEHHS HO-
BUX KOHCTPYKIIIHUX MaTepiaiiB 3 Hamepea 3aJaHMMHU BIacTUBOCTAMU. [lops 3 mpoMHCIOBUMU
crioco0amu X OTPUMaHHS 1 TEXHOJIOTISIMU, OB’ SI3aHUMH 3 IITYYHUM BHUPOIIYBAaHHIM KPHCTAIi-
YHUX CTPYKTYp, OCTaHHIM YacoM Bc€ OLIbIIOr0 3HA4YECHHs Ha0yBalOTh pi3HI METOAU
KOMIT FOTEPHOTO MOJICITIOBaHHSI HOBHX MaTepiamiB. Taki miIXxoau T03BOJSIOTH iICTOTHO CKOPOTH-
TH YHCJIO HATYPHHUX €KCIIepUMEHTIB. bararo 3agau nmpukiagHOro o0YMCIOBAIBHOTO MaTepiaio-
3HABCTBA TOB’s13aHi 3 HEOOXIHICTIO BCTAHOBJICHHS B3a€MO3B’SI3KY MK CTPYKTYPOIO Ta €JIEKT-
POHHUMH XapaKTEPUCTUKAMHU, IHITUMH (PI3SUIHUMH BIIACTHUBOCTSIMUA KPUCTAJIB. Y CTaTTi HA MPU-
kiaal kpuctanigyHoro B-Ga,O; mpeacraBieHi aaropuTMy, BUKOPUCTOBYBAHI MPH MPOEKTYBaHHI
KPUCTATIYHUX CTPYKTYp, IO JO3BOJSIOTH JOCIIIKYBAaTH iX BIACTUBOCTI B OOYHCIIOBAIEHOMY
€KCIICPUMEHTI.

Kuarouosi cioBa: kpucraniuamii B-Ga,03, eneMenTapHa KoMipka, aTOMHI 0a3UCH, MOHO-
KJIIHHA KpHcTasiorpadiyaa cucreMa, 1eKapToBl KOOPIUHATH

V]IK 538.9
P.M. Banabaii, M.B. Haymenko

METO/JI0JIOTUSI HEPEPACYETA KOOPJIUHAT ATOMOB BA3HCA B DJIEMEH-

TAPHOM SYEUKE KPUCTAJIJINYECKOM p-Ga,03, SATAHHBIE B MOHOKJINH-

HOM KPUCTANJIOTPA®UUYECKON CUCTEME, B JABOPATOPHBIE JEKAPTO-
BBIE KOOPIUHATHI JUISI KOMIIBIOTEPHOI'O ITIPUMEHEHMUSI.

Pesrome. OnHUM U3 BaKHEMIIMX HAIpaBIEHUN COBPEMEHHBIX TEXHOJIOTHIH SIBJIIETCS CO-
3/1aHM€ HOBBIX KOHCTPYKIMOHHBIX MaTepHaJIOB C 3apaHee 3aJaHHbIMM cBoWicTBamu. Hapsny c
MIPOMBIIIICHHBIMH CIIOCO0aMH X TTOJIYUEHHSI U TEXHOJIOTUSIMH, CBSI3aHHBIMH C MCKYCCTBEHHBIM
BbIpaIllMBaHNEM KPUCTAJUIMYECKHX CTPYKTYp, B TIOCJIEHEE BpeMsl Bce Oouibliiee 3HaUeHHe MpUo-
OpeTaroT pa3IMYHbIE METO/IbI KOMITBIOTEPHOTO MOAETHPOBAHNS HOBBIX MaTepHajoB. Takue moj-
XOJIbl MO3BOJISIOT CYIIECTBEHHO COKPATUTh YMCIIO HATYPHBIX SKCHEPUMEHTOB. MHOrue 3aaadu
NPUKJIAQJHOTO BBIYUCIUTEIFHOTO MAaTEPUATIOBEACHUS CBSI3aHHBIE C HEOOXOAMMOCTBIO yCTAaHOB-
JIEHHS B3aUMOCBS3M MEXKJy CTPYKTYPOH M 3JIEKTPOHHBIMU XapaKTePUCTUKAMH, IPYTUMHU (U3U-
YEeCKHMMH CBOMCTBaMHU KpHUCTAIUIOB. B cTarhe Ha mpumepe kpucrammndeckoro 3-Ga,Os nmpexacra-
BJICHBI JITOPUTMBI, UCIIOJIb3yEeMbIe MPU MPOEKTUPOBAHUM KPUCTALIMUECKUX CTPYKTYp, MO3BO-
JISIFOIIIME MCCIIEIOBATh UX CBOWCTBA B BEIYHCIIUTEIBEHOM SKCIIEPUMEHTE.

KiroueBbie cioBa: kpucramuueckuil B-GayOs, snemeHTapHas siuelika, aTOMHbIe 0a3u-
CBI, MOHOKJIMHHAS KpUCTauiorpaduieckas cucreMa, JeKapTOBbIe KOOPIMHATHI
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