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The structure of magnetite is centrosymmetric to within the resolution of existing X-ray procedures. 
Systematic intensity measurements made with rotation about the scattering vector show that the 
Fd3m-forbidden reflections (MO with h + k = 4n + 2) are indeed absent, all nonzero intensity mea- 
surements for these reflections being attributable to simultaneous diffraction. The intensities of other 
weak reflections of magnetite are also enhanced by simultaneous diffraction. When data sets are not 
corrected for this interference, comparative structure refinements favor a noncentrosymmetric F43m 
structure with anomalously discrepant O(1) and O(2) thermal parameters. Diffraction-related evidence 
for noncentrosymmetry in other spine1 phases should be carefully reviewed. o 1986 Academic PKSS, IIIC. 

Introduction 

Recent X-ray refinements of the crystal 
structures of two natural magnetite (Fe304) 
specimens (1, 2) and of their high-tempera- 
ture annealed equivalents (3) were made in 
the centrosymmetric space group Fd3m (4, 
No. 227, p. 687). Fd3m-forbidden reflec- 
tions (Z&O with h + k = 4n + 2) with [Fo[ 
> 0.0 were collected in all of these data sets 
but were rejected as simultaneous diffrac- 
tion on the basis of precession and Weis- 
senberg camera studies. 

The reflections 200 and/or 420 are com- 
monly observed in diffraction studies on 
cubic spine1 phases (e.g., 5-11, I, 2), and 
there has been extensive debate on their 
significance. However, systematic diffrac- 
tion studies (e.g., 6, 7, 10, II, I) do suggest 
that most if not all of the observed intensity 
is attributable to simultaneous diffraction. 

In a surprising development, Grimes et 
al. (12) refined the structure of MgA1204 in 

both Fd3m and Fz3m and demonstrated ap- 
parent significant improvement in refine- 
ment with the noncentrosymmetric space 
group. FT3m was favored on the basis of 
superior /Fo[, (F,I agreement for weak re- 
flections (especially those with IF,/ = 0.0 in 
Fd3m), (FOJ, IF,1 agreement for the Fd3m- 
forbidden reflections and the R-ratio test 
(13). The crystal investigated had a very 
large secondary extinction effect. 

In light of these results, the structure re- 
finements of magnetite by Fleet (Z-3) are 
clearly incomplete without comparative re- 
fineme@ in the noncentrosymmetric space 
group F43m. In the data set for magnetite 
No. 633 (I), for example, 8 of the 147 Fd3m 
reflections have IF01 > JF,I = 0.0 (Table I) 
and 3 of the Fd3m-forbidden reflections 
were “observed.” At the same time the po- 
tential exists for systematic error in the 
data set of Grimes et al. (Z2), through en- 
hancement of weak reflection intensity by 
simultaneous diffraction. 
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TABLE 1 

MEASUREMENTS CORRESPONDING TO ZERO REFLECTION INTENSITY IN $ SCANS 

h k 1 IFOP 

Natural magnetite No. 633 

NO Nl N3 h k 1 IF& NO N1 N3 

2 4 4 3.6 5 24 34 
4 4 2 3.6 4 20 34 
2 4 8 3.9 6 19 34 
8 4 2 3.9 IO 29 36 
3 3 15 3.1 7 35 40 
3 7 II 5.8 9 28 40 
4 4 6 3.2 4 I8 38 
6 4 4 3.2 12 27 39 
4 4 IO 3.4 II 29 39 

10 4 4 3.4 8 27 38 
4 6 8 3.2 23 35 39 
4 6 12 5.1 20 38 40 
4 4 14 0.0 13 31 40 
4 8 IO 0.0 II 33 40 
4 8 14 0.0 16 36 40 
4 10 12 0.0 I5 36 40 
6 8 8 0.0 12 29 39 
8 8 IO 0.0 12 34 40 

Number Number 
with zero with zero 
intensity* intensityh 

- 

0 
0 
0 
0 
0 
0 
0 
4 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 2 4.5 19 23 30 
2 0 4.5 1W 27 37 
0 6 2.2 5 27 3s 
0 IO 0.0 13 33 38 
0 14 0.0 6 29 39 
2 4 4.1 2 18 31 
2 4 4.1 II’ 23 35 
0 2 4.1 2 19 35 
2 8 0.0 5 27 35 
2 12 0.0 11 31 38 
2 16 0.0 IO 30 39 
4 6 0.0 9 28 34 
4 IO 0.0 8 28 39 
4 14 0.0 13 28 39 
6 8 0.0 15 31 39 
6 12 0.0 7 30 39 
8 IO 0.0 19 32 39 

Annealed magnetite No. 633, MT1 
6 4 4 5.4 5 24 31 
8 8 2 4.6 II 30 36 

10 8 4 4.1 12 30 37 
II 3 I 10.0 0 5 35 
11 7 3 0.0 9 26 39 
II 9 3 0.0 5 21 40 
12 8 2 0.0 14 34 39 
1s 1 I 0.0 14 34 40 
1s 5 3 0.0 6 30 40 
15 5 5 0.0 7 28 39 

0 6 0.0 2 22 33 
0 10 0.0 IO 30 37 
0 14 0.0 13 31 40 
2 4 2.4 0 4 12 
2 8 4.7 8 23 30 
2 12 0.0 10 29 40 
2 16 0.0 8 33 40 
4 6 0.0 3 15 34 
4 IO 3.3 6 26 37 
4 14 0.0 4 20 39 
6 8 0.0 9 24 36 
6 12 0.0 II 29 40 
8 IO 4.7 19 31 34 

(’ Using Fleet (1, 3) criterion. 
b Out of 40 $ scan measurements; NO, I < 0; Nl, I < a,; N3, I < 3cr,. 
c 30 kV, 26 mA. 

In the present paper, the crystals used in tensity by simultaneous diffraction is dem- 
the studies of natural magnetite No. 633 (I) onstrated by intensity measurements made 
and annealed natural magnetite No. 633, with rotation about the scattering vector (Q 
MT1 (3) are reinvestigated. Enhancement scans). Comparative refinements in space 
of weak and Fd3m-forbidden reflection in- groups Fd3m and Fz3m show that the 
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structure of magnetite is centrosymmetric 
to within the resolution of existing X-ray 
procedures. 

Simultaneous Diffraction Effects 

Fd3mforbidden reflections (Z&O with h 
+ k = 4n + 2) have been observed rou- 
tinely in long-exposure single-crystal pre- 
cession and Weissenburg photographs of 
magnetite and other spine1 phases. Their 
relative intensities in magnetite Nos. 633 
and 2741 (2) are Zzoo = ZdzO > Z860 = Za,, > 
1820. The 200 and 420 intensities are attribut- 
able to simultaneous diffraction effects be- 
cause the presence and appearance of these 
reflections varies with the conditions of 
diffraction, particularly by changing ji in 
precession photography (e.g., 14). With 
unfiltered radiation, Kp reflections are 
commonly excited without the correspond- 
ing K, reflections. Also, Fd3m-forbidden 
reflections are sharp, they are often not 
centered on ideal reciprocal lattice points, 
and Friedel’s law is frequently disobeyed. 
It is emphasized that the latter effect is not 
directly related to anomalous scattering, 
because the visibility of both reflections of a 
Friedel pair is dependent on the conditions 
of diffraction and may be modified by small 
changes in crystal orientation. 860,640, and 
820 are too weak for systematic study. 

Weak and Fd3m-forbidden reflection in- 
tensities were investigated by $J scans, us- 
ing an Enraf-Nonius CADdF diffractome- 
ter, graphite-monochromatized MO K, 
radiation (40 kV, 20 mA) and the crystals 
used in the original structural studies (I, 3). 
The crystal for magnetite No. 633 had been 
stored in an airtight glass vial. It had been 
remounted in the interim with [212] close to 
the 4 axis. JI scans were made by taking 8 
- 28 scans at 0.5” intervals in the $ range 
-10” to +9.5” (Fig. 1). The 8 - 28 scans 
were made in the manner of those for data 
collection (below). Peak background was 
obtained from the mean of the 40 individual 
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FIG. 1. Intensity measurements made with rotation 
about the scattering vector for reflections 006,024, and 
442 of magnetite No. 633: data are integrated peak 
intensities without background subtraction; error bars 
are *la,; horizontal line is mean background. 
MULREF results are shown below each JI scan: upper 
row indicates calculated position of Renninger reflec- 
tions, bar length is proportional to the number of com- 
puted reflections; lower row indicates presence of 
strong operating reflections, short bar-one, long 
bar-two or more. 

8 - 28 scans and the variance of the back- 
ground measurement was used in calculat- 
ing uI. The JI scan data for magnetite No. 
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633 are summarized in Table I as the num- 
ber of reflections with zero intensity in each 
of the 40 8 - 28 scans using the discrimi- 
nants Z < 0, Z < al, and Z < 3a1. Reflec- 
tion data for 200 were collected at 30 kV 
because of enhancement by 400 (h/2) at 35 
and 40 kV. $ scan data for magnetite No. 
633, MT1 were obtained under similar con- 
ditions to those for No. 633 (Table I). 

The $I scans for the two crystals investi- 
gated (e.g., Fig. 1) are dominated by simul- 
taneous diffraction effects. The overall 
characteristics of these I,!J scans are fully 
consistent with literature observations on 
simultaneous diffraction (e.g., 15). In par- 
ticular, since (a/h) = 11.8 for magnetite, 
the individual Renninger reflections are ex- 
pected to complexly overlap as suggested 
by Cole et al. (16, Fig. 4). This interpreta- 
tion is confirmed by calculation with pro- 
gram MULREF (Z7), for strong and inter- 
mediate operating reflections and a 
half-thickness of the sphere of reflection (A) 
of 0.002 A-l (Fig. 1). The latter parameter 
allows for crystal mosaicity and divergence 
of the incident beam (17). The maximum w- 
rotation of the Fd3m-forbidden reflections 
in precession films suggests that the effec- 
tive value of A may be as high as 0.010 A-i 
in magnetite crystals. Therefore the ob- 
served peaks in 9 scans could be displaced 
by %0.5” or so from the calculated peak po- 
sitions for A = 0.002 A-‘, which is suffi- 
cient to account for the small discrepancies 
in Fig. 1. Quantitative explanation of simul- 
taneous diffraction effects is dependent on 
precise knowledge of the mosaic structure 
of crystals and is certainly not possible at 
the present time. Moreover, MO K, radia- 
tion is too short for good peak resolution in 
most cases (Fig. 1) and there seems little 
point in attempting to identify individual re- 
flections in the $ scans. Minimum values in 
each scan are more likely to reflect an ap- 
proach to true reflection intensity than loss 
of reflection intensity through simultaneous 
diffraction. Thus, on the basis of the large 

number of intensity measurements with Z 
< 0 and Z < ul, all of the 8 Fd3m reflec- 
tions with (Fol > IF,/ 2 0 in the original 
data list for magnetite No. 633 are now rec- 
ognized as having zero Bragg intensity. 
Similarly, all of the Fd3m-forbidden reflec- 
tions for both No. 633 and No. 633, MT1 
are assigned zero intensity. The reflection 
11, 3, 1 in the data list for No. 633, MT1 is 
assigned a nonzero intensity because of the 
small number of measurements with Z < 
W. 

Crystal Structure Refinements 

The ideal inverse-spine1 structure of 
magnetite ha_s been refined in space groups 
Fd3m and F43m using several data sets for 
No. 633 and a single data set for No. 633, 
MT1 (Table II). The data set 633A is the 
original Fd3m reflection list for magnetite 
No. 633 (I). The data set 633B is the 633A 
list plus data for the Fd3m-forbidden reflec- 
tions. The latter include 11 reflections 
which have zero intensity by the discrimi- 
nant used in Fleet (I) and which have been 
assigned nonzero values of IF01 from a sim- 
ple average of all the equivalent data col- 
lected. 633C is the 633A list with zero inten- 
sity assigned to the 8 Fd3m reflections with 
IF,-,1 > IF,1 = 0. 633D is a new data set for 
magnetite No. 633 collected with the origi- 
nal crystal using the procedure of Fleet (3) 
but with a = 8.3985(5) A and 28 5 100”. All 
of the weak reflections investigated by $J 
scan (Table I) were assigned zero intensity 
(in fact, of the 8 Fd3m reflections with IF01 
> JF,( = 0 in the 633A list only 11, 7, 3 of 
the 633D data set has nonzero intensity on 
the basis of the discriminant used in Ref. 
I). Data set 633, MTlB includes the origi- 
nal Fd3m list for No. 633, MT1 (3) but with 
644, 882, and 10, 8, 4 assigned zero inten- 
sity on the basis of the present $ scan data 
(Table I). 

The structure refinements were made as 
in Fleet (I, 3) and the results are summa- 
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TABLE II 

Fd3m AND F43m STRUCT~REREFINEMENTSOFNATURALANDANNEALEDNATURAL 
MAGNETITE 

Space Bequiv (A’) 
Refinement Data set group 0,0(l) O(2) R,” R” S Wu)max 

633A Fd3m 
633A Fa3m 
633B Fa3m 
633C Fd3m 
633C Fa3m 
633D Fd3m 
633D FT3m 

633, MTlB Fd3m 
633, MTIB Fz3m 

0.54(2) 0.033 0.025 2.4 0.001 
0.36(4) 0.80(6) 0.026 0.024 2.0 0.09 
0.45(5) 0.65(7) 0.029 0.026 2.1 0.08 
0.54(2) 0.024 0.022 1.8 0.001 
0.45(5) 0.68(6) 0.024 0.023 1.8 1.7 
0.55(l) 0.015 0.022 1.8 0.001 
0.54(5) 0.55(6) 0.016 0.023 1.9 2.8 
0.59(l) 0.016 0.017 1.6 0.000002 
0.62(7) 0.57(7) 0.015 0.016 1.6 1.0 

0 Including data for reflections with zero intensity. 

rized in Tables II-IV.’ The refinements 
used a weight of n/u*, where (T is calculated 
from agreement between II equivalent re- 
flections. This procedure gives a lower 
weight to reflections of low multiplicity. 
However, the overall improvement in re- 
finement compared to use of a weight of l/ 
cr* was marginal. The weighting scheme of 
Grimes et al. (I2), which gives a higher 
weight to weak and high-angle reflections, 
resulted in somewhat lower values of R, 
with data sets 633A, 633B, and 633C but the 
corresponding values of R were essentially 
unchanged. Residual electron densities for 
the refinements of Table III are: refinement 
1, Ap = 0.3 to3.1 eAm3; 2, Ap = 0.4 to2.4; 
4, Ap = 0.3 to 2.6; 6, Ap = 0.9 to 2.0; 8, 
Ap = 0.4 to 4.2. 

The F;?3m refinements with data sets 

’ See NAPS document No. 04346 for 12 pages of 
supplementary material. Order from ASKS/NAPS. Mi- 
crofiche Publications, P.O. Box 3513, Grand Central 
Station, New York, NY 10163. Remit in advance $4.00 
for microfiche copy or for photocopy, $7.75 up to 20 
pages plus $.30 for each additional page. All orders 
must be prepaid. Institutions and Organizations may 
order by purchase order. However, there is a billing 
and handling charge for this service of $15. Foreign 
orders add $4.50 for postage and handling, for the first 
20 pages, and $1 .OO for additional 10 pages of material, 
$1.50 for postage of any microfiche orders. 

633A and 633B (2, 3 in Table II> were slow 
to converge and the other F43m refine- 
ments (5, 7, 9 in Table II) did not converge, 
but oscillated with continued refinement 
giving shifts in the O(1) and O(2) parame- 
ters of the same order of magnitude as the 
corresponding errors. Applying the Hamil- 
ton (13) R-ratio test to the refinements with 
data set 633A (1, 2 in Table II), R5.147 = 
1.247; the Fd3m structure can be rejected at 
the 99.5% level. 

Discussion 

Systematic intensity measurements made 
with rotation about the scattering vector 
show that the Fd3m-forbidden reflections 
(MO with h + k = 4n + 2) appear to be ab- 
sent in magnetite. All nonzero intensity 
measurements for these reflections can be 
attributed to simultaneous diffraction. The 
intensities of weak Fd3m reflections of 
magnetite are also enhanced by simulta- 
neous diffraction and the 8 Fd3m reflec- 
tions with IF01 > (F,( = 0 in the data set 
used by Fleet (I; 633A, Table II) to refine 
the structure of magnetite No. 633 are prop- 
erly assigned zero intensity. The 633A data 
set should not be used for comparative 
structure refinements since it contains sys- 
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TABLE III 

POSITIONAL,THERMAL,AND EXTINCTION PARAMETERS FORREFINEMENTOF 
NATURAL MAGNETITE 

Refinement 1 2 4 6 8 

633A 633A 633C 633D 633, MTIB 
Site Parameter Fd3m” F43m Fd3m” Fd3m” Fd3m” 

T(l) &lb 349( 14) 351(16) 348(11) 339(6) 387(7) 
T(2) B,, - 342(17) - - - 
M 

Xl, 

- 0.6253(I) - - - 
461(14) 473( 12) 465(11) 469(6) 503(7) 

Bu 45(5) 51(7) 480) Q(3) 5W 
O(1) x 0.3799(i) 0.8722(S) 0.37986(S) 0.37987(6) 0.37972(6) 

Bll 541(24) 355(44) 541(18) 550(9) 593( 12) 
812 -3(17) 124(65) -44( 12) -31(9) -29(1 I) 

O(2) x - 0.3817(4) - - - 

B,l 795(61) - - - 

312 - -274(46) - - - 
G’ 1.33(10) I .32(S) I .33(7) 1.50(S) 0.21(2) 

” Origin at 43m, at (-4,-%,-k) from center (5m). 
b Thermal parameters (~10~ A’) are calculated from T = exp{-[B,,a*‘(h2 + k* + 

I*) + 2B,2a*2 (hk + kl + id)]}. 
c Isotropic-extinction parameter for type I extinction (X 10m4). 

tematic errors which bias refinement in fa- 
vor of a noncentrosymmetric structure. 
Such errors, which emanate from second- 
ary extinction effects as well as simulta- 
neous diffraction, have been reduced in 
data sets 633C, 633D, and 633, MTlB but 
not entirely eliminated. 

Structure refinements with data sets 
633C and 633D (Table II) favor the centro- 
symmetric Fd3m structure for natural 
magnetite on the basis of the lack of con- 
vergence of the respective Fz3m refine- 
ments. Similarly, the Fd3m structure is also 
favored for annealed natural magnetite. 
The F43m refinements 5,7, and 9 (Table II) 
fail to converge because the deviations 
from the centrosymmetric Fd3m model are 
so small as to be effectively singular. Corre- 
sponding O(1) and O(2) parameters are 
highly correlated (Table III) and sensible 
refinement cannot be attained. 

The present refined FT3m structures of 
magnetite may also be rejected on stereo- 
chemical grounds. As illustrated in the data 
for refinement 2 (Tables II and III) the non- 

centrosymmetry is manifest very largely in 
the O(1) and O(2) thermal parameters, 
which depart markedly from equivalent 
Fd3m values. In view of the small atomic 
displacements from centrosymmetry, the 
O(1) and O(2) thermal ellipsoids would be 
expected to be very comparable. However, 
with all of the 633 data sets, the O(1) ellip- 
soid contracts and the O(2) ellipsoid ex- 
pands, leaving mean Bequiv values similar to 
corresponding Fd3m values. 

Both of the present Fd3m refinements for 
magnetite No. 633 (4, 6 in Table III) yield 
essentially the same structure as that of 
Fleet (I). Extending the data set to 29 = 
100” results only in slightly improved preci- 
sion. The small differences between the an- 
nealed magnetite structure and the natural 
magnetite structure have been discussed 
elsewhere (3). 

The present study reaffirms literature re- 
ports on the common occurrence of simul- 
taneous diffraction effects in spine1 phases. 
The mere observation of Fd3m-forbidden 
reflections in X-ray precession photo- 



STRUCTURE OF MAGNETITE: SYMMETRY OF CUBIC SPINELS 81 

graphs, as in the study of thiospinels (8), is 
not sufficient evidence for noncentrosym- 
metry. Precession studies have to include 
observations with continuous radiation 
over a range of ji. 

Simultaneous diffraction also enhances 
the intensities of weak reflections to an ex- 
tent that may invalidate comparison of 
Fd3m and noncentrosymmetric refine- 
ments. No attempt was made to investigate 
this possibility in the recent study of the 
structure of MgA1204 (12). The improve- 
ment in refinement using the Fz3m struc- 
ture of MgA1204 resides very largely in data 
for the weak reflections and the noncentro- 
symmetry is largely manifest in the O(1) 
and O(2) thermal parameters. Improved 
IF,,/, IF,1 agreement for weak (and Fd3m- 
forbidden) reflections with F43m is not too 
significant. Similar agreement was obtained 
for FT3m refinement of magnetite No. 633 
with the 633B data set. The F?3m refine- 
ment of MgA1204 is closely comparable to 
the misleading Fj3m refinements of 
magnetite with the 633A and 633B data sets 
(2, 3 in Table II). Clearly, further stud_ is 
required to substantiate the proposed F43m 
structure of MgA1204. 

The structure of magnetite is centrosym- 
metric to within the resolution of existing 
X-ray procedures. In the present study, 
zero reflection intensity corresponds to 
jFhk[l < (0.004 - 0.005) lFoool. In view of the 
enhancement of the intensities of weak re- 
flections by simultaneous diffraction and 
the diminution of the intensities of strong 
reflections by complex secondary extinc- 
tion effects, improved resolution of spine1 
structure refinements is not anticipated 
with routine data collection procedures. 
Certainly intensity data for weak reflections 
should be regarded as unreliable unless 
demonstrated otherwise. Also, reduction in 
R, and R is not synonymous with an in- 
crease in useful information when system- 
atic errors are present in the data set. The 
present study has not systematically inves- 

tigated the two other noncentrosymmetric 
cubic space groups which are maximal non- 
isomorphic subgroups of Fd3m (Fd3 and 
F4,32, 4, p. 692) because such a detailed 
comparative analysis does not seem to be 
warranted by the quality of the available 
intensity data. Both of these space groups 
(Fd3 and F4,32) give magnetite structures 
which are very similar to the Fd3m struc- 
ture . 

The structure analysis of Fleet (1) re- 
ported residual electron density at equi- 
point position 8(b), which was attributed to 
the presence of interstitial Fe3+ cations in 
amounts ~0.3% of total Fe cations. Fd3m 
refinements with data sets 633A, 633B, and 
633C show that the presence of this residual 
density is essentially independent of least- 
squares weighting scheme, simultaneous 
diffraction effects, and secondary extinc- 
tion correction. Refinement without sec- 
ondary extinction correction yields a resid- 
ual map with the expected strong minima at 
the T(l), M, and O(1) positions, and strong 
minima at all of the possible tetrahedral and 
octahedral interstitial cation positions ex- 
cept 8(b), which has a (relatively) strong 
maximum. With Fz3m refinement and the 
above data sets the 8(b) density is no longer 
the strongest residual maximum but, never- 
theless, it is still a significant feature. Re- 
finements 6 and 7, with the data set 633D 
collected in the present study, yield a weak 
residual minimum at equipoint position 8(6) 
which is replaced by a prominent maximum 
when these refinements are repeated with- 
out secondary extinction correction. This 
suggests that while the present isotropic 
secondary extinction correction results in 
improvement in refinement of the ideal in- 
verse spine1 structure it tends to obscure 
resolution of additional structural features. 
Comparison of equivalent reflection inten- 
sities reveals that secondary extinction in 
magnetite and MgA1204 (12) is, in fact, 
markedly anisotropic. However, in the ab- 
sence of a more complete understanding of 
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the possible effects of extinction terms on 
the residual map of magnetite, there re- 
mains the possibility that the residual elec- 
tron density in question is not related to the 
magnetite structure. 
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