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these crystals may vary easily with the conditions of
crystal growth. The lattice energy and the crystal
surface energy become of comparable size in such
small crystals and therefore the interaction force acting
between the crystal or molecules and the substrate is
able to have an effect to some extent on the growth
process.

The authors wish to express their thanks to Dr K.
Ishizuka for providing a computer program for image
simulations. Thanks are also due to Mr M. Tsuji for his
kind assistance.
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Abstract

For b.c.c. vanadium metal the integrated intensities of
80 independent reflections were measured by using a
spherically shaped single crystal 0.-241(3) mm in
diameter with Ag Ka radiation. It was confirmed that
there are very small differences in integrated intensities
between paired reflections, and these differences can be
measured significantly beyond the experimental error.
The ratios of the paired reflections are smaller than
those obtained from platy crystals [Weiss & DeMarco
(1965). Phys. Rev. A, 140, 1223—1225] but are in good
agreement with those recalculated recently by means of
the APW method [Wakoh & Kubo (1980). J. Phys. F,
10, 2707-27151.

* Present address: Department of Chemistry, Faculty of Science
and Technology, Keio University, 3-14-1, Hiyoshi, Kohoku-ku,
Yokohama 223, Japan.
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Introduction

There is asphericity of the charge distribution around
atoms in b.c.c. 3d metals and this causes a slight
difference in the X-ray scattering factors for paired
reflections having the same sin /4, such as 442 and
600. Weiss & DeMarco (1965) attempted to detect the
integrated intensity differences of the paired reflections
using transmission with Mo Ka radiation for a
vanadium single-crystal plate 0-1 mm in thickness and
perpendicular to [110]; they obtained the ratios listed in
Table 1. The experimental ratios were much larger than
the theoretical values calculated by employing the
Green-function method (Wakoh & Yamashita, 1971).
Diana & Mazzone (1975) repeated the experiment and
obtained the same order of magnitude for the
asphericity as that reported previously. A different type
of experiment is desirable in order to obtain a clue to
the disagreement between the experimental and

© 1981 International Union of Crystallography



698

AN X-RAY MEASUREMENT OF CHARGE ASPHERICITY IN VANADIUM METAL

Table 1. Experimental and theoretical ratios of the integrated intensities of the reflection pairs for vanadium
metal

Standard deviations of the experimental ratios are shown in parentheses.

Wakoh &

Present Kubo
F*/F*t study (1980)
330/411 1-010 (14) 1.012
431/510 1.018 (10) 1.016
433/530 1-014 (12) 1.009
442/600 1-014 (16) 1-019
532/611 1.007 (10) 1-013

Wakoh & Weiss & Diana &
Yamashita DeMarco Mazzone
(1971) (1965) (1975)
1-003 1.025 (10) 1-017 (10)
1-006 1.048 (10) 1.040 (20)

+ The ratio of the paired reflections k, &, !, and h, k, 1, is defined as F*(h,k,1,)/F*(h,k,1,), where the value of h}{ + k{ + I1 is always
20242 1

selected to be less than that of &% + k% + I3

theoretical results. By the use of a [110] plate, only two
reflection pairs, 330—411 and 442-600, can be
measured. Thus a study using the conventional tech-
nique of X-ray crystal structure analysis with a
spherical specimen was undertaken to measure the
ratios for more reflection pairs.

Experimental

Single crystals of pure vanadium prepared by the
floating-zone method were kindly provided by Mr O.
Terasaki of Tohoku University. Part of the crystal was
cut with a sharp knife and ground by hand with a piece
of sandpaper under a stereomicroscope into a nearly
perfect sphere 0-241 (3) mm in diameter. After etching
with nitric acid, powder diffraction patterns around the
Bragg reflections disappeared on a Weissenberg
photograph. Intensity measurements were performed
on a Rigaku automated four-circle diffractometer at
297 K with Ag Ka radiation (1 = 0.5608 A) mono-
chromated by a graphite plate. The unit-cell constant
was determined to be 3-0257 (4) A from the & values of
twenty reflections equivalent to 541 on a dif-
fractometer with Ag Ka, radiation (4 = 0-55941 A).
This value agreed well with the 3-0285 A measured for
the powder specimens at 300 K (Korhonen, Rantavuori
& Linkoaho, 1971). The crystal data are listed in Table
2, together with the experimental conditions. In total,
1249 reflections in the hemisphere of reciprocal space
(I = 0) up to 28 = 150° were collected with w scans.
Backgrounds were measured by stationary counts on
each side of the peaks. The time ratio between
background and peak was always greater than 1/3. In
the measurement of the lowest five reflections, 110, 200,
211, 220 and 310, Ni-foil attenuators were inserted to
make the peak intensity lower than 6000 counts s™'.
Their attentuation factors are in the range from 1:3 to
4.1; these were determined from the least squares and
their standard deviations are about 0-1% (Fukamachi,
1969). Ag Ko radiation was selected because its linear
absorption coefficient is about half that for Mo Ka.
However, white X-rays, which cannot be removed by a
crystal monochromator or a pulse-height analyzer, are

Table 2. Crystal data and experimental conditions

V (at 297 K)

Cubic, a = 3-0257 (4) A, V' =27.70 (1) A?

Space group Im3m, Z = 2, u(Ag Ka) = 8-52 mm~!

C,, =22-195, C,, = 11-875, C,y = 4-255 x 10*N mm~2
(Alers, 1960)

Diameter of crystal specimen 0-241 (3) mm
Radiation (from a fine-focus Philips tube)  Ag Ka (1 = 0-5608 A)
Monochromator Graphite plate
Collimator 0:5 mm &

Detector aperture* 8.6 mm @ (2-1°)

(sin 6/2)a4 Of the observed reflections 1.72 A-!

Scan mode* w continuous scan
Scan speed 2°min~'in @
Scan width* (1.5 + 0-5 tan 6)°

Maximum number of repetitions 4 (260 < 120°)
6 (120° < 26 < 150°)

Criterion to terminate repetition o(IF)/1F1 < 0-003

Number of reflections measured 1249
Number of non-zero reflections 1246
Number of independent reflections 80

* The peak half-width of reflection 004 was larger than those of
400 and 040. The integrated intensity of 004 measured by the 6-26-
scan technique using a 5-5 mm & (1-3°) receiving slit was about
4% less than that measured by the w-scan technique. However,
those of 400 and 040 were not altered. Thus the w-scan technique
with a large scan width of (1-5 + 0-5 tan §)° was adopted and the
receiving slit was kept wide in order to measure the whole intensity.

relatively strong owing to the higher excitation voltage
of Ag Ka. In the present work the effect of white X-rays
was neglected. At the end of the experiment the
intensity of the monochromated incident beam was
98% of that at the beginning. During the period of data
collection (8 days), the standard reflections measured
every 50 measurements showed no change greater than
1% in |F,l. Thus the scaling of reflection data was
neglected. A total of 1246 non-zero reflections were
used in the subsequent calculations; these included 80
independent reflections. The intensity data were correc-
ted for Lorentz and polarization effects and for
absorption as a sphere with ur = 1.03 (Dwiggins,
1975). The correction for thermal diffuse scattering
(TDS) was also made by the program TDS2 (Stevens,
1974), which was modified for the w scan. The elastic
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constants used are listed in Table 2 (Alers, 1960). For
example, the ratios of one-phonon and of two-phon-
on-included TDS intensity to the Bragg intensity for a
scan for 666 (sin 8/A = 1.72 A-1) are 0-181 and 0-025,
respectively. The TDS correction factors for paired
reflections having the same sin 6/4 are almost the same.

The scale and the thermal parameter were refined by
the full-matrix least-squares program RADIEL (Cop-
pens, Guru Row, Leung, Stevens, Becker & Yang,
1979). The function minimized was R,, = [> w(IF,| —
|F,1)?/2 wlF,1?]"2, where the weight w was defined by
w= {[a(count )12 + (0-0151F,1)?}~%. The specimen was
affected by the anisotropic secondary-extinction effect.
The variations of the observed structure factor with the
azimuthal angles y around the scattering vector are
shown in Fig. 1 for 002 and 006. The y reading was
81° for these reflections, thus the w scan was nearly
equivalent to the ¢ scan. A shadow of the crystal
specimen by the incident X-ray beam was recorded on
a film to confirm that the specimen was not displaced
from the center of the beam. Corrections for aniso-
tropic secondary extinction (Coppens & Hamilton,
1970) were applied, where variations of | F,| with y for
two reflections, 101 and 002, were included in the
refinement. However, it failed, giving a negative
diagonal component of the mosaic-spread tensor. Thus
only isotropic correction (Zachariasen, 1967) was
applied. The final R (=2|IF,] — I|F,I|/2|F,l) was
0-026 and R,, = 0-019 for 80 independent reflections.*
The atomic form factor table given by Fukamachi
(1971) and the anomalous-scattering coefficients of

* A table of structure factors has been deposited with the British
Library Lending Division as Supplementary Publication No. SUP
36074 (2 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England. It should be noted that an
absolute measurement has not been made in the present study. Thus
the structure factors cannot be compared directly with other data on
an absolute scale.

0 90 180 270 360
1 1 1 1 1
el 9
°
0.95 1 002
0.904
oa A o, f0n )
W e W
0.951 006
0.904

Fig. 1. Variations of the observed structure factor |F,| with angle
of rotation, y, around the scattering vector for reflections 002
and 006. Observed values are normalized at v = 0°, and are
shown as open circles.
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Cromer & Liberman (1970) were employed. The
temperature factor U is 0-00758 (1) A2, from which the
Debye characteristic temperature is derived to be 340
K, in good agreement with 338 K obtained from a
low-temperature specific-heat study (Corak, Goodman,
Satterthwaite & Wexler, 1956). It is slightly higher than
the 323 K determined from the neutron phonon
frequency spectrum (Stewart & Brockhouse, 1958;
Weiss & DeMarco, 1965), and lower than the 372 K
from the powder X-ray measurement (Linkoaho,
1971).

Results and discussion

The internal agreement factor, R(F) = 2 [IF,| —
{IF,1)|/2 IF,l, of each independent reflection deduced
from 5 to 24 equivalent data is plotted in Fig. 2 against
the scattering angle, 26. Values of the low-angle
reflections 110 and 200 rise above the common level.
This trend is accounted for by the anisotropic
secondary-extinction effect shown in Fig. 1. However,
the disagreement of the higher-angle reflections cannot
be explained by the secondary-extinction effect. The
following two sources of error are possible: (1) an
absorption effect, (2) a statistical fluctuation. The first is
the error arising from non-sphericity in the crystal
shape and can be estimated by the expression given by
Jeffery & Rose (1964):

1 d4* ] a(r)
A* d(ur)

where A* is the absorption correction factor, u is the
linear absorption coefficient, and o(IF1)/IF| and o (r)/r
are the coefficients of variation of the structure factor
and the radius of a spherical crystal. With the table of
(1/4*)(dA*/dur) published by Flack & Vincent (1978),
o(IF1)/1F| was calculated to be 0-004 ~ 0-007 as a
function of 26 and is shown in Fig. 2 by the solid curve.
The second is the error from counting statistics and

ur
o(IF))/IFI —7[

b
r

R(F)
™ o)
0.04
0(200)
0.02+
Ooc> 2 °o
i 20 é%&» o9 °°°
1 | ]
0 50 100 150°

Fig. 2. Plot of R(F), the internal agreement factor, for each
independent reflection against 26. The solid curve shows the
estimated error arising from non-sphericity in the crystal shape.
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intensity fluctuation of the incident beam. It can be
estimated roughly from the values of {(o(IF,1)}/{IF,l)
to be 0-015 ~ 0-019, where o(IF,l) is defined by
lo(1F,1))? = [6(count.)]? + (0-0151 F, )2

For example, all the observed structure factors of
reflection pair 442-600 are listed in Table 3. The
intensity variation between equivalent reflections is
greater than the difference between the mean values of
the independent reflections. However, the fluctuation of
the observed structure factor is expected to be
random so that it may be cancelled by averaging
equivalent reflections. Integrated intensity ratios of the
first five reflection pairs are listed in Table 1. Standard
deviations of the ratio for the present study were
estimated from the statistical errors of the mean
structure factors calculated from o(IF,|)/n"?, where n
is the number of equivalent reflections. Let the
population of the ¢,, orbital be a. Then the structure
factor can be expressed as: F(hkl) = 2[f, . + fis +
4joy3a — (10/3)A(hkl)(a— 3/5)(j4)34), Where A(hKI)
= 15(h* + k* + 1%/2(h* + k* + 1*)? — 9/2, and the
outer five valence electrons are assumed to be in the
configuration (3d)*(4s)!. When a is greater than 3/5,
the smaller the A(hk!) is (the smaller the value of A* +
k* + I* is), the greater the structure factor should be
among the reflection pairs. As shown in Table 1 this
relation is generally satisfied. Thus, the asphericity of
charge distribution in vanadium metal was indeed
confirmed by the present experiment. Very recently,
Wakoh & Kubo (1980) recalculated the X-ray form
factors for vanadium metal by the APW method and it
turned out that the charge asphericity obtained from a
state-dependent potential is larger than that obtained
from the previous state-independent potentials. ‘From
the viewpoint of the state-independent potentials, the
large asphericity obtained by Weiss & DeMarco (1965)
has been puzzling for a long time’, as Wakoh & Kubo
(1980) stated, but now the theory was improved. As
discerned from the table, the ratios of the present study
agree well with the new theoretical values and are

Table 3. Mean structure factors for 442, 600 and all
the observed data of their equivalent reflections with
estimated standard deviations in parentheses

442 6-781 (30) 600 6-733 (47)
i3z 6-826 (105) 060 6-590 (102)
442 6745 (104) 600 6786 (105)
da2 6-708 (103) 600 6-788 (105)
442 6-823 (105) 060 6669 (103)
244 6-865 (106) 006 6-833 (105)
244 6-725 (104)

iz4 6-889 (106)

424 6-827 (105)

i24 6-714 (104)

424 6-804 (105)

244 6-712 (103)

244 6-740 (104)

AN X-RAY MEASUREMENT OF CHARGE ASPHERICITY IN VANADIUM METAL

significantly smaller than those obtained from the platy
crystals (Weiss & DeMarco, 1965; Diana & Mazzone,
1975). It is premature to discuss the disagreement in the
magnitude of asphericity between the experiments using
platy or spherical specimens based only on the present
result. Other b.c.c. metals should be examined using
spherical crystals so that the results may be compared
with those obtained from platy ones.

The population a of the f,, orbital was estimated
from the integrated intensity ratios of the first five
reflection pairs, giving 66-6 (2:8)%. The form factor
{Jap3q for the V atom was taken from International
Tables for X-ray Crystallography (1974). The esti-
mated f,, population of 68% from the band calcu-
lation employing the state-dependent potential (Wakoh
& Kubo, 1980) is in good agreement; however, it
cannot be compared directly because the experimental
analysis employs the localized atomic modei and the
value of a depends on the form factors adopted, as
pointed out by Diana & Mazzone (1975).

We wish to thank Mr O. Terasaki of Tohoku
University for providing us with the single crystals of
vanadium metal, and Professor S. Wakoh of the
University of Library and Informaticn Science for
helpful discussions. We also thank the Ministry of
Education for a Scientific Research Grant, from which
part of the cost of this research was met. The
calculations were carried out on the FACOM 230-48
and FACOM M-160F computers of this Institute.
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Abstract

An oscillation data collection system for protein
crystallography is described. The system consists of a
modified Enraf—-Nonius precession camera with cylin-
drical cassette, and stepping motor driven by a flexible
microprocessor control system. The X-ray source is
graphite-monochromatized radiation from an Elliott
GX-21 rotating-anode generator run at 5-5 kW on a
focal spot measuring 0-5 x 5.0 mm. The potential
advantages of using a relatively large focal spot in
conjunction with a graphite monochromator are
discussed. Conditions for optimum collimation and
X-ray intensity are considered, and it is shown that
appropriately designed collimators with adjustable
apertures can have substantial advantages over
commercially available pinhole collimators. The oscil-
lation films are processed by a procedure based on that
of Rossmann [J. Appl. Cryst. (1979), 12, 225-238].
Determination of the initial alignment of the film is
facilitated by a pair of reference pins incorporated in
the cylindrical cassette. These pins ensure that the
position of the film in the cassette is known, and avoid
the need for fiducial marks. The crystal alignment and
film measurement technique is fully automatic, requir-
ing no prior input other than the approximate starting
orientation of the crystal, the approximate unit-cell
dimensions, and the angular oscillation range. An
alternative method for the determination of crystal
orientation is proposed which has been found to be
somewhat superior to that of Rossmann, especially for
smaller unit cells.

* Present address: Max-Planck-Institut fiir Biochemie, D-8033
Martinsried bei Miinchen, Federal Republic of Germany.
t To whom correspondence should be addressed.
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1. Introduction

The use of screenless X-ray photography for the rapid,
efficient measurement of diffraction data from protein
crystals is well established, and an increasing number
of laboratories have developed, and are using, such
techniques (e.g. Xuong & Freer, 1971; Arndt,
Champness, Phizackerley & Wonacott, 1973;
Schwager, Bartels & Jones, 1975; Rossmann, 1979;
Wilson & Yeates, 1979; and the collection of papers in
Arndt & Wonacott, 1977).

In this paper we wish to describe an oscillation data
collection system we have developed which includes a
number of features we have found to be of value, and
may be of interest to other laboratories.

These features include graphite monochromat-
ization to reduce background and enhance crystal life,
the use of a broad-focal-spot X-ray generator to reduce
exposure times by a factor of four, improved colli-
mation geometry, and cylindrical cassettes for high-
resolution data collection. The film scanning program,
adapted from that of Rossmann (1979), permits the
accurate determination of crystal alignment from the
oscillation photograph itself, with no prior input other
than the approximate orientation of the crystal. We
have adopted an alternative strategy for refinement of
the crystal orientation which we have found to work
better than the ‘convolution’ procedure developed by
Rossmann for virus crystal photography.

The basic hardware consists of two Enraf—Nonius
precession cameras, modified for oscillation
photography, each controlled by a microprocessor. The
cameras are mounted on an Elliott GX-21 rotating-
anode generator with Charles Supper graphite mono-
chromators. Films are scanned by an Optronics P3000
rotating-drum scanner interfaced to a Varian V76

© 1981 International Union of Crystallography



