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are not to be considered as crystals or as nematic
phases ezc.

Considering the relatively thick water layers in the
phases of higher order, probably permitting only the
transmission of rather coarse asymmetries, it appears
to be doubtful whether one could expect to find many
space groups other than Fm3m (03), Pmmm (D},) or
P6/mmm (D},).

In the case of tetragonal leaflets, for example, the
transition energy smectic = tetragonal is probably too
low to allow for the existence of the corresponding
crystals of the space groups P4/mmm (D),). Special
types of aggregation may then be produced by long
range forces on account of geometric reasons only
or of shape anisotropy with one or two (equal or
different) dimensions comparable to the distance. The
other kinds of asymmetry (Zocher & Torok, 1953,
1954) may appe. r at short distances in one, two or all
three directions, when the forces between surface
charges and counter ions pass into the normal van der
Waals forces. In spite of this restriction, the long range
forces involved in the formation of superphases may
be important in the formation of biological structures
too.
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The Absolute Atomic Scattering Factor of Iron
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X-ray intensity measurements of the 110 reflexion from a carbonyl iron powder, using monochromatic
Mo K« radiation, were carried out on an absolute basis by direct intensity measurement of the incident
beam. Effects of preferred orientation, porosity, and surface roughness were shown to be negligible.
No contamination of specimens was found during storage for over one year under normal laboratory
conditions. The absolute experimental scattering factor, f(110), of iron was found to be only 1-7%
lower than the theoretical value for a free atom in the ground state. By combining this result with
relative measurements made by one of the authors (T.P.), it was shown that the difference completely
vanishes at sin 8/2=0-5 A-1. This result contrasts with the measurements of Batterman, Chipman &

DeMarco.

Introduction

In recent years, X-ray diffraction measurements have
been undertaken to obtain information about the elec-
tron distribution in the transition metals of the iron
group; these metals are especially interesting because

of their incompletely filled 34 shell. Several authors
(Batterman, Chipman & DeMarco, 1960; Cooper,
1962) have found that on a relative scale the experi-
mental scattering factors agree with theoretical predic-
tions for the free atom in the ground state, but that
they are about 4-5%; lower on an absolute scale. How-
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ever, the reliability of the powder technique has been
questioned concerning the time dependence of powder
specimens (Hosoya, 1964) and the porosity effects
(Harrison & Paskin, 1964).

The purpose of the experimental work reported in
this paper is to study the suitability of carbonyl iron
powder for highly accurate absolute measurements and
to carry out an independent absolute measurement
of the iron 110 reflexion, because it seems that the
problem of deciding whether the discrepancy between
theory and experiment is real or not should be care-
fully examined by improving the precision of the meth-
od of absolute intensity measurements, which is not
always faultless at the present stage.

The samples

The carbonyl iron powder used in the present measure-
ments was manufactured by General Aniline and Film
Corporation. Controlled thermal decomposition of
iron carbonyl gas produces spherical particles with a
characteristic onion-skin structure due to minute car-
bon deposits in alternate layers (Jaumot & Muldawer,
1954). The mean size of the powder particles was 3-5 u
and the purity of the powder was 99-5%;. Because the
carbonyl process makes the coherently dlﬂ“ractmg do-
mains as small as some hundreds of A in diameter,
the extinction effects are negligible even for the strong-
est reflexions. Because of the spherical shape of par-
ticles, the domains are oriented at random, and we
can expect that there is no preferred orientation as long
as the moulding pressure does not crush the particles.
According to our preliminary measurements, a safe
moulding pressure limit is about 5000 kp.cm~2 for the
powder used in the present study (carbon content
0-05%;). Possible effects due to sample porosity were
checked by observing the variation of the integrated
intensity of the 110 reflexion with the sample density,
which ranged from 0-40 to 0-70 relative to the bulk
density. Our results did not show any effect of poros-
ity. When the pressure was just sufficient to hold the
powder together, the intensity decreased by about
2-5%; by the absorption due to surface roughness. In
this case also a sufficiently smooth surface could be
made by using a binding agent. Our carbonyl iron spe-
cimens were stable under normal laboratory condi-
tions, and no changes in the integrated intensity were
found during a storage period for one year.

After some preliminary measurements, we concluded
that carbonyl iron powder is a very suitable material
for highly accurate absolute studies. For the final ab-
solute measurements we selected the following three
samples:

A. Moulding pressure 4000 kp.cm~2

B. Moulding pressure 2000 kp.cm—2

C. The powder was impregnated with a binding
material (Tensol Cement no. 6).

The surface of each sample was treated with fine
emery papers.
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Absolute measurement

The intensity measurements were carried out with
Mo Ka radiation (30 kV) using a Siemens X-ray gen-
erator (Kristalloflex 4). The recording apparatus con-
sisted of a Nal(Tl)-scintillation counter followed by a
linear amplifier, a pulse height analyser and a scaler,
The over-all dead time measured by the multiple foil
technique was 2-5+0-5 g sec. We used the counting
method in all measurements; the line profiles were re-
corded only for inspection.

The total energy diffracted by an ideal powder spe-
cimen received at a slit of height / and breadth d is,
according to James (1962),

Eep. P Aolold PpF2(1 4+ cos220m coszg(?___). %
e 640)7[‘“ REMV sin2f cos 6 N

where r.=e2/mc? is the classical electron radius, 4, the
cross-section of the primary beam with the intensity
Iy, w the angular velocity of the detector, 4 the X-ray
wavelength, R the distance from the specimen to the
receiving slit, u, the mass absorption coefficient, p the
multiplicity, 0 the Bragg angle, 0 that at the mono-
chromator, and F the structure factor of a cell of mass
M and volume V.

The total energy of the primary beam was measured
by driving the detector across the beam. The beam
intensity was reduced to a countable rate by use of a
zirconium absorber. The attenuation ratio, 62-50 +
0-30, of the absorber was determined using both the
direct beam and a strong reflexion from a single crystal.
The agreement between the results showed that the
attenuation did not depend on the wavelength distri-
bution in each case. The path of the direct beam rela-
tive to slits and the specimen was inspected by photo-
graphic means. When a monochromator is placed be-
hind the receiving slit we have

EO = 01() %(1 +005220.¢’U) (2)

a)R

The absolute scattering factor of a reflexion Akl is
given as

4 [=aM V/JQR
Flhkl) = [77?3 [
sin 8 §in 29_(.1_.+ cosZZQQ E(hkl)] * 3)
“(1+c0s220 cos228)  © E,

The absorption coefficient, y,, of iron for Mo Ko
radiation was measured using square foils. The value
obtained, 4,=37-90+0-30 cm2.g™!, is in good agree-
ment with Cooper’s (1965) value of 37:61+£0-33
cmz2.g-1, Inserting the measured ratio R//=41-36+0-15
and other parameters into (3), we have

E(110) . @)

We did not use Soller slits because of a very small
vertical divergence. This was conditioned by a small
height of the direct beam of only 1 mm at the specimen

F(110) = (8039 + 40) V
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site and by a small length of the receiving slit of only
about 4 mm. The horizontal divergence was symmet-
rical and was about 0-8°. This would increase the
integrated intensity of 110 reflexion by 0-4%;, if the
intensity in the primary beam were equally distributed
in the horizontal direction. This small increase was
practically cancelled by an asymmetrical intensity dis-
tribution in the primary beam (Suortti & Paakkari,
1966). The accuracy of the zero alignment for the X-ray
focus, the centre of the goniometer, the specimen sur-
face, and the receiving slit was of the order of 0-003°
in 26; this gives rise to a probable error of only about
+0-1% in the integrated intensity of the 110 reflexion
(Suortti & Paakkari, 1966). The area of the detector
required in measurement of the reflexion was the same
as that in measurement of the primary beam.

The integrated intensity of the 110 reflexion was
about 2500 counts when @ was }° per minute and the
width of the receiving slit was 0-1 mm. It was, there-
fore, necessary to minimize the background scattering.
The incoherent part was eliminated by placing a quartz
crystal monochromator behind the receiving slit. In
this case the background was mainly (90%;) due to the
dark current of the counter. The accuracy of the cor-
rection for background was estimated to be better than
+0-5%; of the integrated intensity. The monochroma-
tor crystal was proved to be ideally mosaic. The meas-
ured primary beam contained about 2200 c.p.s. The
dead time correction was then 0-6 +0-2%;. Variations
in the direct beam power were inspected by alternately
measuring the intensities of direct beam and reflexion.

Absolute scattering factor

The results of the absolute measurements on the three
samples are given in Table 1. There is no noticeable
difference between the samples. The standard error
over all thirty measurements was +0-5%. Inserting
the mean value of the results given in Table 1 into (4),

Table 1. The ratio of the total counts of the 110 reflexion
of the three samples to that of the primary beam

Sample A B C

E(110)/Ey x 105 2:038 2:039 2-:041
sing/a (A1) o5
i 1 1 L 1
x o x
- x
R x
fowo = fn
/Ih
] ° o ° °
-005 °

Fig. 1. Relative differences between experimental and theoreti-
cal atomic scattering factors. Crosses: present values; open
circles: Batterman et al. (1960).
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we obtain the absolute structure factor F(110) of iron
for Mo Kua radiation

F(110)=36-30+0-40 .

The thermal diffuse scattering (TDS) under the
Bragg reflexion makes the total measured integrated
intensity somewhat larger than the real intensity of the
Bragg reflexion. According to the formula by Chipman
& Paskin (1959) the correction in F(110) was estimated
to be —0-04. To simplify comparison with the work
of other authors we convert F(110) to the atomic scat-
tering factor f(110) which corresponds to the atom at
rest and is independent of the X-ray wavelength. With
correction for TDS and using the same values as Bat-
terman et al. (1960) for the dispersion correction 4f "=
0-35, and for the temperature factor B=0-36 A2, we

obtain £(110)=1819 £ 0-20 .

Discussion of results

In order to give an idea of the general behaviour of
the experimental scattering factors as a function of
sin /4, we have cited in Table 2 some unpublished
values obtained by one of us (T.P.), who measured the
relative integrated intensities of all reflexions up to the
value sin 8/2=1-3 A-1. We have normalized these data
on the basis of the absolute value for f(110). Com-
parison with the theoretical values shows that disagree-
ment completely vanishes at sin §/A=0-5 A-1, and that
there is no appreciable discrepancy between the exper-
imental scattering factors of iron and the theoretical
Hartree~-Fock values for the free atom in the ground
state on the absolute scale.

Table 2. Absolute experimental and theoretical atomic
scattering factors for iron corresponding to an atom at
rest

The values fBcp, from Batterman et al. (1960), and the present
values fps are corrected for TDS and for anomalous dispersion.
The theoretical values fin, taken from Freeman & Watson
(1961), are interpolated with the use of a Gaussian represen-
tation. The probable errors quoted for fps are those relative
to the 110 reflexion; all values will have an additional uncer-
tainty of 1-1 %, corresponding to the error in the absolute scale.

hkl! sin 8/ Sfscp frs fin

110 0-247 17-63+0-20 18-19 18-51
200 0-349 14:70+0-23 15-19 +£0-08 1527
211 0-427 12:62+0-21 13-:01 +£0-08 13-13
220 0-493 11-13+£0-20 11-60 +0-05 11-61
310 0-551 10-10+0-19 10-47 +0-05 10-49

As shown in Fig.1 the results of Batterman et al.
(1960) are quite similar to ours in relative values, but
there is a systematic difference of 3-5% in absolute
scale. Only f(110) in our results is noticeably lower
than the theoretical value. This reduction does not seem
to be due to specimen effects because qualitatively a
similar reduction has been found for copper (Hosoya
& Yamagishi, 1966) and for nickel (Inkinen & Suortti,
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1964), although in these two examples the reduction
already almost vanishes at the second reflexion, which
is very close to the first one in angular position. The
reduction found in the present study, however, is too
small to conclude therefrom the existence of solid state
effects. It is also to be mentioned that the present X-ray
diffraction data do not give any information about the
region below sin 6/2=0-25 A-1.

It is apparent that the contradictory results found
by various authors are related to the techniques used
for determining the intensity data on the absolute basis.
In measurements of this kind, it is necessary to pay
much attention to detailed experimental conditions.
For example, we have found that an inaccuracy of
+0-2° (in 20) in the zero alignment (Batterman et al.,
1960) may result in an error of +5%; in the integrated
intensity when 0=10°, if the receiving slit is very nar-
row.

As was pointed out at the Seventh International
Congress of Crystallography in Moscow 1966 (In-
formal Session on the Powder Intensity Project), it is
very desirable to have a standard powder specimen for
X-ray intensity measurements, because with such a
specimen a relative measurement can readily be con-
verted to an absolute one. In the light of our measure-
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ments, carbonyl iron seems to be suitable for the pur-
pose. This powder is stable, and identical specimens
will be available in different laboratories because of a
well standardized procedure for the preparation of this
substance.
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Linear equations are derived which express constraints on the structure factors of a crystal having more
than one identical molecule or subunit in the asymmetric unit. Solution of these equations leads to a
series of functions having the required non-crystallographic symmetry. Any structure having the
postulated symmetry can be expressed as a linear combination of these functions. This approach has
the advantage that far fewer variables are needed to describe the system to a given resolution than in
the conventional method using amplitudes and phases. The reduction in the number of variables is
used as a measure of the information content of the equations.

Introduction

It has been shown (Rossmann & Blow, 1963; Main &
Rossmann, 1966) that, when a crystal contains more
than one identical molecule or subunit per asymmetric
unit, equations can be set up which imply constraints
on the phases of the structure factors. These equations
contain certain parameters relating to the relative ro-
tational and translational positioning of the subunits
within the asymmetric unit. However, there exist meth-
ods for determining these parameters (Rossmann &
Blow, 1962; Rossmann, Blow, Harding & Coller, 1964)
and it is assumed in all that follows that their values
are known,

Iterative methods for solution of the equations have
been proposed which, for a number of simple trial
structures, appear to converge to a unique answer,
agreeing well with the known phases (Rossmann &
Blow, 1964; Main & Rossmann, 1966). Both these
papers attempt to derive values for the unknown
phases and in doing so formally separate the amplitudes
and phases of the structure factors as they appear in
the equations. This means that the equations to be
solved are non-linear from the beginning of the cal-
culation.

The methods described in this paper formally keep
the amplitude and phase together as an unknown com-
plex structure factor. The equations are now linear in



