CHAPTER 4

THE DETERMINATION OF THE STRUCTURE

The structure of NbaAs was calculated by using various

computer programs as shown in Table 4.0,

Table 4.0 The

crystallographic calculations were performed on

a ChC 3100 computer Using these programs.

FProgram Calculation
FFCRL Film fazf;é'rs.
LPARL Corréétﬁqq‘for~Loré;;;:;;£§rization effects
' and abso#ption'for cylindrical or snherical
crystalé:-é
XSFRL Inté&ye§3g§on'of7the X=ray scattering factors.
SFCRL Calc&ﬁlZIBn“of*strucﬁure factors, the tempera-
ture’ factor may ‘be ‘isotropic and or anisotropic
and the anomalous dispersion correction terms
may be included.
{ EXPRL Expansion of reflection data for Fourier
i
;_g, Summations.,
f
!FORRL Fourier summation.
LESQRL Full matrix least-squares refinements.
DISTAN Calculation of interatomic distances and angles,
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These programswere obtained from the Institute of
Chemistry, University of Uppsala, Sweden and were modified to
e used with the CDC 3100 computer at Bangkok Data Center Co.,J.td.
by Professor R. Liminga of the University of Uppsala and the

Crystallography Group, Faculty of Science, Chulalongkorn University.
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4e¢1 Structure factor calculation

The collected observed intensity data as previously
described constituted the material from which the crystal struc-
ture was derived,

The structure factor, 'Fhkll » is the most important
quantity derived from these intensities, The relationship
between the observed structure factor, ]Fol » and the intensity

depends on the Lorentz-polarization factor,

I > KI ee e (401.1)
wo hk1 \ .E;gﬂd

where L 1is the Lorentz-factor,
P is the polarization factor,
K 1is a constant for any given set of measurements.,

m T .
The results of lFrelativel s, lFrell s are defined by

l

| 7

“1E
rel e Fo

Ehkl eoe (4.1,2)
Lp

In the course of this crystal structure analysis, struc-
ture factors were computed many times by using the program adapted
from those used in the University of Uppsala, Sweden.

Some essential input of the computer program consists of
raw intensity data from the five layers of the Weissenberg
photographs, each reflection intensity being identified by its

indices, h, k and 1, and the cell parameters, and a list of atomic
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positions, which needed to be estimated first.

Before starting the computation of the structure factors,
it was necessary to derive some constant functions for correcting
the raw intensity data and we had to know the atomic positions
in the unit cell of NbBAs. These atomic positions could be
obtained from Patterson functions and included in the Fo synthesis,

The input of the LPARL program were the observed intensities,
‘the cell parameters and the absorption correction values of the
crystal, A*, and the output of this program was data corrected for
the Lorentz-polarization factor,

The input data of the scattering factor values of both
Nb and As at the apprppriaté 8in 0 values were the atomic
scattering data at fixed intervil as shown in Table 4.1.1. The
input information is available in tabular form in the Interna-
tional Tables for X-xay Crystallography, Vol., ITI.

The anomaloﬁs dispersion is the effect when the wavelength
of the incident beam lies near an absorption edge in the scatter-
ing element, This effect causes the scatfering factor to be

complex, it can be represented by
anom. , #
£ = Lo+ AT + 1 AF ... (4.1.3)

where fo is the normal scattering factor,

/
Af is a real correction term and

Af” is the imaginary component.



Table 4.1.1 The scattering factor of Nb and As atom, for

. [+
MoKa radiation, AK = 0,71068 A ,

Pe

a
§%§j§ T frs
0400 41.00 33.00
0405 40.04 32432
0410 37.82 30461
0415 35,23 28453
0420 . 32,64 26449
0425 30,19 24.63
0430 27495 22,95
0.35 25,97 21,39
0440 24,24 19.93
0445 22474 18454
0450 21.43 17.21
0455 20.28 15.95
0460 19.23 14.76
0465 18426 13.66
0070 17.34 12,65
0475 16447 11,73
0.80 15462 10.91
0.85 14,80 10.18
0490 14,00 9.54
0495 13.24 8497
1.00 12.51 8.48
1,05 11.82 8.05
1.10 11,17 7468
1015 10,56 735
1420 10600 7.07
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< n
The correction terms Af and Af  which arise from anoma-
lous scattering are independent of sing.

For Nb atom, Af’ = -2.19 and af’= 0.86.

/
For As atom, Af

0.12 and Af’= 2.17.

For structure factor calculation, the space group P42/n
is classified as centrosymmetric,

The correction for thermal motion was applied to structure
factor calculations. All of the atoms were assumed to be
vibrating with the same amplitude about their rest positions,
i.e. the vibration is isotropic. For the first structure factor
calculation, we set the vaiues of B's for Nb and As atoms as
0.25, where B is thermal peraheter related to the magnitude of
vibration.

The structure factor program usually puts out some
summary information about the agreement bhetween the observed
and calculated data.  The general agreement in magnitude is
given by some sort of rescale factor.

The linear rescale factor is

LRS = Zchl vos (4.144)
EEN]

This rescale factors for individual levels were then used
as the input scale factors for the corresponding levels in the
next cycle of calculations. The over-all scale should be

adjusted to bring ZIFO[ and ZHFCI into agreement.



4e2 Determination of atomic positions

from the intensities of X-ray diffraction.

vectors were determined from the Patterson synthesis,

98

It is not possible to determine atomiec positions directly

The interatomic

Nb,As is a tetragonal crystal, space‘group P42/n whose

3

co-ordinates of equivalent positions are :

and
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The interatomic vectors of this space group, for the
origin at 7, are shown in Table 4.2.1.

The Patterson function was calculated three dimentionally
as projections about the c-axis.

The cell parameters of NbBAs are a = 10,29%, b = 10,294,
¢ = 5,1958 X, and there are 24 Nb atoms and 8 As atoms in each
unit cell.

The Patterson function was projected along the c-axis at
an interval of ca. 0.25 & from W = 0.00 to 0.50. All of the
significant peaks were found only on three sections at W = 0,
0.25 and 0.50 as shown in fig;4.2.1. Therefore it was concluded
that the niobium atoms must 1ie in the planes with the difference
of %c in height.

The peaks on the Harker line, as caused by the n-glide

perpendicular to ¢, at W where W(=2z) = 0 and 0.50 clearly

2
2

nj-

indicate that the niobium atoms are at the heights of 0 (or 0.50)
and 0.25 (or 0.75) requctivelj._

The first two sets of niobium atoms were found from the
Harker plane UVO.5. The peak at 0.40, 0:02,70.5, assumed to be
corresponding to the vector (x+y, -1-(x~-y), 1), yields the
values of x = =0.06 and y = 0,46. ghis infoimation and that .
obtained from the Harker line led to the likely combination of
certain co-ordinates of the "possible" set of atoms, which were
then tested for their validity in generating the vectors which
had to correspond to the actual Patterson peaks. An atom
belonging to the first set of niobium atoms, Nb(1), was
consequently assigned at -0.06, 0,46, 0.75., Another atom

representing the second set of niobium atoms, Nb(2), was
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similarly deduced from the peak at 0.00, 0.18, 0.50 as the vector
=1+(x=y), (x+y), ] which in turn gave its co-ordinates in real
siace at 0.3#,-0.56, 0.7?5. The third and last set of niobium
atoms,Nb(3), were expected to lie in the plames z = 0,00 ;nd 0.50,
and an atom of this set was located at x = 0,10, y = 0.26, 2z = 0.50
from the peak 0.34, 0.36, 0.50 found in the P(UV0.5) section
corresponding to the vector %+(x-y), (x+y),%. These co-ordinates

of the three crystallographically non-equivalent types of niobium

atoms are tabulated in Table 4.2.2.
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Table 4.2.2 The determination of atomic positions from the

Patterson map.

Atom Patterson peak in Atomic co-ordinatei;q
vector space P(UVW) real space (xyz) '

Nb(1) 0.40, 0.02, 0.5 -0.06, 0.46, 0,75

Nb(2) 0.00, 0.18, 0.5 0.34,-0.16, 0.75

Nb(3) 0.34, 0.36, 0.5 0.10, 0.26, 0,50

The positions of the remaining atoms can be obtained
from the Fourier synthesis, that is the calculation of the
electron density map, Theiﬁhnsﬁs assighpg were obtained from
the atomic co-ordinates skKows/ in Table 4.2.2. New atomic parameters
which were more accurate thaﬁ before could then be assigned,

The electron density was calculated in two dimensions,
The »esult was a map repreSehiigg the projection of the 6lectron
density of the cell dow¥m thé&c axisbontofthe ab plane,

The Fourier map was calculated &t four sections z = 0,
0¢25, 0.50 and 0.75 as shown in Fig.4.2¢2;

Peaks from the Fo synthesis, by drawing closed curves
through pointe of econstant electron density, The &a..aic posi-
tions can be cbtained from the points of the highest value of
the electron density. We can get the position of As atom thus

Ae is at 0.04, 0,27, O
The fractional and absolute co-ordinates of all atoms in

the unit cell of NBBAI are tabulated in Table 4.2.3.



106

Figed.2.2 FQ synthesis, based on the three Nb atoms only,
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Table 4.2.3 The

atomic positions in the unit cell of Nb

110

3As.

Atom krom Patt.map and Fo

|
Bynthesis,

ﬁractional co~-ordinate

The equivalent positions

Fractionzl

co=ordinate

Absolute co~ordinate

Nv(1)

S —

-0.06, 0.46, 0.75

&

K/;/W£.44, sy
_////

~0.06, Co46, 0075

004, 0.75
Oed4, 0,25
0,04, C,06, 0,25

.os‘géégg, 0.25

9.676,

5765,
54559,
9.882,

4735, 34897
Ce412, 3.897
40529, 14299
0.618, 1,299

54559, 1,299

9882, 1,29¢
54765, 3.897

40 529’
4,735,

/008 40.06 0. 75

0.412, 9.676, 3.897

Nb(2)

O. 31"":'7'0'. 16, O.}?/,//

7

4
/

™

N* i —

m\

/'o;;a;;é 16, 10,75
/yp0.15V 0666 0.75

h94_§+_o.5kifg-25

-0.16, 0016, 0075
0.66, 0,34, 0.75

34500,
1.647,
1.649,
3.500,
S 6.794,
8.647,
8,647,
6.794,

8.647, 3.897
6.79%, 3.897
8.647, 1.299
6.79%, 1,299
1.647, 1,299
3.500, 1.299
1.647, 3,897
3,500, 34897

NB(3)

0+10 , 0.26 , 0.50

0s10, C.26, 0,50
0440, 0.24, 0.50
=026, 0,60, O
Ce76,=Cs10, O
=C010,=0,26, 0.50
0,60, 0.76, C.50
Ce26, .40, O
Ca24, 0.10, O

1.029,
44118,
7.618,
7.823,
9.265,
64176,
2.676,
24471,

2.676, 2,598
26471, 24598
6,176, O
9,265, 0
7.618, 2,528
7.823, 2.598
4.118, 0
1,029, ©




Table 4.2.3

(continued)

111

At om

from Patt.map and Fo

| synthesis,

Fractional co-ordinaté

The equivalent positions

Fractional

co-ordinate

Absolute Co-ordinate

As

To—

0.04 ,

0.27 , 0 0.04, 0.27, 0 |o0.412, 2,779,
0.46. 0.23, 0 |4.735, 2.368,
0473, 0.54, 0.5/ 7.515, 5.559,
0+77,=0.04, 0.5 7.926, 9.882,

0.54, 0.77, 0 |5.559, 7.926,
10527, 0.46, 0.5 2.779, 4.735,
0+23, 0.04, 0.5 2.368, 0.412,

0
0
2.598
24598

"0.04’ 0073’ O 9‘882, 7.515’ 0

0
2.598

2558

four neighbouring unit cells of Nb

Fig-4.2.3

shows the positions of Nb atoms and As atoms ir

3As in the three sections of z.




o @
2
e
2 o
@
| @
l
sl
Figed4e2.3.(L)
0
7)
@
@
@
i _
@
@
@
%)
*

Flgede243, (i)

® S S O

Atom

NIx( 1)
Nh(2)
Nb(3)
As

112



Ber

2 @
. @ F &
)
2
Fig.4.2.3. (U
i
’ ®
%] Q@
o B
@ 7]
i 2 QD
7)
@ @
%]
%] 7}
2 @ Z
(i)

® S0

Atom

Nb{1)
Nb(2)
Nb(3)
As

Fige4.2.3. The atomic positions in four unit cells, (()

z=0, (i) z w0.25, (i) z=0.5, () 2s0.75 .



114

4,3 Refinement
k.3.1 Refinement by Fo synthesis

The accurate positional parameters of each atom
can be determined from this F° synthesis as given in section k,2,

The Booth's method gives the accurate determination,
provided the electron density is computed at equidistant points.
The maximum in the xy section of an Fo synthesis for Nb(1) atom
wass determined as shown in Fig, h.B.ﬁ (i). As the peak near the
line x = 0.56, y = 0.04 cor%eﬂpbnded to-Nb(1) was more conveniently
observed than that at x . -Q.Oé, ¥.= 0,46,  The peak was therefore
chosen and subjected to the/Booth method, and these are tabu;ated
in Table 4,3,1,

Using the equgtiOn‘

X s (&49,)-#
\ “2R7P)r~

and YU = CR/BY -k
m szp’ 4

the data in Table 4,3,1 gives Xm

0.0255 and I = 0.0262 and the

actual x and y co-ordinates of the Nb(1) atom are 0.5655 ang 0.0462,
Following the same criterion, the Nb(2) atom

appearing at x = 0,66, y = 0.16, z = 0.25 rather than that at

x = 0.34, y = <0,16, z = 0.75 was chosen to undergo the Booth

treatment. The chosen pesks of Nb(2), Nb(3) and As atomic

co=-ordinates were similarly determined from the xy section shown

in Fig.h.3.1 (i1), (iii) and (iv) respectively. The tables of

function Apof the x and Yy co-ordinates were shown in Table 4,3,2,

L"o}o} and 403¢ l"o



I 002 00¢ 004 0./¢4 olg 0,18
X ,I

0.5¢ SO e 703389 e 0.6 36§82l —

(L (77, W7 S ¥ 1 B S 7r W

058 360 5‘132—-—23;..__ 0.68 402 e T 345
b i
y
l . 0,08 0./0 0./12 088 0.4, 0.48
’ | xl
a22 382 678 i B2 0 e MO (/3343
0.24 {3 @ 7H oL 43 £20 Yoee3 30
0.26 350 629 g 0-30L—— /09 ——23Fm fpB —
Lty (i

Fige4.3.1 (i) Section through a Nb(1) atom in F, synthesis
ag 2z = 0,75, ;
(i1)section through a Nb(2) atom in F, synthesis
at z = 0,25, =
(1i1)Sectiom through a Nb(3) atom in F, synthesis
at z = 6.
(iv)Section through a As atom in F, synthesis at

2 = 0050
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Table ‘40301

The function O0p of the x and y Co=ordinatesg of
Nb(i) atom,

Table 4,.3,.2

Y 0,14 0.16 0.18
Ay 0 0.02 0.04
Ap 2 181
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Table 4.3.3 The function AP of the x and y co~ordinates of

Nb(3) atom.

x 0.22 0.24 0.26
A x 0 0.02 0.04
Ap 0 301 69

v 0,08 0.10 0.12

Table 4.,3.4

v 0.44 0.46 048
Ay 0 0.02 0404
AP 0 - 183 102

And from the cther peaks, the co-ordinate of these atcems
were given. 7The average value of the rositional co=ordinates wsre

given in the Table 4.3.5.



Table 4.3.% The co-ordinates of Nb
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atoms and As atom were

obtained from FO synthesis,

Atom y

z

NB(1) sabé//9f43ss

Nbc2%“59.6§¢4$f321453
24 0:0998
0.2699

0.250C
0.2500

n
v

0

By assuming the atoma:gg;g:ﬁi/exactly z = 0, and 0.25, it

was inspected that theﬁcalnnlatad_nalues—of)the structure factors

of a number of reflectlﬂis\we:e_zaco~wﬁ/z§hs the corresponding

observed values were small. (1Tt was théerefore concluded that the

co-ordinates in z were approximately correct, however they needed

be slightly shifted. The following set of atomic parameters with

the newly adjusted values of z and the smaller values in the

x-direction, were thus employed later on in

the subsequent

calculation which yielded a better agreement between the observed

and calculated structure factors.
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Table 4.3.6 The positional parameters of atoms in NbBAB.

Atom x y z Biso

Nb(1) 0.0614 | 0,5465 | 0, 2400 0.2500

Nb(2)| 0.1644 | 0.6755 | 0.7400 0.2500

Nb(3)| 0.0988 | 0.2599 922;00 0.2500
As | 0.0402 ‘gigggé\\oeéigé/ 0.2500

—J=

After the structure factor calculation, the R value

'@ v
that is EiI[FJ - IFJ Eﬁﬁs\EEZEEL__IES/G%qﬁgt included the scale
) 1

ﬁillFJ

factors for each layers,

In the initial stage, refinement was restricted to the
scale factors, isotropic temperature factors, and the positional

parameters of the four atoms.
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The weighting function was a measure of the relative

’ ;
2f the observation. ~“ecording to Cruickshank this was calculated,

thus,
W o= 1
( )
a + ¥ - P |7)
12] = clr |
where a=2Fp
o min
and c = 2/F
o max
P . and F are the minimun and maximum values
nin ay

may =
of the wpcerve:! struckture 3329/

for each lavar yere i

fL of the parameter W

Fo

sh

e least-gonars

factor.
Atom % & (x) Y &y T g (z2) Bisc
Np(1) | 0.05£3 | 0.0008 0.5367(2.0003(2.239 U001 045730
Nb(Z): 0.1€51 | 0,000 02544 10,3005 3,730 7.001 Ce&104
) i
Nb(3) | 0.1024 | 0.9005 | 0. 2521 Cal35 10,5136 | 0,001 0.5355
As i 0.04191 0.0006 | 0,2714|0.0005]0.017 0.002 0ac16¢

From the last L533RL program, *‘he observed structure
factors were compared with the calculated siructure factors for observe

chown in .Table 4,3,8,

\J’
L
3 )
_c
~
D
=
9]
il
\

reflections of Nb,As crystal in
4

¢
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‘

Table 4.3.8 The obServed and calculated  structure factors for

the observed reflections of Nb_As

L TS, S 'F; R
B S Y YN T v 95,43 .
8 6 ¢ 80,39 » 73056_
8107 0T 284.737 77256426
g 4% @ 139,03 _11~.u9V

0 16 "o 117 .96 170.60
1 5 0 59,21 t25-60~
ATTTTTO T 210460 T 223.29
1 -9 0 121,68 136.90
€Iy 87 .47 69,60
115 o 174.79 169,82
TR0 T 14347577 160074
2 8 0 138426 149.41
TeHEY L 0 AR 98494
2:.32 0 161476 128,46
TR T 9247177 95,437
- RN SO 44002 45457
Ty TS T T T T 528442 T T80, 08
3:52 % 202.76 228,06
IO 60496  52:17
3 114 o 72448 68,42
TR0 136,90 7 32,05
3_17 . o 9776 75.53
T80T 98604 /95443
. 2 B 435e74, /408016
T 6 0 111.667 711748
v 8 0 165.90 A67.63
WL T 99,03 /101.74
i zoo.zr_‘4_;72.1s_
b.. 16 8 79,30 46000
- AN | 0 139.75 135,22
TE T 0T 129499 1 kbl
5 :8_ 0 21035 243.22
5 7137 7a 135437 121.02
5_45_ 0 136437  112:66
hU8T T 80.39, 7386
B 2. 0 1664780 423,75
5 - 0 . 33.7% 195,13
6 _ 6.0 122.38 223.48
6 8 Ta 174640 168.88
H20__ 0 110471_  101.78
7040 194,05 193,14
LT 3.0 193407 196.60
778 o 184403 7 169.95
7.7 .0 109.7%1 91,48
YTy 0 96 ¢34 65.20
JF_ 41 _ 0 107.58 _  78.67
8 2 "o 117.58 100,89
S 4 0 173.90 _ 167.60
9 7 0 114,86 105.32
3 4L 0 171482  161.46
10 0 o 261473 256428
A0 2. 0 63.83_  69.25_
10 -8 0 167.66 105,43
AL A0 236034 __  230.87_
1L 3 o 114.26 103,146
A1__8 _ o 153.70___ 104.91 _
it 7 o T1.42 57.51
AL 34 B 104,75 66447
12 8- 0

184.93 188.98

. i - o

b

3 .
H . K - L ¢o F('.‘ '
A2 10 0 99.52  117.25
227712 770 T e5.22 71.00
43 12 0 75,48 . _49.53
16 7077 Tg 128,48 114,49
19*~_s_ 0 140.90 _ 138,36
15 23 o 153.86 161.63
16 “.o" J0_ 117.96  100.69
16 "2 7n 119.69 115,68
_;s;i_g__“q" 7765 83,53
ﬂ 3T 624,96 53,43
e 1 1904057 | 162.13
1r 107 ¢ 171,34 1564 40
9 11 1 bu4.68 81481
137 90,49 105.54
_8. 3 1 126.63 109.04
o 1 354.90 Jul, 85
L1 _ 112,59 104,61
1 216.54 2230 bk
1 175.87 171.76
1 Bl ok2 91.43
i1 62.09 _  67.88

i
i
i
|

122,04 136431
_257.41 _ 268,33
185.46 174,86
—._ 69454 67,73
. 37.84 57.57
105433 104,94

) Lk ar o B ’
wmm:uroqwmmﬂ
b g

!

1

24

1

o A
- -9 i 132466 136.79
10 1 . 134453 ...128.55
12 i 5247 62.36
€ 13 4 _s8.77 L TY 1
27.15 7y 52476 T T66.31
.3_ 0 1 2.9 .. _ 5349
3.0 1 1 70.48 66.03
3. 2 1 336455 _ 316.10
3‘ 3 i 96 .64 934 34
8.5 1 79455 77,75
3 6 b 115.67 108.73
L7 4 129.79  132.20
o I i 201.84 216,98
3. -_3»____1_____._‘9’4.31 103.20
38 4] i 53.78 58.78
-3 12 1 . 6941 . 83.90
3 16 1 54.72 94,89
M9 4 190,57 162.13
LR i i 300,42 235.38
b ____2___ P T 192077 186,92
& 3T 4 e 2 51,23
I DS N I S C bl b5
% 8TTLT Tiri.82  18s.0e
¥ 9.4 _ _155.85 . 152.95
4 10 1 59.50 Tholk?
% 12 1 58.48 L T3.60
5 1 1 308.81 T 170.78
_‘5 Lo 1 137.37 - 119. 46
5 5 i 87.03 86.12
—S._6__ 3 56.89 _ 72.30
5 -7 1 232,40 2264 34
—B_. 11 1 66499 ___ 81,19
5. 13 i 76.20 71.36
8. _1 1 _173.14 _ 454,99
. 8. & i 123.54 118.60
B 6___ 1 — 266477 ___ 135.79
SN 2 72.45 58,69




Table 493.8

(continued)
7-” _.K L Fo . rc
5 9 1 178.38 159,67
TUTTTLTTTYTTT T 83,428 90.11
?__2 4 205.96 __ 167.00
TP 233007 217.82
A e A T7.02 __80.97
7.5 74 98421 98489
P8 3 79,33 90, 32
TV T8 "1 T TTi9b.61 168,57
J..10 1 56,80 66418
TTRTO16 T4 77T 108403 99,23
I 42425  54.05
T2 717777100469 100.06
8 3 1 184405 165.43
TETITe LT TT209457 226483
B 5 1 92.96 109.78
TBTC7 T T 226465 183,87
4 8 1 116,94 130.10
BRI TTLTTTI29023 T 128420
8. 11 14 164,18 119.06
TBTTA3 T L T 83458 T 75440
8 14 4 62.95 7743
TTETT 4T LT T i19406 7T £47.53
9" & 1 264478 186401
Y8 T T 5543607 e1488
g .9 1 _wlb’oﬁi .123!“7
10778771638 156440
Ade 11 0 51415 7 4593
13 e i B7 bk 9~n6‘0
10 3 _ 4 Thelh _/ 76,51
10T T8 T T 206,18 197,25
10 9 _ 1 82.18 /83,03
10 12771 59,51 66,88
AL 0 4 6ke68  B81.81
1 7L, 79.43 83.78
43 2 4 97.06 _ 107.50
Y TR 130,46 T229.49
il 5 i 108.18 - 110.54
12776777177 w840 By H1
L 7 1 127485 - 12408
1110 LT 76400 25418
i1 11 1 105.80  108.24
BTN Y 56.21 77.00
$3 0 _ 1 80449 ' 105.51
13- 72771 135,04 138.16
A3 9 1 Twed? 88,37
13 10 4 76.22 "100.89
i b 4 83.60 _ 4i1.82
14 8 17775436 9% 85
A5_ ' 1 94.67 8977
137 8 1 5183 30.96
0 3 2 _ 130.88 105.15
8 e 2 178,65 180,13
B 5 2 __ 36.79 ___ 33.87
8 6 2 353.31 327.05
_8 7 __ 2 __ 6036 __ 66.09
B8 2 194425 201.51
9 40 _ 2 __ 160.28 _ 143.75
L -3 72 45,52 52651
T2 T4.82 ___ 93.24
1 9 2 168,32 148,97
A 48 2 10732 __106.07
4 43 e 166.68 177.04
-R__2__2 317.98 405.83
s e 78.16 " 15.50

2

5

T e
__2__ _0_.____2___- 134.77 136.28
27 T2 78,35 80.80°
.2 80° 2 124,03 137.26
27127 T2 59.05 = 69.25
S22 146436 . 167.20
30080 72777119.68 7 105,45
@3;.‘_"_1___2..4 257.38 265.100
IT3 T2 20446 183.86
305 2 116.05 116047
379772 3730 " 100.89
4 .0 2 _191.05 180.13
b T2 2 63.83" 70486
Y6 2 163.77 158.80
6 T8 T2 82,20 ° 78, 84
_% 6 2 203478 227.73
410 T2 151,60 161.03
416 -2 166.90 169,78
"_” 0 2 ‘0‘0.00 33.87
5503 2 218.40 209.06
5787 "2 4i1.76° 375,53
5,6 2  39.62 43.98
T5T T2 66.58 7,93
~5.:0 2 353,31 327.05
8 "1 e1.64 55,88
o 652 2 4757 41,54
5.1 2 3beb8™ 9p,32
7.0 2 65.49 66,09
Vit 2 225429 218.99
—7. 3.2 85.24  93.14
AREEEY Y 16633  165.61
S Y 56486 _ 81.96
7 13 2 1364527 158,62
8.0 2 226.68  201.5%
8 2 2 150.70 1648.72
8.8 2 71.9¢ _ er.00
9" "1 2 59.68 65.62
_9,- -3 .2 118447 119.35
9 8" 72 70.68 71452
(9 7. 2 924143 98.03
10 02 175065 143,75
A0 2 2 139472 t2u.06
0. 6 2 4424 95,40
10 °'8 _ 2  127.50 128,22
10 - 10 e 164,85 161,31
1946, 2 67486 28.71
101 lsf 5 101.81 96.79
AL 7 2 B7.43 72.32
11 .13 72 137,11 7 133,13°
1272 2 : 42 191, bt
12°-6 2 11419 103.78
19 & . e __ 95.91 . 110.69
15 -6 2 104 .84 28.06
15 _.8__ 2 _ 76.07 9.5
16 12 2 59,74 03.96
17 1 ___ 2 2u8.26 216.82
19 13 2 58425 22.28
- 0.3 _ 3_ 36.5% 43,99
0 & 3 152,62 139,14
-0 B __3__ 32.55__  s59.95
6 7 3 93 .45 99,05
~ 0003 124478 ___116.17
1. & 3 249.97 212,05
~4._5__ 3 55.36 64. 67
1..86 3 157.08 ‘

121

T T ie7.61
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Table 4,.3,8

(continued)

H K L F° » TC-- - M K L Fo FQ
g S
3 . . 97.0 101.'01
1 40 3 104.07 944 25 9_ 3 3 71,62 _ 80.59
1713773 37.17 62-1: .g : ; zgv.gg 193,47
2: 1 3 31463 3.k 3 | 63 — 75.47_
TTETTIT 30307 47.79 K B A 73.92 72.53
2 3 3 164035  191.64 d 9 .3 89,74 _ 85,07
TR 225,18 210,74 AT T 20040 139,87
2.5 _ 3  5%5.2 59,90 _10___0__ S__ 116463 116,17
F A S 60,50 66467 10772 3 92.15 " 107,95
2 7 _ .3 150458  1ub.sy 1 6 3 176,26 178.74
27T Ty 594,07 - 57,85 1073 ™3 1264557 T 124,29
”2 9 __3” 5 76.86 ) 51.“7_ _'10__.1_.1_._ 3___’ 76.91__ . 35.(5_
27103 5780 75431 147773 99,66 119,06
2 .12 3 581.52  30.55 Wl 3 3 53.66 0 20,99
2,19 73 9k 4 33 56473 1: ';' 3 110.86 112,47
3 0 3 36.54 43,99 B! 3 75.86_ 80,33
TH{TTE T i3.00 116,19 127727 51.55 69455
3.2 3 22,13 240498 A2 3 3 70.88 _ 56403
Ty iy 21.74 8. 74 127473 70.78 81,34
36 3 32.65 63459 A3 2 3 111456 __ 129,51
3783 {b6.83 u«.n; £33 37 3 76.63 87.77
1.7 3 81.11 88 =43 6 3 89.66_ 89430
BTTRT 37T 192,27 - ‘129.74/ 13 "9 73 108,49 123,55
3009 3 191.93 163486 JA8 2 3 59.65_ 74.76
307 T3 78423 zwgﬁ v 3 73 78429 B6ek?
*0 3 151.66 439,11 48 5 3 79.51  38.24
LT 211,03 198434 0 3T, 5354 63456
S 2.3 38401 /624007 N N K “e55__  66490_
S ' 9547777 7 93,67 0 6 4 £ .56 55,97
b 3 L2474 43435 0 10 & 177,33 179.46
T TTT3TTT 46.,36 T 50437 T T T 5,97 73.25
f B 3 137.81 129,00 LAt 6 7751 BBe12
b 8773 53433 71.35 S 81.58 82450
b 9 3 91.82 81,07 —2 5 b 321.81_  248.29
57 173 157.68 133,60 176 & 71.56° 74.76
; 6.3 3;.30 s:.s: =R T 6 149,46 142,02
5 5 3 63,13 7690 8 & 51.88 45, 86
5 7 3 175,97 168470 L8 3 6 97.23 9e.20
5 1: 3 ;g.tg ;:.;; U {5 T, 109,07 1¢6.70
b__0_ 3 29 295 2.3 b 6i.36 . 57,04
5 1 3 191,34 161497 2486 T 92.87 4 37
H__6__3 36.37 112.82 . 2..5 & 82¢90 _ 85,90
: t; g 1::.2; 1:3-;: 2 8. .. 4 101.88 107.22
WL PR . . . 0 "0. 78-10
B 9 3 214,469 148,06 : 1’:2 : 93,3: 98,12
614 3 57.7_ s55.25 2_ 16 4 48.79 67.50
6 is T 3 71.58 33,18 I N T 63450
r._0 3 95,47 99. 05 . 3 3 e 31943 286402
; ; g 12:-;2 igg:; 3 T T 80453 T S6.up
7. _ 59.28 . 3 85 & 66463 67.91
; : ; 2;:-3: Zgg-zg T3 161.21 150496
Joh_ 3 shb . 3.8 & 52.67 49,88
; 2 '; 12:-:3 150‘2'-23 W0 T 32470 66490
g6 _ 3 . . ¢ 1 & 439.78 49,58
78 3 61496 87.97 W 2T 4T 279.43 240.63
J__9 3 113.02  103.79 v 6 4 88.12 74.03
‘3 -2 3 b7 .55 ©2.27 . -.-7 "._ - = - 17.941
S 3 3 137.55  136.17 ) : 8 & ,_xgg.gns 121.25
: ; : 13;.% :g:-g‘;’ o 10 e 58,36  Bbe?h

e oI o s e . . . & . 36+ 8
8 72 3 99,50 884 9% ; “f‘ . Zf,i_.‘,’g 178,,2
S8 3 161458 143,26 S5, 2. .6 141,90  121.99
8 48 3 168,67 132.57 5073 e 74456 99, 86

Slaa b ) e, s L Nt e o o=



Table 4.3.8

(continued)
B KL N
S5 5 6 129.77  133.13
3T 8T 69.25 71063
L5 43 6 71,83 88.51
5 15T % 83436 T 83.84
6 0 & 47.83 55.97_
,: : b 86.63 106469
; 4 36.27 46452
BT e b 132,927 1264.60°
— . $. & “he28  Lbe16
8- B & 173452 146451
) S AR ) 70479 64406
S 119,097 " i17.62"
Y/ &) ‘& 126437 126491
T TR N T T MBS T 49,33
[T 08 6 137486 137.33
AT i 1674387 126443
a7 55,33 63+ 60
Y e e Y 670757 " Bu.82°
86 W 53.26 20.19
i3 4 136493 777 116415
3 P & . 6667 76482
W0 . 202.077 7 179.46
SO 6T 88413 76496
W TR 51435 55,21
A8 b 86,26 80.22
it T e 53.88 73.25
WAL 1 N6 161439 159,37
I—3—4 53468 754 46°
AL 5 6 b2.87 73,23
¥ U gy 52456. 16453
12 6 _ & 167.78 _ 137.77
137 17 55.37 14,03
.43..5 & _ | 85.95 “he 90
1970 e 57.97 86412
. }"5___ .__Q.____‘O_ ______ 61.71 43 75__
B T2 82,06  83.64
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.4 Determination of accurate lattice constants

The precise cell constants of NbBAs can be obtained fro=
“he powder method by using the XDC 700 focusing camera.

The procedure for identifying a powder diffraction
Pattern involved measuring the positions of the diffraction
“ines in the photograph shown in Fig,3.6.3. In turn, the
“iffraction angles, the spacing d of these reflecting planes
ere calculated,

From the diffraction patterns, the six strongest
"eflections probably those of silicon were used to plot the
~ranh of e/(s-sO) againét (S~SO) shown in Fig.4.,4,1, the values

£ 9/(8-80) and @ for each reflection were obtained. These

‘ines were then confirméd as silicon, %) is the reference

orimary line read in mm. and 8 im the reading in mm. of each
“iffraction lines. (The values of G/KS-SO) of silicon corresponding
‘0 (S-So) and the values of reflecting/langles § were obtained

in Table 4,4,1,

The lMiller indices of the diffraction lines were obtained
¥ the triale-and-error method. These angles g and the d-spacings
tave to be related to the unit cell parameters and Miller indices
1ssigned to the individual reflections. TFor the tetragonal

cystem, the value of Sin%ehkl can be expressed, thus:

LR . 2 .2 2
5in"®y, = A(h®+ k%) + C1 suw (Ua8,1)

there a and ¢ are values of rough cell constants,



All possible values of
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51n29 hk1 based on the values of

Ly C and indices hkl are calculated and compared with the

nrbserved values of sinabhkl. If the agreement is better than

20005, the indexing is probably correct,

Table 4.4.1

The standard silicon lines for CuKk

d4
radiation.
hkl;r 6° (s.éo)m (58,0, | 0/(5=8,) | 0/(6as,),
| (mm) (1m)
| 111 : 14.2214 | 49,725 | 49.68 | 028600 | 028626
220 | 23.6517 | 824698 | 82462 | 0.28600 | 0.28627
' 311 g 28,0616 | 98,117 /| 98,06 |.0.28600 | 0,28617
400 | 34.5655 120,858 120,69 | 0.28600 | 0.28640
331 ! 3841887 [133.527 |133.42 ' 0.28600 | 0.287 "3
422 ' 44,0158 [153.901 [153.73 | 0.28600 | 0.28632
i
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e/(s—so)
0.28640 | ®
0.28630 . -
- — S - S observed
0.28620 | ®
®
0.28610 |
0.28600 | _o— > o o— o & 4
cal.
0.28590 A

40 50 60 70780//88 100 ~110. 120 130 140 150 160 (5-5)

Fig.hobi,1 The graph of the observed values and those obtained
from the calculationAO*e/(s-so) against (s-so) of

sili con,

The data leading to the d-spacing as obtained from the

powder pattern were shown in Table 4.4.2.
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Table 4.4.2 The powder data obtained from powder pattern of

©

Nb3As where So = 26,05 mm., )\ = 1,54051 A ,

d = )\/2sing
S S--So 9 eAS-So) d-spacings identified as those of

(mme) | (mms) (degree) lines ‘ (Z )

Unidentifiable Nb7As s Nb3As
61429 (3524 10.0875 [0.28625 4,398
62,88 (36483 [10.5428 [0,28626 4,210
78645 |52440 15.0000 |0« 28626 2,976
79454 53449 [15.3121 |0.28626 2.917
81456 |55451 15.8903 |0.28626 2.813
82471 |55066 1642195 |0,28626 2758
83,02 56697 1643082 |0,28626 2.743
3,24 [57.19  |16.3742. [0.28626 2,733
8597 5992 [17.1527 |0.28626 2.6'12
87.19 (61414 [17.5019 [0.28626 24561
88466 [62.61 17,9227 [0,28626 24503
88493 |62.88 18.0003 [0.28626 2.48€3
89636 63.3" 1841234 (0.28627 2.476
90.13 {64.08 (18,3439 |0.28627 2.447
90,67 [64.62 18.4984 |0.28627 2.428
92.68 66.63 19.0738 |0.28627 24357
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(continued)
d = 2A/2sine
S §-8 9 6/(5-30) d-spacings identiﬁ.éd .as those of
(mm, ) (mm, ) (degree) lines § (Z )
Unidenti:‘;;e Nb7As 4 NbBAs
93459 | 67.54 1943343 |0.28627 24327
93.90| 67.85 [19.4231 |0.28627 2.316
94+29 | 68.24 [19.5347 |0428627 24304
94.51 | 68446 1945977 0428627 2.297
194,80 | 68.75 (19,6807 | 0.28627 2,287
§95.29 69.24 |19.8210 /| 0.28627 24272
| 9595 | 69.90 20,0099 ~|0.28627 24251
§97.11 71.06 [20.3420 |[0.28627 2,216
| 97459 T1.54 |20.4794 {0.28627 24202
98.95 | 72.90 |20.868T ' |0.28627 24162
99446 | 73.41 |21.0147 |0.28627 2.143
100465 74460 |21.3554 |0.28627 2,115
101402 74.97 [21.4613 |0.28627 2.105
101092 75.57 [21.6331 |0.28627 2,065
102.94| 76.89 |[22,0109 |0.28627 24055
1163.33| 77.28 |22.1226 |0.28627 2.045
10391| 77.86 |22.2889 |0.28627 2.031
104438 78.33 |[22.4235 |0.28627 2.019
105.99| 79494 |22.8844 [0.28627 1.981
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(continued )5
d = )\/2sing .

S S-So G MS—SO) d-spacings identified as those
(mm.) | (mm,) (degree) of lines ,(R )

Unidentii‘ﬁ; Nb,.,As 4 NbBAs
107452 | 81,47 2343224 | 0.28627 1.946
108407 | 82,02 | 2344399 | 0.28627 14933
108.99 | 82,94 | 23.7432 | 0.28627 1,913
110.50 | 84,45 2441747 | 0,28626 1.881
11188 | 85,83 | 24.5688 | 028625 1.853
113.12 | 87.07 | 24,9229 0,28625 1.828
114439 | 88434 | 25,2860 | 0428624 1.803
114494 | 88.89 | 25.4429 | 0.28623 l 1.793
115.25 | 89,20 | 25,5313 [ 0.28623 1.787
116.oof 89495 | 25.7455 | 0.28622 1.773
116063 590.58 2549258 | 0,28622 | 1.762
117408 | 91,03 | 26,0546 | 0. 28622 14754
118-84’ 9279 | 2645570 | 0,28621 14723
119410 | 93.05 | 2646310 | 0.28620 1.718
124444 | 98439 | 28.1563 | 0.28617 | 14632
125¢9€ | 99,93 | 28,5990 | 0.28619 i 14609
127451 | 101.46| 29.0379 | 0.28620 | 14587
128440 | 102,35 29.2936 | 0.28621 ’ 1.574
132416 | 106.11| 30.3740 0428625 l 14523
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Table 4.4.2
(continued)
d= )/2sinb
S S-S° 6 BAS-SO) despacings identified as those
(mm, ) (mm, ) (degree) of lines |, (Z )
Uhidenzgii- Nb..,As4 NbBAs
132463 | 106458 | 3005091 | 0.28626 1517
134.38 | 108433 | 31,0116 | 0.28627 1.495
135601 | 108496 | 31.1931 0.28628 1487
1135458 | 109453 | 31.3568'| 0,28628 1.480
137.26 | 111,21 31.8394 0428630 1.46C
13769 | 111.64 31.9631 0.28631 1.455
139436 | 113.31 3244429 |0,28632 | 14436
140026 | 114.21 | 32,7018 | 0.28633 1426
140,60 | 114.55 | 32.7997 :0.28634 1.422
141.04 | 114,99 | 32,9262 | 0.28634 : 14417
14199 | 115494 | 3341994 | 0428635 1.407
14269 116.64? 334005 | 0.28636 1399
143605 117.00: 3345041 | 0.28636 1.39F%
143,58 117.535 3346565 | 0.28637 | 14390
144,01 117.96; 33.7802 | 0.28637 1.385
144,83 118.785 34,0156 | 0.28638 1377
145453 | 119.48 | 34,2172 | 0.28639 1370
146611 | 120.06 | 34,3840 | 0,28639 1.364
14730 | 12125 | 34.7248 | 0.28639 16352
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(continued)
d = )\/2sinpg

S S-S0 8 6/(S-So) d-spacings identified as those

(mme) | (mm.) |(degree) of lines |, (IQL )
Unidentiﬁ; Nb7As 4 NbBAs

147495 | 121.90 | 34.9085| 0.28637 1.346
149420 [ 123415 | 35,2640 | 0428635 14334
150420 | 124425 | 35,5778 | 0,28634 14324
151425 | 125,20 | 35.8500 | 0.28634 14315
151474 | 125.69 | 35.9888 | 0.28633 1.311
152416 | 126411 | 36.1085 | 0.28633 14307
153406 | 127,01 | 36.3642 | 0.28631 1.299
156446 | 130441 | 37.3325 | 0.28627 1.270
159496 | 133,91 | 3843291 | 0.28623 1.242
160:61| 134,56 | 38.5158 | 0.28624 14237
16160 135,55 | 38,8012 | 0.28625 1229
163470 | 137,65 | 39.40% | 0.28625 1.213
169430 | 143.25 | 41.0089 | 0.28628 1.174
170621 | 144,16 | 41.2694 | 0.28628 14166
170.48 1 144.43 | 41.3474 | 0.28628 1.134
172450 | 146445 | 41.9316 | 0.28632 1.153
17370 | 147.65 | 42,2766 | 0.28633 1.145
175450 | 149.45 | 42.7875 | 0.28630 14134
176400 | 149.95 | 42.9307 0.28630 1.131




Table 4.4.2

(continued)

S ; S-so G QAS-SO) d=spacings identified as those

(mm., ) : (mma ) (degree) of lines , (X )
!
- . Unidentiff; Nb7As4 Nb3As
17701 | 150.96 | 43.2274 0428635 ' 16125
177eTC | 151465 43.4189 | 0.28631 1.121
180637 | 154432 | 44.1849 0.28632 1.105
181410 | 155.05| 44,3947 | 0428632 1,101
182472 | 156467| 4448593 /| 0428633 ‘ 1.092 |
L

The unit cell dimensions were refined by the least-squares

method using CELSP program. This program was written by

Je Tegenfeldt and N-O Ersson, Institute of Chemistry,
University of Uppsala, Sweden, and modified for the NEAC 2200
conputer by the Crystallography Group, Depaftment of Physics,
Chulalongkorn University, under the suvervision of R-Liminga .
Institute of Chemistry , University of Uppsala, Sweden. For
this program, the maximum number of input reflections is 50,

From the diffraction lines of the photograph in Fig.3.6.3,
it was found that there were more than two compounds other than
the standard silicon in the sample. In the refinement, the
data of the NbBAs compound was chosen to be refined. Ten
diffraction lines were used to be refined first, the cell para-

meters obtained were :
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2 = 104294 £0,001 K , ¢ = 5,1965+ 0.0004 &
The other diffraction lines of NbBAs were refined further
and the results of refinement are shown in Table 4.4.3.

The final cell parameters obtained were :

8 = 10,294 0,001 & , ¢ = 5,1958+ 0.0007 §
and v = 550,58 4"
Table 4.4.,3 The comparison of the sin2e and sin26
obs cal
(a = 10,294 & , ¢ = 5,1958 & ) from powder
diffraction data of NbBAs

hk1 ﬁnz%x105 ﬁm%}:105 a (R )

311 7802 7797 2.758

| 321 9470 9477 2.503

; 12 9905 9911 2.447

411 11709 11717 24251

222 13261 13270 2,115

312 14385 14390 ' 2.031

510 14550 14559 2,019

- 402 17758 17750 1.828

332 18868 18870 ; 1.773

422 19989 19990 ? 1.723

611 22913 22916 14609

532 27830 27329 | 1.460

004 35155 35163 . 1.299

722 38462 38468 1.242
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4¢5 Interatomic distances and angles

The distance between two atoms in fractional co-ordinates
(x1,y1,z1) and (xa;y2,zz) » Which are at the points A and B in

Fige4.5.14 1is given by the law of cosines in three dimensions,

o] V
l = J(Axa.)"+ (Ayb)2+ (Azc)2+2ab Ax Ay cos ¥ + 2ac AxAz cosp

& 2bcAy Az cos g coe (4.5.1)

where a,becy,a ,8 , 7 are the unit cell parameters,

Ax is (xz- x1), Ay is (y2- y1) and A z is (22- z1)

e )
e /6§ bs

AW*—-——-AC-————>‘C

Fige 44541 ' Al set of three atoms slowing the interatomic

distances AB, BC, AC and the bond angles 0,
In Fige4.5.1., the angle 6 subtended by bonds AB and AC

can be calculated by the law of cosines,

0 cos™! | (4B)2 4+ (ac)%- (30)? |... (4.5.2)
2(AB)(AC)

H

For Nb3As » all of the positional parameters were obtained
from the last refinement so the interatomic distances and intera-
tomic angles could be solved by using the DISTAN program as shown

in Table 4.5.1
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Table 4.5.1 The interatomic distances@4 ) and angles of NbBAs'
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