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different atoms, there may also be differences for
atoms of the same type in different chemical configura-
tion; no account is taken, for example, of the difference
between a single carbon atom and carbon in a methyl
group. In sign determination, these errors are impor-
tant only for reflexions at small angles, and of small
amplitude.

Experimental determinations have been checked
against normal computational methods and in a
typical example out of 126 reflexions only 17 were
found to have doubtful signs. These reflexions had an
amplitude less than 5% of the maximum observed
and, as pointed out earlier, would not be included in
a Fourier synthesis.

The method has now been used in this department
on a number of unknown structures, e.g. purpurogallin
(Taylor, 1952b), triphenylene (Pinnock, Taylor &
Lipson, 1955), bishydroxydurylmethane (Chaudhuri &
Hargreaves, 1955), and is at present being used on
a number of other structures as yet incompletely
determined.

APPENDIX I

Formula for the Leitz two-bath developer as quoted
in Wall’s Dictionary of Photography under ‘Fine-grain
development’:
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Bath 1

Metol dg.

Sodium sulphite (anhydrous) 100 g.

(or Sodium sulphite (7 H,0) 200 g.)

Water to 1000 cm.3

Bath 2

Borax 10 g.

Water to 1000 cm.?

Develop 3-6 min. in Bath 1 and 24 min. in Bath 2.

We wish to thank Prof. H. Lipson for valuable
advice and helpful discussions. One of us (P.R.P.)
acknowledges with thanks a maintenance grant from
the Department of Scientific and Industrial Research.
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The Structure of MoBe,,*

BY RicBEARD F. RAEUCHLE AND FRED W. vONX BATCHELDER
Naval Research Laboratory, Washington 25, D.C., U.8. 4.

(Received 19 January 1955 and in revised form 1 March 1955)

The structure of MoBe,, has been determined. Formal valences of 3-36 for molybdenum and 1-835,
2-27 and 2-59 for beryllium have been calculated using Pauling’s single-bonded metallic radii, and

are interpreted in terms of electron shift.

Introduction

In recent years considerable attention has been given
to intermetallic compounds of the type MX,, and
MX,,. Most structures investigated have been com-
plex (such as ZrBe,, (Baenziger & Rundle, 1949), and
TiBe,, (Raeuchle & Rundle, 1952)). The structure of
the latter, in fact, is not yet completely known. When,
therefore, the opportunity arose to study the molyb-
denum analog, which promised to be simpler, a struc-
tural study was undertaken in the hope of finding an
underlying structural principle for this group of com-
pounds.

* First reported at the American Crystallographic Associa-
tion meeting in Chicago in October 1951.

ACS8

The Mo-Be compound was first reported by Gordon.
McGurty, Klein & Koshuba (1951). Although our
samples were obtained from ingots prepared by
Gordon and Koshuba, there is some doubt as to the
actual identity of the two compounds. Chemical
analysis showed the composition of the crystals used
in the present investigation to be MoBe,,, while
Gordon et al. reported MoBe,;. The structural analysis
subsequently confirmed our composition for the sam-
ples studied. Their lattice constants indicated a unit
cell which, if it had the structure found by us, would
be face centered. (We have chosen a smaller cell which
is body centered.) There is, however, good agreement
between our lattice constants and theirs, when trans-
formed to identical axes. We find the space group to
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be I4/mmm, as compared with a probable space group
of P42 given by Gordon ef al. Had our crystals not
been received from Gordon and Koshuba, the evidence
would seem to indicate that our crystals and theirs
were not identical. We have, however, found no phase
present in the single crystals isolated from the ingot
other than the MoBe,, crystals reported on here.

Experimental

Portions of a small ingot containing MoBe,, were
obtained from Gordon and Koshuba at the Fairchild
Engine and Airplane Corporation in Oak Ridge. Crys-
talline fragments were separated by an electrolytic
etch in very dilute HCl with the compound as anode.
A few of the fragments which fell off the ingot proved
to be single crystals. The single crystals, so obtained,
showed no facial development that could be used for
orientation, but several specimens were successfully
oriented on the precession camera.

The crystals which ultimately proved to be single
individuals were approximately 0-05 mm. in cross
section. Larger fragments proved to be twinned, as
will be discussed later. The orientation work on these
small specimens was slow, and a sample mounted on
the goniometer head in an undesirable orientation
could not readily be remounted. This accounts for the
choice, mentioned later, of [110] as a Weissenberg axis
for intensity measurements.

The lattice constants and space group were deter-
mined from precession diagrams around a, and c,.
The crystals are tetragonal, and since only the ab-
sences characteristic of body centering occurred, the
space group is I4/mmm—Dyj or a subgroup.

The lattice constants, using A(Mo Kx) = 0-7107 A,
were found to be:

a, = 7:271+0-005, ¢, = 4-234:0-005 A |

which may be compared with the Gordon et al. (1951)
values, transformed to our axes, of a = 7-28, ¢ =
129 A. With Z = 2 the density calculated for MoBe,,
is 3:02 g.cm.—3: Gordon et al. report the measured
density as 3-13 g.cm.3.

Single-crystal Weissenberg photographs were made
around [001] and [110]. Weissenberg photographs
around [100] would have been desirable, but [110]
served the same purpose and a larger crystal more
suitable for obtaining intensity data was found to be

orientable around this axis. Filtered Mo K« radiation
was used and, although intensity photographs were
taken for several layer lines around each axis, only
" (hk0) and (khl) were needed in the structural deter-
mination and only these are reported here.
Intensity observations were' made using timed ex-
posures with an exposure factor of 4 and a standard
comparison strip containing a series of 1° Weissenberg
exposures with a factor of 2 between adjacent spots.
Intensities were then estimated visually. Squares of the
structure factors were calculated by the formula
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I = K|F|?G, where @ is the Lorentz polarization
factor, and K is a constant, ultimately adjusted to give
the best agreement between observed and calculated
structure factors. Absorption and temperature correc-
tions were not used, since both were considered neg-
ligible when compared with errors introduced by the
intensity observation.

Structural determination

Since there are only two MoBe,, units in the body-
centered cell, the molybdenum atoms must lie at
0,0,0 and %, %, 3, and since Mo is so much heavier
than Be we may assume that the signs of all the struc-
ture factors are positive if the structure is centro-
symmetric. In the final structure, this proves to be
true. It was therefore only necessary to prepare
Fourier electron-density projections for the (k%0) and
(hhl) data to determine the structure completely. The
structure* calculated from these projections is as
follows:
Space group: I4/mmm-Dj].

Atoms at 0,0,0 and §, §, 3+
2Mo in (a) 0,0, 0;
8Be in (f) £, 4, 5 %’i_',i; i’%:ii_%xi,i;
8 Be in () X,,0,0; X,,0,0; 0,X,,0; 0, X,,0;
8 Be in (j) X,, ,0; Xz, 3,0; 3, fz’ 0; §, X,, 0;
with X, = 0-344, X, = 0-284.

If the composition were MoBe,,, the extra Be would
necessarily lie at 0,0,%, at 1-57 A from the Be’s
in (j); and no adjustment can lengthen this distance.
Tables 1 and 2 give calculated and observed structure
factors for (hk0O) and (kAl) respectively. The agree-

Table 1. Calculated and observed structure factors (hk0)

hkl F F, hkl Fe F,
110 68-5 69 730 49-2 35
220 61-2 77 840 44-9 47
330 605 62 950 426 52
440 59-7 53 10,6,0 37-2 25
550 49-5 54 600 49-9 48
660 54-6 54 710 29-6 33
770 17-5 21 820 20-6 30
880 36-5 31 930 44-2 46
990 385 25 10,4,0 21-8 22
200 70-2 70 11,5,0 29-1 22
310 64-3 67 800 589 al
420 34-2 32 910 42-6 45
530 534 54 10,2,0 34-3 41
640 33-4 38 11,3,0 29-6 25
750 42-5 33 12,4,0 33-2 17
860 28-0 28 10,0,0 320 31
970 29-8 22 11,1,0 29-6 17
400 84-8 100 13,3,0 253 14
510 52-3 49 12,0,0 409 21
620 52-7 52 14,0,0 28-7 11

* The structure is isomorphous with that of ThMn,, re-
ported by Florio, Rundle & Snow (1952) after the original
presentation of this paper at the 1951 A.C.A. meeting.
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Table 2. Calculated and observed structure factors (hhl)

3% F, F, Rkl F, F,
110 687 76 224 378 42
220 616 72 334 435 40
330 609 71 444 459 40
440 601 70 554 399 42
550  49.7 61 664 447 43
660 550 61 774 158 15
770 193 21 884 322 25
880 369 36 994 343 24
990 389 32 10,104 251 21

10,10,0 282 27 006  41-0 36

11,110 200 20-7 116 300 27
002 1758 91 226 139 18
112 545 67 336 345 29
222 251 32 1446 222 21
332 337 60 356 321 31
442 311 34 666  24-1 17
552 47-0 51 008 424 34
662  32:5 34 118 237 24
772 181 17 228 236 25
882 215 24 338 273 22
992 381 27 48 281 24

10,102 263 12 558 261 21
004 1764 77 668 296 21

114 36-8 38

ment factor R = X||F,|—|F||+|F,| is 0-13 for (hkO)
and 0-15 for (hhAl).

Twinning habit

An interesting feature of the structure is the pseudo-
hexagonality of the twofold axis. This is readily ap-
parent in the even-order Weissenberg layer-line dia-
grams around [100], which are strikingly similar to the
even-order Weissenberg diagrams around the sixfold
axis of TiBe,, (Raeuchle & Rundle, 1952). This pseudo-
hexagonality is apparent in the atomic positions, and
[100] deviates from a sixfold axis primarily in that
atoms 60° apart around [100] may differ in their z
parameters by } in a non-hexagonal manner.

It may be noted that the nearly close-packed hex-
agonal layers of beryllium atoms occurring in the
TiBe,, structure perpendicular to the sixfold axis
occur here also, though in a more distorted form since
the layers no longer have hexagonal symmetry, per-
pendicular to the twofold axes. These nearly close-
packed layers, in a sense, give rise to the pseudo-
hexagonality.

In the course of the investigation crystals were
frequently found that were twinned around [011].
That the lattice dimensions are such as to accom-
modate, such twinning follows from the pseudo-
hexagonality mentioned before. When twinning occurs
along [011], the (2n,k,) layer diagrams will not be
changed (except for a slight doubling of spots, which
can be observed only with good resolution). On the
other hand, spots on the odd layer lines will not be
superposed by the twinning, but will alternate along
the film. Since a very large fraction of the MoBe,,
crystals were twinned, it would have been possible to
be misled by the twinned odd layers and thus choose
an incorrect primitive cell.
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Discussion

The projection of the structure on to (001) is given
in Fig. 1. The local atomic configuration is quite

Mo Be Be Be Be Mo
O—e—o——o——(
s

B e
e ® ® Be
2Be A 2Be
Be Be
e 0o 9 o e
Be Be Mo Be Be
BeT IBe
o
® [
Be 2Be Be 2Be Be
[ J
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o)
v | Mo Be Be Be Be Mo
X

Fig. 1. Projection of the structure of MoBe;, on to (001).
Open circles are at y = 0, solid and shaded circles at y = 3§,
and crossed circles at ¥ = } and §.

similar to that in the TiBe,, structure. As a matter of
fact, this determination of the MoBe,, structure has
furnished clues to a possible refinement in the TiBe,,
structure. The present indication is that the refinement
will increase the similarity between the two structures.

The interatomic distances occurring in the MoBe,,
structure are listed in Table 3. The accuracy of these

Table 3. Interatomic distances in MoBe,,

Mo 4 Be 250, A
8 Be 2-78,
8 Be 2:634
Beg (1, 1, 1), ete. 2 Mo 2-78,
2 Be 2-11,
4 Be 2-21,
4 Be 2:11,
Beyr (0-334, 0, 0) etc. 1 Mo 2-50,
4 Be 2-21,
4 Be 2:654
2 Be 2-35;
2 Be 2-31,
1 Be 2-26
Beyyz (0-216, 0, 3) etc. 2 Mo 2:634
2 Be 2-31,
4 Be 2:11,
2 Be 222,
2 Be 2354

values cannot be readily assessed from the intensity
data since the moderately low value of R is obtained
because the intensities depend largely on the Mo
positions, which are special ones. If we assume that
the accuracy of these interatomic distances is sufficient
to justify a ‘valence’ calculation, using Pauling’s
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(1947, 1949) rules, we obtain the ‘valences’ listed in
Table 4. We must emphasize that these ‘valences’ are

Table 4. Calculated valences

Mo 3-36
Bex 2-59
Benx 1-85
Bemx 2-27

obtained by a purely formal treatment of data, and
any decision on the merit of such valences must be
left open, particularly since the validity of the Pauling
approximation of single-bond radii has been ques-
tioned.* Nevertheless, the calculated ‘valences’ fur-
nish a basis for some interesting conjectures and are
therefore presented here.

The calculated valences may be compared with
Pauling’s (1949) valences of 6 for molybdenum and 2
for beryllium. At first glance the two sets of valences
do not seem to agree, but if the number of ‘valence’
electrons per unit cell is calculated, one finds 60-4
using the observed valences, and 60 using Pauling’s
valences. If this agreement is assumed not to be trivial,
and if the validity of Pauling’s valences be conceded,
the present observations would indicate a shift of
electrons from the Mo—Be bonds to Be-Be bonds.
Such a shift lowers the molybdenum valence and raises
that of beryllium. Pauling (1949) also points out that
the single-bonded radius of a metallic element can
vary with its valence state. In the calculation of the
valences in Table 4, the single-bonded radii based on
valences of 6 for molybdenum and 2 for beryllium
have been used. This procedure would be strictly
correct only if the valences calculated in Table 4
were roughly equal to the valences from which the
radii were obtained. Since they are not, the valences
of Table 4 cannot be considered as an accurate measure
of the extent of electron shift, but only as an indication
that some shift seems to have occurred.

Since the literature contains suggestions that the

* See, for instance, Hume-Rothery & Coles (1954) concern-
ing this point and also the direction of electron shift mentioned
later.
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electronic shift should occur towards the transition
metal atoms (see again, Hume-Rothery & Coles
(1954)), which is contrary to the present formal
‘valence’ calculations, further experimental work is
needed to resolve the question.

Note.—A copy of this paper was submitted to Mr
W. J. Koshuba for comment. He referred it to Mr
W. B. Wilson of the X.ray diffraction and Metallo-
graphy Laboratory at the Aircraft Nuclear Propulsion
Department, General Electric, Cincinnati, Ohio. Mr
Wilson has re-examined the X-ray data now on file
at that laboratory, on which the paper by Gordon
et al. was based. His analysis of Gordon’s single-
crystal films shows that the lattice constants and space
group are in essential agreement with the results
reported here and that odd-order lines from Gordon’s
larger cell must have been reported from powder
diagrams where they might, in fact, be caused by a
second phase (perhaps MoBe,).

He points out, however, that Gordon’s density of
3:13 g.cm.=3, experimentally determined using Clerici-
solution technique, agrees better with the formula
MoBe,; than with MoBe,,. This is true but the only
positions available for the two Be atoms, if the cell
is to retain even tetragonal symmetry, is on the four-
fold axis, and this would lead to an Mo—Be distance
which at most would be }c, or 2167 A, which is far
too small. He further suggested that perhaps it was
this consideration that led Gordon to report the
primitive cell.
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