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Neutron diffraction studies of sillimanite
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Ansrntcr

The crystal structure of sillimanite, refined using single-crystal neutron diffraction data
measured at room temperature yielded a:7.479(l), b:7.670(2), c:5.769(l) A, space
gtotp Pbnm. The atomic parameters were refined by full-matrix least-squares techniques.
The final agreement R(f2) is 0.037 based on 857 reflections. The Al-O and Si-O bond
lengths and O-Si-O and O-AI-O bond angles have estimated standard deviations of
<0.001 A and 0.06'and agree welt with those based on X-ray diffraction experiments.
Refinement of the neutron scattering lengths, D, show Al and Si to be ordered within the
tetrahedral sites and the minor Fe present in the structure to occupy the octahedral site.

InrnooucttoN

Recent measurements of low-temperature heat capac-
ities of the AlrSiO, polymorphs by Robie and Hemingway
(1984) have srrggested that Al and Si are ordered in the
sillimanite structure to at least I100 K. Direct evidence
of the order in sillimanite at room temperature has been
obtained by neutron diffraction experiments @etenon and
McMullen, 1980) and is presented here. Neutron diffrac-
tion data were also collected for kyanite and andalusite,
and the results are similar to published refinements (Fin-
ger and Prince, 1972; Winter and Ghose, 1979; Burnham
and Buerger, 1961; Burnham, 1963a, 1963b). Details of
the neutron refinements of kyanite and andalusite may be
obtained from the authors.

ExpnnrprnNrAr- METHoD

The crystal used in the neutron study was chosen from among
the available specimens on the basis of sample homogeneity and
purity. These requirements together with the relatively large crys-
tal size needed for neutron diffraction limited the number of
suitable crystals. The sillimanite specimen from Norwich, Con-
necticut (Carnegie Museum of Natural History, #7389) was col-
orless and displayed many poorly developed faces in the {hl6l
zone.

The sillimanite chosen was submitted to neutron activation
and energy-dispersive microprobe analyses. The trace elements
detected by these methods, as well as those reported in alumi-
nosilicate polymorphs (Pearson, I 960; Chinner et al., I 969; Albee
and Chodos, 1969) were determined quantitatively by wave-
length-dispersive analysis using an Assbciated Research Labo-
ratory sEuq microprobe. For analyses ofAlrOr, TiOr, MgO, VrOr,
and CrrOr, 20-kV accelerating voltage and 30-nA sample current
were used, and backgrounds were taken from fused silica. The
FeO content was determined using l5 kV and 30 nA with back-
ground determined by off-peak measurements on either side of

' Present address: Department of Geological Sciences, Queen's
University, Kingston, Ontario K7L 3N6, Canada.

the Fel(" emission line. Two standards used for FeO: Rockport
fayalite (FeO:67.9 wto/o) and VGI glass (Microbeam Analysis
Society, FeO : 0.71 wto/o) gave consistent results. The trace-metal
oxides detected at the 0.01 wto/o level are given in Table l; the
standard deviations in parentheses are based on averages ofsix
points distributed about the grains.

NBurnoN DrFFRAcrroN

The neutron diffraction data were collected with an au-
tomated four-circle diffractometer using a neutron beam
obtained by the (002) reflection from a Be crystal mono-
chromator. The neutron wavelength of 1.0024(2) A was
determined by least-squares fit of sin,d data for the KBr
reference crystal (ao : 6.60000(13) A at 25C). The silli-
manite crystal selected for study is described above and
in Table 2 together with the crystal data and conditions
for the diffraction measurements. The crystal was mount-
ed on a hollow Al pin and centered optically in the neutron
beam. The sillimanite crystal was ofgood diffraction qual-
ity, having reflection profiles that were Gaussian in shape
with full-width at half-height of -0.25o in scan angle @.

The lattice parameters in Table 2 were determined by
a least-squares fit of sin2d data for 32 reflections. Reflec-
tion-intensity data were measured by a 0/2d step-scan pro-
cedure in which counts at each step were accumulated for
a preset monitor count of the direct beam. Fixed scan
widths in 2d were used below sin d/tr : 0.42 A-'; variable
scan widths computed from empirical dispersion rela-
tionships were used above sin 0/^: 0.42 A-'. Intensities
of two reflections were monitored at regular intervals (ca.
3 h) as a check on experimental stability; these measure-
ments showed no variation with time. The integrated in-
tensity (4 and background (B) were determined for each
reflection by summing counts over the central 800/o of the
scans and over the outer two l0o/o portions, respectively.
The variance in an intensity was derived from the rela-
tionship o'?(I) : C + kB, where Cis the total accumulated
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Table l. Electron-microprobe analysis of sillimanite Table 2. Crystallographic data
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Ox ide  Wt% A E o m i c  P r o D o r E i o n s * A .  U n i t - c e l l  d a t a
r ( . A )
a
b
c

P M B
1 .0024 (2 )  CuKc
7 . 4 7 9 ( 1 )  7 . 4 8 5 6 ( 6 )
7 . 6 7 0 ( l )  7 . 6 7 3 8 ( 3 )
s . 7 6 9 (  l )  5 . 7 6 9 8 ( 8 )

l'lgo
a l  n" ^ 2 " 3
sio2
Tio2
v^o -

z )
Cr r0a
FeO

T o t a l

1 . 9 9
0 .  9 9

0 .  0 0 0
0 . 0 0 0
0 . 0 2 1

n . d .

6 2 . 2 0 ( r r )
3 6 . 3 2 ( 8 )
n . d .
0 . 0 2 (  l )
0 . 0 r ( 1 )
0 .  e 3 (  4 )

B .  D e s c r l p E i o n  o f  c r y s c a l  ( 1 0 2 ) , ( 0 0 1 ) , ( 3 2 0 ) , ( 3 2 0 )
f a c e s  ( b e s t  a p p r o x i m a E i o n )  ( 1 1 0 ) , ( i T 0 ) , { 1 5 0 }

i t a x .  d i m e n s i o n s  ( m n )  1 . 4  x  1 . 0  x  I . 8
Vo lume  (mmr )  f r om face
n e a s u r e m e n t s  I . 1 7 2

Abso rp r i on  coe f f i c i en r s  ( cm- l  )  0 . 0042
9 9 . 4 3

count in the scan and k is the ratio ofpeak to background
count times. Neutron absorption corrections were ap- D.
plied, and weighted-mean crystal beam path lengths were
calculated using an analytical procedure (de Meulenaer
and Tompa, I 96 5 ; Templeton and Templeton, I 9 7 3). The
linear absorption coefficient, p, was evaluated from tab-
ulated values of the mass absorption coemcients of A| Si,
and O (MacGillavry and Rieck, 1968). The squared am-
plitudes -Fl and its variance were computed for each ob-
servation from the relationships F?: (I) sin 2d and
o'(p"): o2rnsin20.

Srnucrunn REFINEMENTs

The atomic parameters reported by Burnham (1963a)
were taken as starting values in the refinements. The neu-
tron scattering lengths used were 5.803 b (: barn) for O,
3.449 b for Al, 4.149 b for Si, and 9.54 b for Fe; these
were taken from Koester and Steyerl (1977). The param-
eters were refined by full-matrix least-squares procedures
(Busing et al., 1962) in which the quantity minimized was
> wl\ - (KF)'l'where w is the observation weight and
K the scale factor. The weights were taken to be equal to
Io? + (Cf'z")'z1-r, where C, are instability constants with
C,:0.01. Reflections observed with ,q < 0.0 were in-
cluded in the refinements (Hirschfeld and Rabinovich,
1973). All positional and anisotropic thermal parameters
not constrained by symmetry were varied, together with
the scale factor for the data set. Secondary extinction pa-
rameters @ecker and Coppens, 1974) and scattering lengths
at the Al and Si sites were also varied in the final refine-
ment cycles. Anisotropic extinction parameters (type I
crystal with Lorentzian mosaic distribution) did not sig-
nificantly improve the least-squares fit of the sillimanite
data. The isotropic model was retained for the description
of extinction efects in the sillimanite crystal. The final fit
indices at convergence are listed in Table 2.

The atomic parameters from the final cycle of refine-
ment are reported in Table 3. Listings of the observed

I n E e n s i E y  d a t a  m e a s u r e m e n c s
t e - n e r e r , , r o  ( o C \- - . . r - - - - - - -  \  - a l

( s t n e / I )  n a x  ( A ' )

S c a n  w i d c h  1 o i .  2 e )
A v e .  l i o .  o f  s t . e p s / s c a n
C o u n c i n g  t i n e / s r e p  ( s e c .  )
N o .  o f  o b s e r v a t i o n s
N o .  o f  u n i q u e  o b s e r v a E i o n s
A g r e e m e n t  f a c E o r  R = x l f  z - P  z  1 7 1 p  z

o o ' o

Ref inemen E
N o .  o f  o b s e r v a t i o n s  ( N 0 )

N o .  o f  p a r a n e n t e r s  ( N P )

R ( F , ) = E A / E F 2

f u ( F ' z )  =  l t w t 2 / t ( u F  2 ) l L t 2

5  =  [ r w a , / ( N o - N p ) ] ' / ,
F i n a L  d i f f e r e n c e  m a p

l a r g e s t  r e s i d u a l  I  a p  I
Z p  a t  o x y g e n  s i E e

S c a l e  t a c t o r  K  ( K F  ) ' z
S m a l l e s t  e x c i n c t i o f i

f a c t o r  Y  ( Y F  ) 2
E x t i n c t i o n  p a r a m e c e r s  x I 0 - 4

i s o E r o p i c  r

c .

*Based  on

n . d .  n o c

f ive orygens

d e  E e c E e d

2 4
0 .  8 0 7

3 . 0  -  5 . 0
) u  -  / )

2 . 5
I  7 0 9
457

0 . 0 2 6

857
5 0

0 . 0 3 7
0 . 0 4 6
1 . 5 1 3

1 . 5 6

5  , 2 4 ( 2 )

0 . 8 8
0 .  r 4 2 ( 8 )

* p r e s e n E  w o r k
* * B u r n h a m  (  I 9 6 3 )

and calculated squared structure factor amplitudes are
given in Table 4.2

Rnsur,rs AND DrscussroN

The positional parameters given in Table 3 are within
2o of those reported by Finger and Prince (1972) and
within 3o of those reported by Winter and Ghose (1979)
for their room-temperature refinements.

Table 5 lists the bond lengths and angles for sillimanite
that are obtained from the present neutron refinement. In
all cases they are within 3o ofthose published by Burnham
(1963a) and Winter and Ghose (1979).

SrrB occuplNcv

Table 6 summarizes the least-squares refinement results
of the scattering amplitudes of the cation sites in silli-

'To obtain a copy of Table 4, order Document AM-86-301
from the Business Office, Mineralogical Society ofAmerica,1625
I Street, N.W., Suite 414, Washington, D.C. 20006. Please remit
$5.00 in advance for the microfiche.
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Table 3. Positional and thermal Darameters

Atorn x/  a v / b z / c U I I u22 I I ? ? u l 2 uI3 u23

S i l  l i rnani  le

A11
A l 2
S i
OA
OB

OD

0000
r 4 r 8 (  2 )

3600( l  )
3563 (  l  )
4 7  6 s ( 1 )
r 2 5 6 (  l )

0000
344e (2 )
3402( I  )
4088( r )
4340 (  r )
0 0 1 7 ( r )
2 2 3 2 ( r )

0000
2 500
7500
7 500
2500
7 500
5 r 4 4 (  r )

-3 (3 )  l ( s )
0 0
0 0
0 0
0 0
0 0

-2 (2 )  -2 (2 )

3 l ( 4 )  4 7 ( 4 )
3 e ( 5 )  s 8 ( s )
3 0 (  4 )  4 e ( 4 )
3 5 ( 3 )  7 2 ( 3 )
3 8 (  3 )  7 2 ( 3 )
9 0 ( 3 )  r o 0 ( 3 )
6L(2)  56(2)

3 4 ( 4 )  l ( 3 )
4 3 ( s )  - 2 ( 4 )
37 (4 )  -4 (3 )
5 8 ( 3 )  - 1 6 ( 2 )
53(3)  - t3(z)

r r l ( 4 )  - 5 0 ( 3 )
4s (2 )  -1  s (  r  )

A11 parameEers have

e x p  -  [ 2 r 2 ( a  2 h 2 U r ,
b e e n  m r l t i D l i e d  b y  1 0 " .* ' * -
+ b  2 k 2 u ^ ^  + c  2 l 2 u ^ ^  +

Z . Z  J J

The ternperaEure facEor* *  -  * *
2 a b h k U r r + 2 a c h l U , ,

has the form* *
+  2 b  c  k l u ^ " ) 1 .

L J

o c t a h e d r a l  A l u m i n u m d ( r ' l-0) A <( 0-v-0)

Table 5. Bond lengths and angles based on neutron
refinement of sillimanite

manite. The scattering amplitude at the four-coordinated
Si site is within lo ofthat expected for Si. A difference of
3o would indicate a substitution of 8o/o Al into the tetra-
hedral site.

The scattering amplitude at the six-coordinated site is
significantly greater than expected for occupancy by Al
alone. The increased scattering amplitude is consistent
with 0.013(3) atoms of Fe at this octahedral site (Table
6). The scattering amplitude at the tetrahedrally coordi-
nated Al site is slightly larger than that expected for oc-
cupancy by Al alone. The agreement of the chemical anal-
ysis predicted by the site refinement and that obtained by
microprobe analysis is improved if this additional scat-
tering amplitude is attributed to Fe at this tetrahedral site
(Table 5). HAlenius (1979) also reported Fe+3 and Fe+2 to
be in the octahedral site but did not rule out small amounts
of Fe in the tetrahedral sites. The increased scattering
amplitude at the tetrahedral Al site in sillimanite could
also be due to a substitution of Si. However, if the silli-
manite (AlrSiOs) is stoichiometric, this would require Al
substitution at the Si site and cause a decrease in scatterins
amplitude at this site that is not observed.

CoNcr,usroNs

From the site occupancies obtained by neutron diffrac-
tion experiments on a sillimanite crystal from Norwich,
Connecticut, there is no evidence ofAl occupation ofthe

Table 6. Site refinement results

ar t -oo l t
-oa1
-onl

oa]-oel
o A 1  - o D t t

o B r  -  o D 1  1

oal  -co1 1
o B 1  -  o D t t

oAt- oB'

T e t r a h e d r a l .  A l u n i n u m

x 2

x 2

1 . 9 s 4 0 (  5 )
r . 9 1 4 3 ( 5 )
1 . 8 6 8 3 ( 5 )
2 .  8908 (  2 )
2 . 7  6 e 5 ( 9 )
2 . 7 r r 9 ( 8 )
2 . 7 0 u ( 8 )
2 . 6 9 5 0 ( 3 )
2 ,  ! 40 (  1 )

9 9 , 6 7 0  ( 2 )
9 1 . 4 3 0 ( 3 )
9 0 . 3 6 0 ( 3 )
8 8 . 5 7 0 ( 3 )
8 9 . 6 4 0  ( 3 )
8 0 . 3 3 0  ( 2 )

si -oD
-oA
-octt

OD -OD

oct t -oD
OA -OD

0A -oc

A l  2 -0D
-08

oo -on t "

og  -oc t

oc t -oD
OB -OD

T e t r a h e d r a l  S i l i c o n

0-U-0  Ang les

s i ^ - ' - o c - A 1 2 ^ '
A l  I  -oB-A1 2vr r r
A t  Iv111-oA-s l
a l  l v r 1 1 - o D - s i
A l  l v1r1-oD-A1 2
.41 2 -OD-Si

AI  Iu i i i -o . r -a r  l i *
A l  I t r r r -oB-At  l *

Symnet ry  Opera t ions

i  I / 2 - x ,  y - l / 2 ,  t / 2 - z
i , i  - x ,  - y ,  z - l / 2

i i i  l / 2 + x ,  - y - r / 2 ,  I / 2 + z
i v  y ,  x ,  l / 2 - z

r  x - I / 2 ,  I / 2 - y ,  z - I / 2
v t  I / 2 - x ,  I / 2 + y ,  ( I  I / ) ) - z

v i i  x ,  y ,  ( I  l / 2 ) - z

| . 7 9 2 5 ( 8 )
t . 7  4 4 ( r )
1  . 7  o 7  ( 2 )
3 . 0 5 1 ( t )  1 1 6 . 6 3 0 ( 7 )
2 . 8 8 3 ( t )  l I 3 , 3 5 o ( 8 )
2 . 8 3 2 3 ( 4 )  t 0 8 . 0 6 0  ( 5 )
2 . 8 r 4 2 ( 8 )  r 0 5 . 4 6 0 ( 5 )

1 . 6 4 2 1 ( 8 )
r . 6 3 2 ( r )
1 . s 7 4 ( l )
2 . 7 1 8 ( r )
2 . 6 4 5 (  1 )
2 . 6 3 6 0 ( 8 )
2 . 6 r 6 ( l )

3 . 2 7 2 ( 1 )
3 . 2 6 1  (  t )
3 .  2 0 9 (  l  )
3 . 1 9 5 (  r  )
3 . 1 9 4 ( t )
2 . 8 8 s 8 (  2  )
2 , 8 8 4 3 ( l )
2 . 8 3 4 3 (  r  )

r l l . 7 0 0 ( 7 )
1 1 0 . 6 0 0 ( 5 )
1 0 7  , 2 4 0  ( 5 )
l 0 9 , 3 2 o  ( 7 )

r 7 r . 7 1 0 ( 9 )
r 2 9  . 4 4 o  ( 2 )
1 2 9 . 4 5 0  ( 2 )
r 2 5 . 1 t 0 ( 4 )
I I 6 . 9 r o ( 4 )
t I 4 . 2 6 0  ( 4 )
9 7 . 7 8 0 ( r )

1 0 . i . 0 5 0 ( 4 ) S i r e  b
obs

(barns)  A la  Fe a ton
p e r  s i E e

wt  Z  FeO
based on  d i f f rac t ion

d a t a

v i i i  t / 2 - x ,  I / 2 + y ,
i x  l / 2 + x ,  I / 2 - y ,

x  I / 2 + x ,  l / 2 - y ,
x j -  |  /  2+x ,  I /  2 -y  ,

x : . i .  I /  2 -x ,  y - I /2 ,
x i i i  - x ,  - y ,  I / 2 + z

A l l  3 . 5 3 ( 3 )
A r 2  3 . 4 9 ( 3 )
s i  4 . 1  5 (  3 )

2 . 7  0 . 0 1 3 ( 3 )  0 . 6 7 ( 2 5 )
r . 36  . 007 (3 )  . 36 (25 )I / 2 - z

l ' z
- z

L /  l r z
( r  r / 2 ) - z

T o r a l  F e o  L 0 3 ( 3 0 )
o i c r o p r o b e  r e s u l t s  0 . 9 3

l  = h  - h-  - ( o b s )  - ( S i  
o r  n t ) *
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Si site. There is some evidence for minor substitution of
Fe in both the octahedrally coordinated Al site and the
tetrahedrally coordinated Al site.

The large crystal size required for the neutron experi-
ment precludes the investigation ofAl-Si ordering in more
common sillimanite occurrences, and cars should be taken
in applying these results to different conditions of for-
mation.
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