672

crystallographically symmetry related. This is not the
case in the present compound, which also shows an
apparent difference between the two hydrogen-bridged
formate groups. As mentioned previously, the distances
C(2)-0(3) and C(2)-O(4) differ significantly in con-
trast to C(1)-O(1) and C(1)-O(2) which are of about
the same length (¢f. Table 4). Furthermore, the number
of ionic contacts to potassium is different: one formate
group has 44-1 whereas the other has 3+ 0 potassium—
oxygen contacts.

According to the facts given above there may be a
tendency towards less ionization in one of the groups
than in the other. This has important bearings on the
symmetry character of the hydrogen bond in the dimer.

As mentioned earlier the positions of the hydrogen
atoms have not been located experimentally. Naturally
nothing definite can be said about the character of the
hydrogen bond from the X-ray data. Attempts will be
made to attack this problem with other methods.

The authors are indebted to Dr I.Olovsson for his
great interest in this work and for valuable discussions
and suggestions. Many thanks are also due to Mr H.
Karlsson and Mrs M. Hillberg for their skilful technical
assistance.
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The Crystal Structure of La,Be,;O5*

By L.A.HARRIS AND H.L.YAKEL
Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, U.S.A.

(Received 11 May 1967)

The crystal structure of La;Be>Os has been derived and refined from Mo Ko X-ray diffraction data.
The C-centered monoclinic unit cell with ao=7-536, bo=7-348, co="7-439 A, f=91°33’ contains four
formula weights. The atomic arrangement in this equilibrium phase consists of a three-dimensional
framework of cornersharing beryllium-oxygen tetrahedra with lanthanum atoms irregularly coordin-
ated to ten oxygen atoms. The structure is compared with those of other oxide compounds containing
beryllium and, in particular, with the structures of the recently reported nonequilibrium phases

CalzBe17029 and YzBeO4.

Introduction

The work described in this paper is part of a continuing
study of binary oxide compounds that contain beryllia
as a member. We have previously reported the crystal

* Research sponsored by the U.S. Atomic Energy Commis-
sion under contract with the Union Carbide Corporation.

structures of the compounds Ca;;Be;;0, and Y,BeO,
(Harris & Yakel, 1966, 1967). Unusual trigonal beryl-
lium-oxygen coordinations appeared in these probably
metastable crystals which we could form only by
quenching from the liquid state.

In both Ca,,Be;;0, and Y,BeO,, the heavy cations
have a large radius (0-99 and 0-97 A, respectively)
relative to those in the known equilibrium compounds
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of BeO with Al,O;, SiO,, and Cr,0; (Reat=0-51, 0-42,
and 0-69 A, respectively) where regular, or nearly reg-
ular, tetrahedral beryllium-oxygen coordinations are
found. We were thus prompted to investigate the crystal
structure of an apparent equilibrium phase at the 1:2
composition of the La,0;-BeO system in which the
heavy cation radius is still larger (1-14 A).

The compound La,Be,0s was first reported by Weir
& Van Valkenburg (1960) who established its formula
on the basis of solid-state synthesis and listed optical
and powder-pattern X-ray diffraction data. An equi-
librium phase diagram for the La,O;-BeO system pre-
sented by Levin, Robbins & McMurdie (1961) shows
a low-melting eutectic near the 1:2 composition and
suggests that the La,Be,O5 phase itself may form peri-
tectically just to the BeO-rich side of the eutectic. A
1:2 phase was also observed in this system by Kuo &
Yen (1964). They postulated an orthorhombic unit cell
for their compound, with ay=381, 5;=995, co=
11:07 A, Z=4 formula weights per cell, and gave re-
fractive indices n,=1-980 and »,=2-035. Bragg spac-
ings computed from these cell parameters are not in
good agreement with the powder pattern for La,Be,Os
listed by Weir & Van Valkenburg (1960) although the
optical data show fair correspondence with the earlier
results.

Experimental
We grew lath-like crystals of La,Be,Os by cooling

melts near the eutectic of the La,0;-BeO system. Our
experiments confirmed the equilibrium nature of this
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phase. Powder patterns from crushed crystals were in
excellent agreement with the La,Be,Os pattern reported
by Weir & Van Valkenburg (1960). The crystal selected
for the X-ray diffraction investigation had a shape
roughly approximating a right triangular prism with
an altitude of 0-17 mm, a base width of 0-08 mm, and
a uniform thickness of 0-03 mm. Later results showed
that the triangular faces were parallel to {101} planes;
smaller faces seemed to be parallel to {111} planes,
but most were too uneven for positive identification.
The b axis was approximately parallel to the long tri-
angular edge of the crystal.

Preliminary diffraction film data provided estimates
of crystal orientation and lattice parameters. The crys-
tal system was monoclinic and systematic reflection
absences occurred consistent with space groups C2/c
or Cc. The crystal was transferred to a computer-con-
trolled four-circle diffractometer (Busing, Ellison &
Levy, 1964, 1965) for refinement of lattice parameters
and collection of intensity data. The b axis was offset
about 5° from the ¢ axis of the diffractometer and
zirconium- or niobium-filtered Mo K« X-radiation
(4 Ka;=0-70926 A) was used for all experiments. A
least-squares fit to measurements of scattering angles
of 12 high-angle reflections gave the following lattice
parameters:
ao=7-5356 1 0-0006 A
bo=7-3476 £ 0-0017
¢o="7-4387 £ 0-0006

f=91°33"+ 1’

U=411-7+02 A3

2z=6-061 +0-003 g.cm~3,
assuming Z =4 formula
weights per cell .

Table 1. Atomic parameters for La,Be,Os

Least-squares standard errors in the last significant figure are given in parentheses.
Fractional position parameters.

Positions  Atom X y z
8(f) La 0-23777 (2) 0-03494 (2) 0-19645 (2)
8(f) Be 0:4693 (5) 0-2183 (5) —0-4697 (5)
8(f) o(l) 0-0987 (3) 0-1569 (3) —0-0845 (2)
4(d) 0(2) ¥ ¥ 3
4(e) 0Q@3) 0 0:2493 (4) P
4(b) 04 0 1 0
Thermal vibration parameters*.

By B, B33 By By; Bs3
0-00214 (1) 0-00179 (1) 0-00171 (1) 0-00052 (1) 0-00052 (1) 0-00011 (1)
0-:0021 (4) 0-0017 (4) 0-0018 (3) —0-0002 (3) —0-0000 (3) —0-0002 (3)
0-0030 (2) 0-0029 (2) 0-0019 (2) 0-0011 (2) 0-0005 (1) —0-0003 (1)
0-0010 (2) 0-0031 (3) 0-0033 (3) —0-0004 (2) —0-0003 (2) 0-0005 (2)
0-0019 (2) 0-0029 (3) 0-0011 (2) 0 —0-0002 (2) 0
0-0033 (3) 0-0015 (2) 0-0055 (4) 0:0001 (2) 0-0021 (3) 0-0010 (3)

R.M.S. thermal displacements (A) along principal axes.
Positions  Atom Axis 1 Axis 2 Axis 3
8(f) La 0-0598 (3) 0:0673 (3) 0-0876 (3)
8(f) Be 0-064 (8) 0-073 (7) 0-079 (7)
8(f) o(1) 0-060 (4) 0-081 (3) 0-107 (3)
«d) 0(2) 0-:051 (6) 0-086 (4) 0-103 (4)
4(e) 0(3) 0-054 (5) 0-075 (5) 0-089 (4)
4(b) 0(4) 0-056 (6) 0-079 (5) 0-138 (4)

* Coefficients in the expression Byj1h2+ Byyk2+ B33l2+ 2Byohk +2By3hl+2Baskl.
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We can find no relationship between this unit cell and
that reported by Kuo & Yen (1964).

0-20 scans were used to measure intensities of re-
flections from 20=28° to 130°; low-angle data were
observed in an w-scanning mode. A total of 3605 inde-
pendent reflections allowed by the possible space
groups were examined. Replicate measurements
brought the total number of observations, not includ-
ing standards, to 3974.

The observed data were corrected for Lorentz-
polarization and absorption effects. The latter correc-
tions were made by approximating the crystal shape
with six bounding planes and using the ORABS com-
puter program of Wehe, Busing & Levy (1962). Rep-
licate measurements were then averaged and relative
F2 values placed on an approximate absolute scale by
Wilson’s (1942) method. Statistical tests suggested a
centrosymmetric intensity distribution. After a satis-
factory trial structure had been derived, secondary ex-
tinction corrections were applied to all data following
the procedure of Zachariasen (1963).

Results

Peaks on the Harker sections of a three-dimensional
Patterson function synthesized from the 3605 corrected
and scaled independent F2 values gave initial param-
eters for lanthanum atoms in the 8(f) general positions
of the space group C2/c. Tentative parameters for six-
teen oxygen atoms, eight in 8(f), four in 4(e), and four
in 4(d), were also deduced. Standard Fourier methods
confirmed these tentative locations and showed the re-
maining four oxygen atoms [in 4(b) positions] and eight
beryllium atoms [in 8(f) positions].

Tterative structure-factor, least-squares calculations
(Busing, Martin & Levy, 1962) were employed to refine
the trial structure. The least-squares procedure mini-
mized residuals in weighted F2. We assumed the X-ray

THE CRYSTAL STRUCTURE OF La;Be:Os

scattering factors for La3*+ and Be?+ given by Cromer &
Waber (1965) and those for O~! given in International
Tables for X-ray Crystallography (1962). Anomalous
dispersion corrections for the scattering of Mo Ku
X-rays by lanthanum atoms were also taken from the
latter source. The real part of this correction was ap-
plied by drawing a smooth curve through the given
values of Af’ as a function of sin §/4 and making an
appropriate adjustment in each entry of the La3* scat-
tering-factor table used by the least-squares program.
An average value of +2:8 electrons was assumed for
the imaginary part of the dispersion correction. The
observations were weighted in inverse proportion to a
variance defined as

G(FY)=5(A~ LpYlo} + 004N
+[0-10(F %On‘_ F im:orr)]2 s

where s is a scale factor, 4~! is an absorption correc-
tion, Lp is a Lorentz—polarization correction, 62, is the
statistical variance of N (the net count), and F2 .
and F2_ are the observed values of F2 before and after
correction for secondary extinction. The final term in
the above equation is an attempt to allow for uncer-
tainties in determining the constants governing the
secondary extinction corrections.

Four least-squares cycles, the last three with aniso-
tropic thermal vibration parameters, produced the fol-
lowing measures of agreement between observed and
calculated |F| and F?2 values:

R[=Z(|Flo—s|F|o)/Z|F|o}=0-066
Ry[=Z(|F2—sF2))/Z F2=0-056
o=V Zw(F2—sF3)?)/n—m]=1-106 ,

where w is a weight [=1/62(F2)], n is the number of
observations, and m is the number of variable param-
eters. The sums and averages were taken over all 3605
independent reflections.

Y mut .|

S

Fig.1. A schematic representation of the tetrahedral framework in La,Be,Os. Tetrahedra have been replaced by sets of three
orthogonal Be-O vectors, as described in the text. Unit-cell vectors are shown at the lower left, and two units of a ‘square-

wave’ string of tetrahedra are shown at the right.



Table 2. Comparison of observed and calculated |F| values
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FC=10"|F|caic, With the sign of Acaic. FO=10"]F|ovs. SIG=10-0(]F|obs), where o(|Flons) is defined as o(F2obs)/2| Flobs unless
F24ps is less than 1 (indicated by a W to the right of the entry for SIG in the table), in which case SIG =a(F2ons). All F2opns have

been scaled with the least-squares scale factor; all |Flons have been scaled with the square root of that factor.
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Fig. 2. Stereoscopic drawings of linked tetrahedra in one unit cell of La,Be;Os. The +b axis is pointed at the viewer, and the +a
axis points to the right in the horizontal direction. The unit-cell outline has its raised upper left-hand corner at x=0, y=1-0,
z=0. For clarity, beryllium atoms have been omitted from the tetrahedra and only the lanthanum atoms near y=1% are shown.
Atoms are drawn as spheres of arbitrary radius; the largest are La, the smallest O.
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Atomic position and thermal vibration parameters
from the final least-squares cycle are listed in Table 1.
A comparison of observed and computed |F| values
is given in Table 2. A final difference Fourier synthesis
with all atoms removed showed no positive or negative
peak containing more than 0-5 electron. The largest
excursions on this map were associated with the sub-
tracted lanthanum atom.

Description of the structure

The ORFFE program of Busing, Martin & Levy (1964)
was used with the parameters of Table 1 to compute
interatomic distances and angles. A selection of the
more important of these appears in Table 3. Several
drawings of the structure were prepared with the
ORTEP program written by Johnson (1965).

Table 3. Interatomic distances and angles in La,Be,Os
Standard

Distances deviation
Be-0(1) 1:602A  0-004 A
Be-0(2) 1-637 0-004
Be-0(3) 1-661 0-003
Be-0(4) 1:678 0-004
La-0(1) 2:415 0-002
La-0(3) 2:426 0:002
La-0(1) 2:480 0-002
La-0(4) 2:5023 0-002,
La-0(2) 2:5563 0-0004
La-0(1) 2:719 0-002
La-0(2) 2:7555 0-0003
La-0(3) 2903 0:002
La-0(4) 29714 0:0003
La-0(1) 2999 0-002
Standard
Angles deviation
0O(1)-Be-0(4) 113-4° 02
0O(1)-Be-0(3) 111-8 02
0O(1)-Be-0(2) 1174 02
0(2)-Be-0(4) 105-1 0-2
0(2)-Be-0(3) 102-9 0-2
0O(3)-Be-0(4) 105:0 02

From the results listed in Table 3, we see at once
that the beryllium-oxygen coordination polyhedron
in La,Be,Os closely approximates a regular tetra-
hedron with interatomic distances comparable to
those found in BeO (Smith, Newkirk & Kahn, 1964)
and chrysoberyl, Al,BeO, (Farrell, Fang & Newnham,
1963). Further consideration shows that each beryl-
lium-oxygen tetrahedron shares three of its four cor-
ners with three other beryllium—oxygen tetrahedra. The
linked tetrahedra form a space-filling framework* that
is an important feature of the structure.

To describe the inter-tetrahedral linkages, we note
that each tetrahedron is oriented so that three of its

* We used the word “framework’ for want of a better term.
It does not conform to the framework concept used in silicate
structures since only three of the four corners of each tetra-
hedron are shared. The name ‘interrupted framework’ might
be a more correct description.
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Be-O vectors are roughly parallel to the unit-cell axes.
The oxygen atoms at the ends of these vectors are the
ones shared with adjacent tetrahedra. In an idealized
representation, we may neglect the departures of the
monoclinic angle and of the O-Be-O angles from 90°
and replace each tetrahedron by three orthogonal vec-
tors based at the central beryllium atom and directed
along the idealized bonds to the shared oxygen atoms.
The result of doing this is shown in Fig.1.

Depending on the direction of view, one may re-
construct the three-dimensional pattern by considering
strings of corner-sharing tetrahedra to be extended
through the structure, repeated by axial translations
into two-dimensional arrays, and cross-linked by cor-"

"ner-sharing with tetrahedra in adjacent related arrays.

Viewed in the a direction, one may see strings with a
‘squarewave’ appearance (Fig. 1) resembling those found
inpetalite, LiAlSi,O, (Liebau, 1961c), extendingin [001]
directions. Arrays on 200 planes are formed by the b
lattice repetition and arrays on adjacent 200 planes are
related by the C-centering operation. Viewed in the ¢
direction, one may see strings resembling those found
in diopside, CaMg(SiOs), (Warren & Bragg, 1928),
extending in [110] or [T10] directions. Arrays on 002
planes are formed by the a (or b) lattice repetition and
arrays on adjacent 002 planes are related by the two-
fold axes half-way between them. Viewed in the b di-
rection, one may see (Fig. 2) strings that are a variation
of those found in wollastonite, CaSiO; (Mamedov &
Belov, 1956), extending in [101] directions. Arrays on
020 planes are formed by the ¢ (or a) lattice repetition
and arrays on adjacent 020 planes are related by the
c-glide operation.

The consequence of this linking together of tetra-
hedral strings is the formation of cube-like cages of
tetrahedra whose outline is easily seen in Figs.1 and 2.
We note that six edges of a cage follow Be-O-Be bonds
while the remaining six are only suggested by opposed
tetrahedra faces. Each cage provides a location for a
lanthanum atom, but the lanthanum-oxygen coordina-
tion polyhedron is rather irregular with five close La—-O
contacts, two longer contacts, and three still longer
contacts in which interactions must be relatively weak
(see Table 3). A detailed view of such a lanthanum
atom environment is given in Fig.3.

A few additional points are noteworthy. As shown
in Fig.3, the thermal motion ellipsoids of the oxygen
atoms have principal axes normal and parallel to Be-O
bonds - a further evidence of the structural importance
of the tetrahedral framework. The thermal vibration
of the O(4) atom is unusual in that it is large and di-
rected along the line of two long (2:97 A) contacts
with lanthanum atoms. One might imagine that this
reflects a static displacement of the O(4) atom favored
by the resultant shortening of one of the 2:97 A lan-
thanum contacts. Such a displacement would also pro-
duce a nonlinear Be~-O-Be sequence which might be
energetically favored, in analogy with the behavior of
corner-sharing (SiO,) tetrahedra (Liebau, 1961d). To
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this point, note that the Be-O(3)-Be angle is 163:5+
0-3°, but that the Be-O(2)-Be angle is required to be
180° and the thermal vibration parameters of the O(2)
atom do not appear abnormal. We did not test struc-
ture models in which either the center of symmetry
was removed or a pair of partial atoms replaced the
O(4) atom.

Finally, the Be-O(1) bond is significantly shorter
than the other three beryllium—oxygen bonds, and O(1)
is the oxygen atom not shared with an adjacent tetra-
hedron.* A similar reduction in bond length with de-
creasing degree of oxygen association between tetra-
hedra has been reported in structures containing con-
nected POy, SiO4 and BO, tetrahedra (de Decker, 1941;
Grund, 1954; Prewitt & Shannon, 1967, respectively).

Discussion

Beryllium oxide (Smith, Newkirk & Kahn, 1964),
Al,BeO, (Bragg & Brown, 1926), and Cr,BeO, (Weir &
Van Valkenburg, 1960) have structures which are de-
scribed in terms of close-packed layers of oxygen atoms
with small metal atoms regularly occupying certain
interstitial sites. The structure of beryl, Be;AlSigO;s,
is usually classified as a ring silicate in which beryllium
atoms act as an inter-ring link while preserving their
tetrahedral environment (Bragg & West, 1926). Phena-
kite, Be,SiO,, has a three-dimensional arrangement of
corner-sharing (BeO,) and (SiO,) tetrahedra in which
each oxygen atom is bonded to two beryllium atoms
and one silicon atom (Bragg & Zachariasen, 1930).

In La,Be,Os, we see a structure that must be de-
scribed as a three-dimensional framework formed ex-
clusively of linked (BeQ,) tetrahedra. Although close
contacts occur between oxygen atoms of a given BeO,

* All oxygen atoms have four lanthanum atom near neigh-
bors at distances from 2:415 to 2:999 A.
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tetrahedron, there are no extensive parts of this frame-
work in which the oxygen or oxygen-lanthanum atom
arrangement is close-packed. The structure of La,Be,Os
may in this sense be compared with silicate structures;
some associations with known silicate string configura-
tions were made in the preceding section.

Silicates of general formula A,Si,Os are known and
structures for compounds with A=Li, Na, and (0-25
Li, 0-25 Al, 0-5 vacancy) have been reported (Liebau,
1961a,b,c; Grund, 1954). In all studied to date, the
silicate tetrahedra combine into sheets with A cations
lying between the sheets. Structures of alkali titanates
of general formula A,Ti,Os have also been given (Bar-
blan, 1943; Andersson & Wadsley, 1961). Here too,
sheet-like combinations of TiO, tetrahedra* are found.
The structures of V,05* and the stable orthorhombic
forms of P,Os contain corner-sharing XO, tetrahedra;
V,05* (Ketelaar, 1936) and the so-called third form of
P,0Os (MacGillavry, de Decker & Nyland, 1949) have
sheet-like configurations, but the second form of P,0s
has a three-dimensional framework with spirals of PO,
tetrahedra about 2; screw axes (de Decker, 1941).

The BeO, tetrahedra in La,Be,Os do not join to form
sheets, perhaps because of the high surface charge that
a sheet of net composition Be,Os would have. Rather,
they form a unique three-dimensional framework of
corner-sharing tetrahedra with cage-like sites for the
large lanthanum cations. The second form of P,Os is
the only other example of an X,0s framework, but the
motifs are not alike and the effect of charge neutraliza-
tion is absent in P,Os.

It is important to contrast the La,Be,Os structure
with the metastable Ca;,Be;;0, and Y,BeO, structures
(Harris & Yakel, 1966, 1967). In the latter, linear or

* The situation is complicated in these structures owing to
the approach of a fifth oxygen atom to the XO4 tetrahedra to
give trigonal bipyramidal coordination (see also Bystrom, Wil-
helmi & Brotzen, 1950).

Fig.3. Stereoscopic drawings of the lanthanum atom environment in La;Be;Os. The unit-cell origin is half-way between the
O(4) atoms (elongated ellipsoids) at the left of the drawing. The +b axis is vertical and directed upward in the drawing plane.
The +c axis emerges up and to the right from the paper at an angle of 25° to the drawing plane, and the +a axis emerges
behind the paper in a right-handed relation to b and c. Atoms are represented by thermal displacement ellipsoids including
99-9% probability (4 xr.m.s. displacement). Bounding and principal ellipses only are shown for lanthanum and beryllium
atoms; forward principal axes are added for oxygen atoms. Thin bonds between lanthanum and oxygen atoms indicate im-

portant short contacts.
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planar groupings of relatively normal calcium-oxygen

and yttrium-oxygen coordination polyhedra were’

found, but beryllium atoms were not normally coor-
dinated. Oxygen environments about beryllium atoms
ranging from tetrahedral to trigonal were reported in
Ca,,Be ;0,9 and trigonal environments exclusively were
reported in Y,BeO,. The principle underlying both
structures seems to be the maintenance of normal heavy
cation-oxygen coordination, albeit in a metastable
phase, with beryllium atoms fitting in where best they
can. The situation is reversed in La,Be,Os. Here the
principle underlying the structure seems to be the main-
tenance of a framework of normal BeO, tetrahedra
with lanthanum atoms fitting in where best they can.

H.A.Levy and R.D.Ellison of the Chemistry Divi-
sion, Oak Ridge National Laboratory, allowed the
authors to collect the data reported here with their
computer-controlled four-circle X-ray diffractometer.
They were also generous in their advice during stages
of data reduction and correction. C.K.Johnson’s as-
sistance was most valuable in the preparation of Figs.2
and 3.
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