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The nature of the bonding in Be metal was studied by investigating the MEM map, which is the
electron density distribution obtained by the Maximum-Entropy Method. In order to avoid extinc-
tion effects, 19 Bragg reflections were measured by a new powder-diffraction experiment that utilizes
Synchrotron Radiation as an incident X-ray and an Imaging Plate as detector. The experiment was
carried out at the Photon Factory BL6A2. In spite of the limited number of reflections used in the
MEM analysis, the electron density distribution of Be was obtained accurately and reliably. The
structure factors for unmeasured reflections were calculated and compared with the values observed
by Larsen and Hansen [Acta Cryst. B 40, 169 (1984)]. The agreement is very good. Furthermore, the
MEM map revealed that Be metal forms an electronic layer in the shape of a honeycomb that is
parallel to the basal plane.
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Introduction

The electron density distribution in Be metal has
been studied by several authors in the past two
decades in order to reveal the features of bonding
charge. Brown [1] measured X-ray structure factors
for the 27 Bragg reflections with (sin0/4) <0.88 A~!
on an absolute scale. She proposed a model involving
a 2p-like tight-binding wave function to account for
the discrepancies of the observed and calculated struc-
ture factors. Stewart [2] reanalyzed her data with mul-
tipole refinements and reported that the valence maps
showed bonding charge density between Be atoms
along the c-axis through the tetrahedral vacancy.
Yang and Coppens [3] studied the bonding in Be metal
by recalculating the valence electron density and de-
formation density maps from Brown’s data. Larsen
and Hansen [4] measured X-ray structure factors of Be
with even higher resolution, viz. (sin6/1) < 1.41 A~ 1.
Hansen et al. [5] carried out a y-ray diffraction exper-
iment. In these studies, the charge density distribu-
tions of Be were analyzed by Fourier methods and
compared with results of theoretical studies [6, 7].
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Recently it was found [8] that the Maximum-En-
tropy Method (MEM) is very powerful for examina-
tion of the electronic structure of crystalline solids.
The MEM analysis yields an improvement of resolu-
tion and enables one to derive an electron density dis-
tribution that is consistent with the observed struc-
ture-factor data and least biased with respect to
unobserved structure factors without introducing any
structural model. Thus it can be said that the MEM
minimizes termination effects of Fourier summation.
By the MEM, Sakata and Sato [8] have revealed the
features of the covalent bonding of Si using data ob-
tained by the X-ray Pendellosung method [9]. The
fundamental features of the resultant electron density
were consistent with the valence electron density [10]
obtained by a pseudopotential calculation with core-
orthogonalization terms.

For the MEM analysis it is very important to col-
lect reliable data since a structural model is not used
in this method. In terms of the study of electron den-
sity distributions by X-ray diffraction methods, it is
generally known that the deformation of the electron
density in crystalline solids, which shows a widely
spread distribution in real space, contributes mostly
to the forward scattering. Therefore, reliability of ob-
served data is required especially in the low-angle re-
gion. By X-ray single crystal diffraction, lower-angle
data tend to be affected by extinction and must be
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Fig. 1. Profile fitting for the Be [101]-reflection. Experimental points are plotted with +. The solid line shows calculated
values. The differences of the observed and calculated intensities are shown below as Y, —Y,.

corrected by a method that depends on the structure
model employed. Powder diffractometry makes it pos-
sible to collect reliable data with less risk of artificial
bias such as extinction. Sakata et al. [11, 12] showed
that reliable electron density data could be obtained
from X-ray powder data by the MEM. Powder dif-
fractometry has not been used to investigate the elec-
tron density distribution in Be metal. The purpose of
the present work is to study the features of bonding in
Be metal by using the newly developed method.

Experiment

In order to obtain a reliable charge density in Be,
our main effort was to collect precise powder-diffrac-
tion data. For this purpose, a new powder-diffraction
method [13, 14], that is composed of a combination of
Synchrotron Radiation (SR) and an Imaging Plate
(IP), was adopted. The powder sample is mounted in
a thin-wall capillary of 0.3 mm diameter. This experi-
mental technique is suitable for materials composed of
only light elements because the experiment is carried
out in transmission geometry.

The X-ray powder data for Be were collected by the
large Debye-Scherrer camera (radius 572 mm) at the

Photon Factory BL6A2. The resolution of the angle
20 was 0.01°. The wavelength of the incident X-rays
was 1.04 A. In order to obtain an X-ray powder pat-
tern with good counting statistics, the diffracted inten-
sities were accumulated on an IP for 5 hours, which is
a rather long exposure time for IP experiments. Other
experimental arrangements are described in detail in
[13, 14]. In the present experiment a powder pattern
with 19 low-angle Bragg reflections was obtained.

Powder Data Analysis

The integrated intensities for each Bragg reflection
were measured by the profile fitting technique. The
profile analysis was carried out by the computer pro-
gram PROFIT [15]. The split Pearson-VII function
was employed as a profile function in the present anal-
ysis. As an example, the result of profile fitting for the
strongest reflection, which is [101], is shown in Fig-
ure 1. The R-value of profile fitting was 0.99%. It is
understood that the profile function gave an excellent
fit. By this analysis, the integrated intensity of [101] is
determined with an error of 0.3%, if the error can be
estimated by the agreement of profile fitting. Finally,
the integrated intensities were determined for the 19
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individual reflections with errors less than 5%. When
the integrated intensities were converted to structure
factors, the relative errors for the structure factors
became less than 1.4%.

‘The MEM Map of Be

The details of the procedure to obtain MEM den-
sity distributions from powder data are given in
[8,10]. The present theory of MEM is based on
Collins’s formalism [16]. For Be, the number of the
pixels used is 60 x 60 x 60.

In order to present the results of the MEM analysis,
the MEM density map, which is the electron density
distribution map obtained by the MEM, will be
shown. In Fig. 2, the MEM density map of the Be
(110)-plane is shown. Fig. 2 (a) and (b) show higher
and lower-electron-density regions, respectively.
There is no negative-electron-density region in the
MEM map. In Fig. 2 (a), only atomic sites appear as
sharp maxima of the electron density with a peak
value of 50.1 e/A3. These electrons correspond to core
electrons of the Be atoms, which are usually not
shown by the conventional deformation map. In
Fig. 2 (b), apart from electrons around atomic sites,
small peaks of the electron density can be seen in the
bipyramidal space around the tetrahedral holes,
which are indicated by T. On the other hand, com-
pared with the tetrahedral holes, the depletion of elec-
trons can be observed in the channel formed by ad-
joining octahedral holes along the c-axis. Such
depiction of the electron density is consistent with the
deformation and valence maps in other works [3-5].
It should be noted that the present results are ob-
tained in the form of an electron density purely from
experimental data and free from any structural model.
These characteristic features imply that the bonding
nature of Be cannot be described by a simple metallic
bonding of the nearly-free electron model. The bond-
ing of Be has been interpreted as the deformation due
to the hybridization of the s- and p-orbitals in the Be
crystal [3, 4].

The electron density at the small peak close to the
tetrahedral hole in the MEM map is 0.37 e/A3. The
experimental valence map of Larsen et al. [4] and the
LCAO theoretical valence map [7] gave a slightly
smaller value, viz. 0.3 ¢/A3. The difference may not be
significant because the MEM map gives total electron
densities whereas other works deal with valence elec-

c

Fig. 2. MEM maps of (110) for Be. (a) The higher-elec-
tron-density region from 1.0 to 50.0 /A% with 0.5 ¢/A3 step
width, (b) The lower-electron-density region from 0.0 to
1.0e/A% with 0.05 e/A3 step width. The lower-density re-
gions are shaded according to the density, the darker the
lower. The tetrahedral holes and the octahedral holes are
marked by T and O, respectively.

trons only. Therefore it was concluded that a reliable
electron density could be obtained by the MEM with-
out introducing any structural model from X-ray
powder data. The present results could provide in-
structive information for theoretical studies, although
more elaborate examination is necessary for details of
the features in the MEM map.

The Resolution of the MEM Map

The MEM is basically a method of a statistical
deduction. It is, therefore, possible to calculate the
deduced structure factors from an MEM density map
for unmeasured Bragg reflections. In order to demon-
strate that, the calculated structure factors from the
MEM map are shown in Fig. 3 together with the ob-
served values of Larsen and Hansen [4]. The structure
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Fig. 3. The plots of F (hkl)/C (hkl) vs. sin 8/4 with calculated values (o) and Larsen and Hansen’s data (x). C (hk]) is the
phase factor.

factors obtained in the present study and other pub-
lished structure factors are also listed in Table 1. For
unmeasured reflections, the calculated values show
very good agreement with the experimental values. In
this study, only 19 lowest-angle structure factors were
used for the MEM analysis. The present results, how-
ever, were not affected severely by the termination
effects of the Fourier summation. The demonstration
shown in Fig. 3 explains the reason well.

The Electronic Layer Structure of Be

In the MEM map, the electron localized in the space
around a tetrahedral hole can be observed simulta-

Fig. 4. The projected MEM map of Be
basal plane. This is a projected map over
one stacking layer. The contour lines are
plotted from 0.0 to 10.0 e/A3 with 0.5 ¢/A>
step width.

neously with the electron density of the atomic sites, as
shown in Figure 2. This gives a big advantage in ex-
amining the nature of chemical bonding in the crystal.
In order to observe the distribution of the localized
electron around the tetrahedral holes as well as that of
the atomic sites in the basal plane, the MEM map
projected for one stacking layer is shown in Figure 4.
In this figure, the contour lines are shown only for the
lower-electron-density region. The localization of the
electron density is clearly shown in the space around
a tetrahedral hole, whereas the electron density is
shallow in the space around an octahedral hole. It is
also seen that the localized electrons around the tetra-
hedral hole form a multi-center bond and are connect-
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Table 1. MEM, experimental and theoretical structure fac-
tors of Be. F (MEM) are the structure factors calculated from
the MEM map.

Present study Experimental Theory
(LCAO)
h k I Powder F Larsen Brown Hansen Dovesi
data (MEM) Ref.[4] Ref.[1] Ref.[S] Ref.[7]
100 186(2) 1872 1.85(2) 1.715(6) 1.82(1) 1.8923
0 02 313(3) 3380 337(3) 298(2) 3.34(3) 3.3984
1 01 281(3) 2720 284(3) 2606(6) 2.82(3) 2.7983
1 0 2 140(1) 1450 148(1) 1403(4) 1.488(8) 1.4345
110 2733 2729 269(2) 2502(9 265(1) 26318
103 2072 2130 217(2) 2019(8) 2.17(1) 21319
200 12322 1233 120(1) 11294 1207(8) 1.1824
112 236(2) 235 235(2) 2191(8) 236(1) 23304
201 2072 2073 20222 1.889(7) 202(1) 1.9978
004 2103 2257 223(2 204(1) 219(1) 22015
2 02 103(1) 1041 1.05(1) 0997(3) 1.045(7) 1.0496
104 - 0921 1.00(1) 0943(3) 0.330(7) 0.9896
2 0 3 152(2) 1547 1.561(4) 1.483(4) 1.559(9) 1.5568
210 088(2 088 0.869(2) 0818(3) 0.852(8) 0.8683
211 1512 1513 1459(3) 1.367(4) 1.444(7) 1.4590
11 4 154(2) 1586 1.617(3) 1.523(8) 1.584(9) 1.6120
212 079(1) 0802 0.768(1) 0.710(5) 0.756(7) 0.7703
10 5 125(2) 1301 1316(3) 1.232(6) 1.283(8) 1.3070
2 04 070(1) 0714 0732(2) 0.679(6) 0.722(7) 0.7297
300 14422 1444 1418(3) 1.306(5 1.399(9) 1.4208
213 1130 1.150(3) 1.080(5) 1.155(7) 1.1540
302 1267 1.260(3) 1.165(4) 1.257(8) 1.2671
006 1162 1.220(3) 1.079(9) 1.20(2) 1.2147
205 0954 0984(2) 0.893(1) 0.946(7) 0.9803
21 4 0.545 0.545(2) 0.514(6) 0.52(1) 0.5482
106 0.529 0.555(1) 0.507(6) - 0.5534
220 1100 1.063(2) 0.998(5) 1.042(8) 1.0682
310 0496  0.488 (1) 048 (1)
2 2 2 0985 0.955(2) 0.943 (7)
311 0.860 0.817(2) 0.814 (6)
304 0911 0908 (2) 0.925(7)
116 0.896 0.926(2) 0.933(7)
312 0443 0439(1) 0.42(2)
215 0.733 0.746 (2) 0.745 (8)
206 0410  0.421(1) —
313 0.687 0.662 (1) 0.644 (8)
107 0.665 0.685(2) -
400 0.408 0.366 (2) -
4 01 0.661 0.628 (2) -
224 0.713  0.704 (2) 0.690 (9)
4 0 2 0.364 0.336(1) -
314 0325 0.324(1) -
216 0324 0.329(1) -
40 3 0.534  0.516(1) =
207 0518  0.528(1) =
320 0316  0.288 (1) -
321 0.524 0485(1) -
00 8 0.582  0.594 (3) 0.59(2)
306 0.548 0.553(1) -
322 0.283 0.261(1) -
1038 0264 0275(1) =
315 0456  0.452(1) =
40 4 0.266 0.249 (2) -
410 0.534 0491(1) 0.50 (1)
323 0426 0.405(1)
217 0406 0.419(1)
412 0481 0.447(1)
118 0455 0466 (2)
226 0.434
2 08

Fig. 5. Schematic illustration of the zigzag plane composed of
{110}-planes indicated by solid lines in Figure 4.

Fig. 6. The MEM map in the flattened zigzag plane repre-
sented in Figure 5. The contour lines are plotted from 0.3 to
1.0 e/A® with 0.05 e/A3 step width.

ing atoms forming a honeycomb network in one
stacking layer.

In order to examine the configuration of such a
network of localized electrons further, a new kind of
illustration of the electron density distribution is tried,
viz. the MEM density map in the zigzag plane com-
posed of crystallographically equivalent {110}-planes
along the network that is indicated by the solid line in
Figure 4. This zigzag plane is represented schemati-
cally in Figure 5. The MEM map of the zigzag plane
is shown for four stacking layers in Fig. 6 to demon-
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strate the connectivity well. The figure reveals that the
localized electrons in the space around a tetrahedral
hole are connecting the atoms within the (001) atomic
plane, and there is no overlap of electrons between the
planes. Consequently, it can be said that the Be atoms
form an electronic layer structure in the hcp crystal.

The plastic deformation modes by slip [17] in the
hexagonal close-packed structure have been investi-
gated early in this century by many authors. For Be
crystals, the slip occurring along the (001) basal plane
is reported as the primary slip mode. This seems to
have a close relationship with the feature of the elec-
tronic layer structure in Be obtained in this study if it
is assumed that the localized electron density in the
tetrahedral hole acts as a bonding electron. This sug-
gests that the MEM map could provide an atomistic
understanding of the elastic properties. Further inves-
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In conclusion, by the MEM map obtained from our
powder data, new aspects were revealed for the elec-
tron density distribution in Be metal.
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