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A Computer Programming for the Analysis of
Crystal Structures

Jin-Hee Kim'

ABSTRACT

In this paper a computer programmung for the expression of nearest neighbor aloms m lace-centered cubic (TCC)
anel body-cenlered cubic (BCC) crystals was suggested as one of the approaches o undersland cach ot the crvslal
structes By uswig this computer programumng the dislance values beiween a relorence atom and ihe nearest neighhor
atoms. and the numbers of the negrest nephbor arems were caloulated and compared for the T'CC and BCC crvslals In
this algonthm, the positions of (he atoms i a crvstal were defined a= two categones the comer atoms and [ace~ or
hody-cenlered atoms, and considerer] respertively, For the same order of nearest neighbor gioms excepl the second order
ones the distance values from the reference atorn were smaller m the FCC ervstals than those in the BCC, Also, the
numbers of the [ret and third nearest neighbor atoms m the FCC crvstaly were larger than thesc in Lhe BCC Thes
difference was explamed by lhe comparison of cach atome packing ratw of ithe FCC and BCC crysials The algonthm

used i this programming can also be expanded Lo Lhe analysis ol other crysial structures

1. Introduction L1-31, il appears that they are rclalively rarely used in
figuring the struclure of a crystal which has a specific

Although vartety of compulalional melhods are being arrangement of atoms or 1ons m a space. Instead, many
employed in solving scientific or engineering problems pecple depend upon an elabm ate gepmetric consideration

o understand nature of the crystal suuclures [4. 5], The

structure of a ceryslal m general determimes its overall



characlerstics such as eleclrical, optical, magneac,
mechanical, and chemical properties [4,5). Thus, a
thorough inderstanding of the structhwe of a crvstal 15
of special mportance for the prediction and explanation
of ils vancus properties, being one of the major research
topics in materals scence, mincralogy, morganic
chemistry. solid state physics, solid mechanics, an so on
[4-10],

The structures of crvslals can be elassified into the
Bravais 14 lattices and wnderstanding of detal nature
of each crystal struchure can be done by careful
congideration of numbers end distances of nearest
neighbor atoms included in each of the erystals [4, 5.
The two [aclors, numbers uand distances of nearesi
neighbor atoms, can be geometrically determined using
4 Ingoncmetric operation However, as the order of the
nearest neighbor atoms 1ncreases this calculabion
becomes dramatically dillicult,

For the present study. numbers and distances of high
order nearest ncighbor atoms 1 the lace—centered cubic
(FCCY and body—cenlered cubic (BCC) crystals which
are the most common structureg in crystalline materialg,
were obtained by usmg a new compiter programming
and the results were compared [or each other. Also, it
was suggested that the algorithm in this programmng
he used in establishing programs lor the expression of

orther crystal struclures.

2. Background

A unit cell would be defined as the mmmnmum three—
dunensicnal building blocls which can construct a whole
erystal by simple mullmplication [11, 12]. According 1o the
lengths of uml-cell axes and the angles belween them,
averall erystal structures can be classified as cubic,
letragonal, hexagonal, arthorhornbic, monochnic, and
(richme 111, 12]. Each categary contains some ol
hody—cenlered, face-centcred, base-centerad, or primitive
structure  Thus, totally the crystal structures can be
characlerized as so called the Bravais 14 lattices [11, 12]
Among them face—centercd cubic (FCC) and body-

centered cubic (BCC) are the mosl commonly cocountering

suuclures especially in metallic malerials such as
copper, alurrdrum, nuckel, platmum, iron, chromium,
molvbdermm.  tungsien, etc. |4, 5], Moreover, some
minerals with a rock salt struclure including sodum
chlonde (NaCl) and periclase (MgQ} show the FCC
array of the negative 1ons (anicns) [4,5]. (Fig. 1 (a))
shows the schemauc diagram of Lhe unit cell of a
face—centered cubic (FCC) crystal The definition of a
cubic unit ¢ell is thal ils edecs are equal in length and
all the angles berwesn them arc 20°[11,12], This
diagram was cxaggeraled for easy undersianding In
reality. the comer and face—cenler aloms are touching
each other to the direction of the dotted lnes Eight and
six atoms go Lo 1he comers and face—centers of the FCC
umt cell, respectively However, a corner atom is shared
by eight umt cells and a {ace-center atom 1$ shared by
two unil cells. Thus, totally lour atoms are included in
an FCC umit cell. (Tig 1 {(h)) shows the schematic
diagram of the umt cell of a BCC crystal Here, as the
same case with the FCC cryslal shown m (Fig, 1 (a))
in realty the corner and body-center aloms are touching
each other to the chrection of the dotted hnes. There are
cighl corner atoms and one body-center atem 11 the
diagram Thus, there are lotally two atoms in a BCC
urnt cell

The lengths of the wt cell cdges are called as the
lattice parameters winch are symbolized as &, bs and
¢ lor the x, ¥ and z axes, respectively [11, 121, Since
the three latlice paramelers in a cubic crystal are
identical, only &, 15 used to represent all the three lattice
parameters [or ihe x, y and z axes. This latlice parameter
is the umque properly of a material depending upon the
alom size and crvstal structure. In an FCC crystal shown
m (Fig. 1 (a)) the three [Irst nearest neighbor aloms for
the refcrence alom which is marked as %, are indicated
as lhe atoms oumbered as 1 Smce the position of an
atom In a cuBic cryslal can be wlenblied by using the
Cartesian coordmation, (i, §, 1) [13. 14 (he posihion of
ihe reference atom al the origin marled a5 x becomes
{0, 0, 0), and one of the lirst nearest neighhor atoms
numbered as 1 s localed at (272, au/2, 0L

The equanen (or the length of a veclor i the Cartesian
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(Fig 1) Schematic diagrams of & face-centered cubic
(FCC) unit cell {a) and a body-centered
cubie (BECY unit cell (b)),

coorchnation can be writicn as following [13, 14]
Length of a vector with (2, 4, B =L (D24 (D% + (5712 (1)

Therefore, the distances hetween the relerence atom and
the first nearest neighbor atoms can be calculaled as

following :
[ {a, /20" +{a, /2 + {0y Vo= (,/ 2/20a, = D.707a, (2)

[n realily, there are 1l more positions which are

cquivalenl io the ta,/2. a2, 0) and 0.707a, away from
the origin, Toally, there are 12 frst nearest neighbor
atoms located al (a2, Tas2 0 (Tas2, 0, a2
{0, Ta,2, Ta,/2

The second nearest neighbor atams are located at the
positons marked as 2 and the distance can be calculated

as [ollowing:
[ta i+ (@2 +(0)? ] =a, @

Totally, there arc 6 equivalent positions which are a,
away [rom the origin © (a0, 0% (0, Za, 0% 10,0, Ta.).

The same method can be apphed to the BCC ervstal.
There are eight first nearest neighbor atorns which arc
marled as 1 and {4 3/2)a, away from the origin. Also.
there are siv second nearest neighbor aloms which are
marked as 2 and a, away from the argin, This kmd of
geometric operation for the nearesl neighbor atoms with
a higher order becomes extremely compbeate. In order
to count the mgh-order nearest neighbor atoms, huge
number of unit cells and atoms must be considered as
shown in (Fig 2). This hgure shows 216 unit cells of
an FCC crystal, Imagine how many unit cells and atoms
must he considered to obtain information of 20th nearcst
neighbor atoms 1t is almosl impossikle that one can
successfully apply this trigonometric operation to the
20Lh nearest neighbor atoms. Therefore, a computational
analysis based on the regularity in the atomic
arrangement is absolutely required to resolve this
prablem.

3. Algorithm

The FCC structure was taken into account prior 1o
the BCC struclure. (Fig. 2) shows the multiplied FCC
structure consistng of 215 unit cells This struclure was
constructed based upon the three (x, y, z) axes and each
al the angles between them 1s 90°. The atoms in the
structure were divided inte bwo groups. comer atoms
and lace-center aloms The indices of 1 j. k [or the
corner atoms could be simply 0. £a,, £ %2, T34, -, thal
is the integer times a. The indices of the face- center
aloms could be *0ba, T1.5a, T25a,. -, that is the



X¥-Plane : (005

¥ YZ-Plane (KD

(Fig. 2) A multiplied face-centered cubic {FCC)
structurg including 216 unmit calls,

fraction times a. The corper and [uce—center atoms
were considered up to £3a, Thus, the positions of
corncr atoms can be defined ag the combination of the
indices :1 = —3a,, 2o, ~da, 0. 8, 280, 300 ] = 30, ~280,
—8y, O 8, 28, 3as li = -33, 28 8. 0 A, 28, 34,
Special care was talien for the delermination of Lhe
positions of the lace—conter atoms in an FCC crystal
As shown 1 (Fig 2} the planes were dislinguished into
Lhree types : the yz-planes perpendicular to the x-axs,
the xz-plancs perpendicular to the y~axis; the xy-planes
perpendicular to the z-aws. Each group of the planes
was considered respectively, For example, the positions
of the 38 face-center atoms in one of the yz-planes
which is indicaled as a heavily—graved plane and can
be expressed as (H00) by using Miller indices [14, 15],
have the combination of the ndices. 1 = 3a., 1 = -2.5a,,
—1.08,, =0.58, 0.38,, 1 D2s. 2580 kK = ~2.5a,, —1 Ba,, —0.5a,,
05a,. 1.5a,, 25a, Thar is, every 1 value is 3a,, aned j and
k values are [ractions ranging [rom —25a, to 4540
The positions of the lace-center atoms at the next
Inner yz-plane which also can be expressed as another
{A00Y, can be delined as the combination of the ndices
1= 20y ] = -2.5a, —1.oa. —05a,, 050, 154, 2560 k =
—2.98,, —1 ba,, —0.5a., 0.5a., 1.5a0. 250, There is only the
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variation m the i values for the rest of Lhe yz—planes.

The same consideation can be applied to the xz- and
xv-planes, Therefore, the positions of [ace—center atoms
0 the seven vz—planes can be defined as the comlnnabon
ol the indices: 1= —3a,, ~Ze. e, O, 8y, 280, 380 ] = ~2.58,,
—1.58n, —0 5ay, 0 Sao, 1.58,, 2 Bat. It = -2.5a,, ~1.58,, —0.50,,
(.58.. 153, 25a, those in the seven xz-planes as. 1 =
-2.380, —1.50,, -0.5a, 058, 158 2bas 1 = —38., 2.
~8g, 0, a4y, 285, 38w k& = —2.38,, —1.5a,, -0.5a,, 0.5, 1 Hay,
2.5a,, end those m Lhe soven xv-planes as' 1 = -2 ba,,
-1 53, 0,380, 0020, 192y, 258 § = -25a,, -1.5a. —0.5a,,
054, 1.58., 2580 Xk = —3au, 280, =8, 0, fu, 235 33, In
(Fig 2) ane of the xz-planes, (0k0) 1s indicated as hightly
graved one and one of the xy-planes. (007) as normal
white one.

The distance between Lhe reference atorn localed at
the origin (0, 0, 8) and each of the nearesl neighbor atoms
can he calculated using Equalion 1, The number of each
of the nearesl neighbor atoms can be obtained by the
summation of the number of cach of the corner or
face—center atoms with the same distance Follewing 1s

Lhe swmimary of the algorithm lor this easlculalion:
Fostiions of atoms: (, 1, k)

Corner ofoms. 1 = 38, 285, ~au, 0, 2, 24e, Joor
] = ~3a,, 28, - a8, 0, a, 23, 3a,
k = 330 ~Zan, ~i, 0. 8. Za,, Jao

Face—center atoms in vz-planes (MO0
i= —3a, 28, -, 0, a. Za, Jug
1 = 258, -16a;, —0.5a; (58, 1.3, 258,
Ik =-25a,, -).58, -05a, 052, 135a, 25a,

Face—center atoms in xz-planes (0K0)
1= 252, —1.58, 0D, 050, 153, 20a4
1= =3, 280 ~Hu 0, 8o 723, 384
k = =258, —15a, -05a, 0.3a, [Da,. 2.5,
Face—center atoms in o/-planes (001
i= 208 -10a. -05a. Gbay, 10u, 25z,

1 = “2hay, 158, —05a,, 00u,, 154, Z5e,
= B, ~28g, ~fa 2, 280, 3

k
Distance belween the aloms: ¥ 72+ )2+ &

For a BCC cryvstal a simular algorithm can be applied.
The positions of the comer atoms can be defined as 0,
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*a,, 123, T3, -, Accordingly, those of the body-center
aloms 054, =] Ja,, £2.5a,, . That 13, it we consider
the corner atoms up to £ 3a, and body—center atoms up
lo =258, those for the corner atoms can be deflined as
the combination of the indices 1= -3as, —2&80. —&o, 0, &
28a, Jay = ~3g, ~Pag, ~As, O 8y, 280, 380 K = —Sa0, —28,,
~8o, 0, a0, 2dg, 38, The determination of the posilions
of the hodv-center atoms is very simple compared to
that of rhe face~cenlered aloms in an FCC crystal. The
indices of the body-centered aloms can be descnbed as
the combmation of i = -2.5a,. —1.58,, —0.5a,, 0.5, 1.58,,
25ay | = 258 -15a. ~05a, 0.Das, 158, 258 k =
-2 5a, ~Lhay, ~0.5a,, 0.58,, LS4, 2580 All of the indices
of 1, and k [or the body-center aloms are Lhe fraction
tmes @, Thus, only smmple modification lo the
programming for the FCC crystal is needed for the
calculation of the nearest neighbor aloms in the BCC

4. Results and Discussion

<Table 1> hsts the results of the distances and
numbers of the nearest neighior atoms of the FCC and
BCC crystals up to 20th order. Alithough the data both
for the FCC and BCC crvstals were hsted up to 20th
arder one may mcrease (e order of the data as high
#s he or she wants. The number of the first nearesl
neighbor atoms m the FCC 15 12 while that in Lhe BCC
15 8 The distance between the origin and the firsl
nearest neighbor atoms m the FCC 15 070716, wiide that
m the BCC is 0.836a, The number of the second nearest
neighbor atoms were 6 both lor the FCC and BCC
cryslals. The distance belween the sccond nearcst
neighbar atoms and the origin was a, hoth for Lthe FCC
and BCC crystals. These results are identical lo those
oblamed hy the geometric calculation. Further, the FCC
crystals showed 24 third nearest neighbor atoms +/(3/2)a.
(= 1.2247a,) away [rom the angin while the BCC crvstals
12 thurd nearest neighbor atoms + 2 8, (= 1.414a,) away
For the rest orders of the nearesl neighbor aloms the
FCC ervstals showed smaller distances rom the origin
than the BCC dd.

In order to explam this difference, the atomic packing

{Table 1> Companson in the numbers and distances
of the nearest neighbor atoms of
FCC and BCC crystals

order numbers distances(ad)
TCC BCC LCC BCC
1 12 3 0.7071 09680
2 G 4] 16000 1.0000
3 24 12 12247 14142
4 12 2 14142 1.6583
3 & 15311 17321
6 8 f 1.7321 20000
T8 24 1E78 217
b [ 24 20000 2.2361
3 Rid] 24 21213 24495
10 24 32 22360 25981
103 12 23452 2528
12 24 18 24495 29580
13 72 A0 25495 3.0000
14 43 24 27336 31623
5 12 24 28284 32787
16 <l 24 20150 33166
7 W a 30000 34841
w72 15 30822 35707
19 24 21 31624 36066
00 8 a8 3.244 L

ralio which tells how densely the aloms are slacked m
a wul cell was considered bolb [or the FCC and BCC
crvstals. The alonue packng ratio, symbolized as g, can
be defined as the ralio of the tolal volume of the atoms
in awnt cell to the vt ccll volume, and can be expressed

as following 5]

=7 4

where %mﬂg 15 the velume of a spherical shape
atort; 1 Is the number of atoms per unit cell; a, is
the lengih of vt cell edges. The n is 4 for the

ECC and 2 for the BCC as described in the previous
section. Thus, the term of [i a] % 1 becomes the
cell. The term of

total volurme of atoms in a“Unit

a; is the volume of a umt cell The atomic radius



in terms of a, can be obtained by using trigono-
metric method for the closed packed dircction of aloms.
As described m the previous section lor the FCC crvslals
in (Tig 1fa)} the reference atom at the origin and the
(ace-center atoms mumbered zs 1 are iouching each
other and the distance between the centers of them
is T+1=2r wlich 15 equivalent to (v2/2)a, (=07071a,)
abtamed from Fguation 2 Thus, r becomes (+2/4)a,
(=0.3536a.).

For the BCC cryslals shown in (Fig. 1th)) the
relerence alom al the origin and the hody—center atom
are louching each other and the distance belween the
centers of thom is r+1 = 2r which 15 equivalenl, to
(+/3/2)a, (=0 8680a,). Thus, r hecomes (v 34)a, (=0.4330a,).
By substilnding the n and r values into the Equation 4
for each of the FCC and BCC cryslals following results
were obtained :

1
4 [ﬁa]
—mx|—=]x4

3 4
FOC: p = —————"—— = 0405 (=7405%) (§)
au
.
4 [\E a ] "
SEE|T 2
BCC: p= ————~— = 06802 1=6802%) (&)
a

The atomic packing ratio of the 'CC erystals is higher
than that of the BCC crvstals, which explains that the
dislances between the origin and the necarcst neighbor
atoms m the FCC 15 smaller than those in the BCC, and
lhe numbers of the first and third aearest noghbor
atoms n the FCC erystals are larger than those of the
BCC cryslals

5. Summary

The numbers and distances of the nearest neighbor
atoms of the FCC and BCC crystals were surcesslully
obtained via a compuler progranmmung, For the FCC
crystals the positions o corner atoms and [ace—cenier
atoms were considered respectively in the progranming.
In arder Lo define the positions of the face—center atoms
the atorme planes were classified milo three types : yz
(00, =z (OKDY and xy (00} plancs. The algorithm for
the BCC crystals was very simple and obtained by the
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simple modificabon of that for the FCC. The distance
values belween the reference atom and neurest neighbor
aloms except the secand order were smaller in the FCC
crystals than those m the BCC The numbers of the lirst
and third nearest neighbor atoms were larger in the FCC
crystals than those in the BCC Tlus difference was
explained Ly the facl that the FCC crystals have higher
atomic packing ratio then the BCC This compulabicnal
approach for the FCC and BCC crystals would be a
uscfil guide 1o help people in various science and
engineerng Nelds understand the crvstal structures.
Moreover, with only simple modification thig alporithim
waould be expanded to the analvsis of the olher crystals
having the rest of 12 Bravas latlices.
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