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Finally, we reiterate that the quantities referred to 
both here and in the ACA report as IF[ 2 are uncorrected 
for extinction. Unlike the Lorentz and polarization 
factors and the correction for absorption, the correc- 
tion for extinction is not calculable since it is a func- 
tion of the unknown degree of perfection of the par- 
ticular crystal being measured. Comparison of the 
mean values of Ifl 2 in Table 4 with the data of Togawa 
(1964) and of Weiss et al. shows that the extinction 
correction for the strongest reflexions is a factor of 
about 5. For those contemplating an accuracy of 
+ 5% in IFI 2 this is indeed a sobering thought. 

We are greatly indebted to our colleagues Dr A. 
McL. Mathieson and Dr B. Dawson for advice on all 
aspects of this paper, particularly those relating to ex- 
perimental techniques. We are also indebted both to 
them and to Dr D.A.Wright  for helpful criticism of 
the manuscript. We wish to thank Miss A.G.Doig,  

Dr G. A. Watterson and Mr R. Birtwistle for advice on 
statistical matters. 
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Absolute values of the squares of the structure amplitudes of A1N were measured with monochromatic 
Cu K~ radiation in the temperature interval 85-670 °K in order to determine the mean square vibration 
displacements and atomic scattering factors of A1 and N ions. From the F2 data, the parameter Uo/c 
controlling the separation of A1 and N ions along the e axis was determined as 0.386 + 0.001 compared 
with 0.375 for the case of the ideal structure (c/a= 1"633) and 0.380 for the case of equality of all the 
nearest interatomic distances (at c/a= 1.600). Temperature studies have shown that in A1N anisotropy 
of mean square vibration displacements ( U  2) occurs .  Thus, 2 -(0.30_+0.02) 10-2/~k 2, U}----- (0.65_+ U X y  - -  

0.03)10-2/~2 for A1 ion and L/2y= (0"52 _+ 0"02)10-2 /~2, U~ =(1"00_+0"03)10 -2 R E for N ion at room 
temperature. The coefficient of linear expansion (e) is also anisotropic. In the temperature range 298- 
670°K e,= (3.0_+ 0.2)10-6 deg -1 and exu = (3.8 _+ 0.2)10-6 deg-1. The values of F2xp at absolute zero are 
given and compared with F2heor . 

The intensity of X-ray diffraction spectra of A1N has 
been measured in the temperature interval 85-670°K 
with the purpose of determining the mean square vi- 
bration displacements and atomic scattering factors of 
A1 and N ions. Monocrystal aluminum nitride was 
prepared in the form of 'whiskers' by the method of 
gas transport reaction with ammonia. Transparent 
single crystals ground in the jasper mortar were used 
for X-ray investigation. The transparency of the se- 
lected single crystals (whiskers) of A1N was indicative 
of the nearness of their composition to the stoichio- 
metric one. 

The investigations were carried out on flat poly- 
crystal samples with particle sizes 2-3/z in a vacuum 
chamber. The total intensity of the X-ray primary beam 
was compared with the integrated intensities of reflex- 
ions. Intensities of X-ray diffraction spectra of alumi- 
num nitride were measured with the use of mono- 
chromatic Cu Kc~ radiation and a scintillation counter 
with discriminator. Monochromatization of the radia- 
tion was realized by means of a bent single crystal of 
germanium. The measurements were made by deter- 
mining the pulse amount at counting rate for point- 
by-point displacement of the counter. 
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Absolute squares of structural amplitudes (Table 1) 
were determined from the data for the integrated inten- 
sities of reflexions related to the total intensity of the 
primary beam. The square of the structural amplitude 
is expressed in terms of the atomic scattering factor of 
ions of the compound investigated and the parameter 
Uo/c by 

F 2= (f21+f2+2fAlfrl  cos 2re U° l ) c  

x ~  3 + ( - 1 )  l 4cos 

2re 2h+k 
x COS - -  c o s  

3 2 

2~ h - k  
3 2 

2re h+2k lll 
3 2 

= ~ 2 .  n ,  (1) 

quote the value 0.385. Uo/c = 0.380 for the case of equal- 
ity of all the nearest distances between the atoms at 
c/a = 1.600, and for an ideal case (c/a = 1.633) it equals 
0.375. It follows that the ion lying inside the tetra- 
hedron in the A1N lattice is somewhat displaced to 
the base of the unit cell. The nearest spacing between 
A1 and N ions calculated for a = 3.111/~ and c = 4.978/~ 

;-2 

200 

175 

where F z is the square of the structural amplitude, U0 
is the separation (in A) of A1 and N ions along the c 150 
axis, l is the Miller index, if2 =F2/n is the square of 
the reduced structural amplitude, 125 

2 3 + ( - 1 )  1 4cos 3 2 I00 n = ~  

2re 2h-t-k 21r h+2k l l l  
xcos  ~ -  2 cos ~ 2 ]~  " 75 

In Fig. 1 the values of the squares of the reduced 
structure amplitude have been represented. They coin- 50 
cide well with the corresponding smooth curves at 
l=0,  l=1,  1=3 etc. 

The value of the reduced-amplitude square is de- 25 
pendent on the atomic scattering factors of A1 and N 
ions, fA1, f~r, on U0, the interatomic distance between 0 
the ions along the c axis, and on the l index, the dif- 
ference ratio of the reduced structure amplitude value 
squares being a function only of U0 for the indices 
l=0,  l=1,  l = 2  and l=3 :  

F f = o -  T L ,  = 1 - cos 2~ Vo 
c (2) In#~ 

" 2  " 2  _ ° Ft=2--Ft=3 COS2Z~ 2U°-- -- COS2Z~ 3Uo /,0 
c c 

The expression obtained is sensitive enough to the 
value of the parameter U0 to allow the determination 
of U0 without recourse to the complex procedure of 
Fourier series summation. The parameter Uo/c was 
determined by plotting Uo/c versus 

1 -  cos 2z~Uo/c 
cos 2n2 Uo/c- cos 2n3 Uo/c " 

The values of ~2 for equation (2) were determined from 
the curves of Fig. 1 in the middle range of H =  2 sin 0/2. 

As the calculation showed, according to formula (2), 
Uo/c is equal to 0.386 + 0.001 and is temperature inde- 
pendent within the experimental accuracy in the inter- 
val under investigation. Jeffrey, Parry & Mozzi (1956) 

"2  2 2 F :TA,.C;,:2M.Co,2~e) 

0,2 

o.........~ e=0 
e=5 

o.  I 

0,4 0,6 0,a /,0 t2 E, A 

Fig. 1. The values of  the squares  of  the reduced  s t ructure  
ampl i tudes  of  A1N at 19 °C ( H =  2 sin 0/2). 
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Fig.2. Change of the reduced ~2 values with temperature 
( H =  2 sin 0/2). 
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Fig. 3. Ellipsoids of mean square vibration displacements of (a) A1 and (b) N ions (at 19 °C) and (c) of the square of the coef- 
ficient of linear expansion. 

amount to 1.922 It  along the c axis and 1.883 A in the 
three other directions. The parameters a and c of the 
unit cell measured by us turned out to be close to the 
data of Jeffrey et al., being accurate to the third place 
of decimals. 

Measurements of diffraction spectra intensity at dif- 
ferent temperatures have shown that anisotropy of ion 
vibrations exists in the lattice of aluminum nitride. The 
lines with high value of the Miller index l have the 
maximum temperature effect and those at l - -0  the 
minimum one (Fig.2). This shows that ions oscillate 
with a larger amplitude in the c axis directions than 
in the base plane. 

From the values of F 2 measured at different tem- 
peratures, mean square displacements of A1 and N 
ions were calculatsd in two directions: along the c axis 
and in the base plane (Fig. 3). 
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Fig. 4. Dependence of mean square vibration displacements of 
A1 and N ions in the AlN lattice on temperature. 

The values of the mean square displacements of the 
ions along the c axis are about twice as large as in 
the base plane. At room temperature 

} Uxy=0"30 _+ 0"02 x 10 -2 A 2 
0 2 = 0"65 + 0"03 x 10 -2 h E for A1 

and 
2 } Uxy =0"52 + 0"02 x 10 -2/~2 
0 2 = 1"00 + 0"03 × 10 -2 •2 for N .  

These correspond to the following values of the char- 
acteristic temperatures in Debye theory approximation: 

Ozy=790 ,  Oz= 510 for aluminum ; 
Ozy = 850, Oz = 580 °K for ni trogen.  

The temperature dependence of mean square vibra- 
tion displacements is shown in Fig.4. It should be 
noted that the ratios U2/U2y increase with increasing 
temperature for AI and N ions. The measurement of 
the coefficient of linear expansion (~) by X-ray methods 
has shown that this coefficient, as well as the mean 
square vibration displacements, is anisotropic. In the 
temperature range 298-670 °K the coefficient of linear 
expansion (~z) is equal to (3.0_+0.2)10 -6 deg -1 along 
the c axis and ~xy=(3.8+0.2)10-6 deg-1 in the base 
plane. For the square of the coefficient of linear ex- 
pansion the ellipsoid is elongated in the base plane 
[Fig. 3(b)]. 

Having determined the values of mean square vibra- 
tion ion displacements of aluminum nitride, we have 
calculated the values of structure amplitudes at the 
absolute zero of temperature (Table 1); the values are 
shown in Fig. 5. The theoretical values calculated from 
f curves according to Hartree-Fock for A1 and N 
neutral atoms (International Tables for X-ray Crystal- 
lography, 1962) are presented there for comparison. 
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Table  1. Reduced values of  the structure-amplitude square of  aluminum nitride 

F2 T2 Y~ 
hkl 19 °C 19 °C n 0 °K ~2theor 
010 199-0+ 1.0 199.0_+ 1"0 1 203.0_+ 1.0 204"77 
002 449"2+2"8 112-3_+0"7 4 115-3+0.7 115.96 
011 113.1 _+ 1.5 37.7 _+ 0.5 3 37.8 -+ 0-5 40-55 
012 78"2_ 0"8 78"2 + 0"8 1 85"1 + 0-9 87"40 
110 411.6+4.4 102.9_+1"1 4 111.7_+1.1 113.85 
013 210"0+2"1 70"0-+0"7 3 80"9+0.7 82"61 
020 84"3 + 2.0 84"3 + 2"0 1 92"9 + 2"0 94"09 
112 210.0_+0.8 52.5_+0-2 4 58"9+0-2 60"25 
021 76"5 __+ 0"6 25"5 _+ 0"2 3 27"8 +_ 0.2 28"06 
004 74"0+7-6 18"5-+1"9 4 21"3-+2.0 20.30 
022 43"2_+ 1"0 43"2-+ 1.0 1 48"6_+ 1.0 50"11 
014 17"0 _+ 1"3 17"0 _+ 1"3 1 19.6 _+ 1.3 17"94 
023 128.4 _+ 1"5 42"8 _+ 0"5 3 51"6 + 0.5 52"71 
120 51.8 _+ 0"7 51"8 _+ 0-7 1 60"3 + 0.7 60"84 
121 50-1 _+ 0-9 16-7 + 0"3 3 18"6 _+ 0-3 18-21 
114 4 6 " 8 _ + 1 " 6  11"7_+0"4 4 13"7_+0"4 13"70 
122 29"2 _+ 0"7 29"2 _+ 0"7 1 35"3 _+ 0"7 35"68 
015 1 0 8 " 6 _ + 2 - 1  36"2_+0"7 3 50-6_+0"7 50"25 
024 9"5 _+ 0"4 9"5 +_ 0"4 1 11"4 _+ 0"4 12"65 
030 156"4+3"2 39-1_+0"8 4 48"5-+0"8 48"02 
123 8 6 " 4 _ + 1 " 8  28"8_+0"6 3 38"6_+0"6 37"28 
032 80"4 _+ 1"6 20" 1 + 0"4 4 25"4 _+ 0"4 28"34 
006 44"8+5-6 11"2-+ 1"4 4 16"4_+ 1"5 18-32 

]~2obs-- ~2theorl 100% . . . .  

~ 2 o b s  

0"87 
0"58 
7-30 
2"70 
1-93 
2"11 
1 "28 
2"28 
0"93 
4"58 
3"11 
8"15 
2"14 
0"90 
2-20 

0"0 
1 "08 
0-69 

11"0 
0"99 
3-41 

11"5 
11"7 

As can  be seen f rom Table  1, good  agreement  is 
observed be tween  t h e m  on  the whole.  However ,  it 
shou ld  be n o t e d  tha t  the  exper imenta l  value o f  F z for  
the  011 reflexion is s o m e w h a t  lower  t h a n  the theore t ica l  
one. Dev ia t i on  of  the exper imenta l  value  o f  F z f rom 
the theore t ica l  one for  the 011 reflexion exceeds the 
m e a s u r e m e n t  er ror  by  a fac tor  o f  5.5. F o r  o ther  re- 
flexions the devia t ion  is m u c h  smal ler  and  does no t  
exceed the doubled  exper imenta l  error.  

F z for  the 011 reflexion is pract ica l ly  de te rmined  by 
the  difference be tween the a tomic  scat ter ing factors  of  
A1 and  N ions and  is observed at  compara t ive ly  small  
values of  H = 2  sin 0/2, and  i t  is therefore  sensit ive to 
the  state  of  ions in the crystal l ine lattice. The  observed 
difference in  F~I~ is p r o b a b l y  due to the par t ia l  t ransi-  
t ion  of  the valence e lect ron in the a l u m i n u m  ni t r ide  
lat t ice f rom a l u m i n u m  to n i t rogen  (Sirota,  Go lo lobov ,  
O lekhnov ich  & Seleg, 1966). 

The  da ta  ob ta ined  on  v ib ra t ion  d isp lacements  of  
ions in  A1N, as well as the  value of  s t ructure  factors ,  
shou ld  be t a k e n  into accoun t  in cons ider ing  the p rob-  
lem of  in te ra tomic  b o n d i n g  in  a l u m i n u m  nitr ide.  
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Fig.5. The values of the square of the reduced structure 
amplitude at 0°K. Points represent experimental values, 
continuous lines the theoretical ones. (H = 2 sin 0/2). 


