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Using a P1 automatic diffractometer the authors have determined the true triclinic symmetry of
babefphite BaBe(PO,F (FL); from this viewpoint they have refined the positions of the Be, P, O, and F
atoms occupying independent crystallographic positions (R, = 4.1%).

PACS numbers: 61.10. — i, 61.10.Fr, 61.55.Hg

In 1967 we were involved in the first determination (Z =9) against the background of very heavy (Z =59) Ba
of the crystal structure of babefphite Ba(Be, P),O;F (Ref. atoms.
1) on the basis of photographic material for projections
yz (60 reflections, Rgk; =7.6%) and xy (70 reflections, For this investigation we selected an isometric crys

Rpke = 8.7%), with 86 reflections withhkl scanning for tal giving reflections of satisfactory quality on the Laue
their correlation. diffraction patterns and measuring 0.12 x 0.15 x 0,17

In the struecture of babefphite, solved in the space mm; it was obtained from the A. E. Fersman Mineral-
group Fdd2 (z = 6.93; b =16.74; ¢ Y 6.93 A: d = 4.31 o/em’; ogical Museum, Academy of Sciences of the USSR (speci-
z = 8) with 16 general positions and 8 special positions on mer;oNo. 7; 021) .P_;I‘ :f‘t:ubaﬁcl ﬁlz‘;g;ilegtztiozx:: ‘
the dyad rotation axes, eight Be atoms and eight P atoms perlormed on a rutom ! £
statistically filled the general 16~fold position. Butin us to obtain, in particular, x-ray OSCi natu_m photo;graphs‘
this Fdd2 space group it was also necessary to postulate abou:alany As electfd fhrefc :ihonlﬁzszthe m.lgln?al::.d sx:’xgl; "
statistical filling of one of the 16-fold positions jointly crg'ls te; d bn :.;a y stfi: 3 Ie zsro m s1 ;te " :: Zmeec '
by eight O atoms and eight F atoms. The second type incica ¥ th: a tuall ngep ‘;i dicul;,’or directions wit
of anions, O, atoms, entirely filled the 16-fald position, P;-este.nce orio dse:iztllar tg &01:; iven in‘ Ref.1. Toas-
whereas the Oy atoms occupied special 8-fold positions . int;izmpe Laue s lm oty we ¢ vgl around thc;s e; direo-
on the L,(00z) axes. Nevertheless, even inRef, 1 it was c.e © ‘uym hy hs laroid film
noted that probably the free ("dangling™) vertices of the tions x-ray 9301 ationfy otographs on po rol ] )
P-tetrahedra are occupied by 0% ions, whereas in the (oscillation interval 20°, exposure of each x-ray photo-
Be tetrahedra they are occupied by Fi~ ions, provided graph 1.h 20 min). Weak reﬂectiofns disturbing the hssym- :
that the Be and P atoms canbe ordered in the context ?;e::gs;?:d?:grforg:ai}ﬁ?ctg:r? Odt;xe sr: ff:;?oirsagleatrly‘
of a space group with lower symmetry; this was previously N ! ’ (
shown in a number ofinterpreted Bephosphate structures— ;i;iszrbfnrg th:s:y ll:la?isflryhlé:: \::r; ;{zt 01:;21‘:‘::;;“ t:;w-’
herderite, hurlbatite, and beryllonite, in which Be and P *-ray osci photograp e y

. " hps " X ere , ever, taking these axes as basal, and refining the param-
occupy differentbut "qualitatively" very similar positions. eters a, b, €, @, B, v, we obtained: @ =6.889(3); b =

The appearance and adoption of the Syntex Pi preci- 16,814 (7); c = 6.902(3) A; w=90.01(3); 8= 83.99 (3);
sion automatic four-circle diffractometer and of E-XTL v =90.32 (3)".1) An analysis of the symmetry of the x-ry
specialized systems for determining crystal structures oscillation photographs and of our values for the angles
enabled us to attack the problem of the appearance of o, B, and y indicated triclinic symmetry of the mineral
ordering of Be (Z =4) and P(Z = 15), O(Z = 8) and Fe and compelled us to record a three-dimensional setof
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TABLE I, Balance of Valence Forces on Anions According to Pauling in the Structure

TABLE II. Coordinates of Basis Atoms and Isotropic and Anisotropic Tem-
perature Corrections in the Structure of Babefphite BaBe[PO,JF

Atom x/a /b z/c Biso
Ba, 0 0 0.78(1)
Bay 0,250 0.250 0.250 0.68(0)
Bey 0.264(2) 0.1703(7) 0.741(2) 0.5(1)
Bez 0514(2) 0.4184(6) 0.511(1) 0.4(1)
Py 0,0099 (3) 0.0828(1) 0.4895(3) 0.38(2)
P, 0.2603(3) 0.3325(1) 0.7609 (3) 0.32(2)
0y 0.1637(9) 0.0794.(4) 0.3334(9) 0.82(8)
0, 0.8981(8) 0.0026(3) 0,5002(9) 0,73(8)
0s 0.1467 (8) 0.2521 (4) 0,7498(9) 0.74(8)
04 0.3499(9) 0.3488(4) 0.5601(8) 0.75(8)
0s 0.4127(9) 0.3291 (%) 09167 (9) 0.82(8)
Os 0.3599(9) 0,1483(4) 0.9479(8) 0.72(8)
04 0.1002(9) 0.0981 (4 0.6904 (8) 0.64(7)
0Os 0.1086(9) 0.3991 (4) 0,8014(9) 0.70(7)
Fy 0.4180(8) 01741 (4) 0.5818(8) 0.90(7)
F. 0,1682(8) 0.4235(3) 0.1685(8) 0.84(7)

T = exp [—1/4 (Byyh%a* + Bypk25* -1 By %% + 2B hka*b*
+ 2B hla*c* - 2By jclbc%))

Atom By . By Ba Bz B By
Bay 0,58(1) | 0.95(1) | 0.83(1) —0,45(1) 0.03(1) 0.07(1)
Ba, 067(1) | 0.77(1) | 0.72(1) ~0,03(1) 0.04(1) —0.13(1)
Bey 1.0(3) 0.8(3) 1.0(3) -0.6(3) 0.5(3) 0.4(3)
Be, 1,0(3) 0,5(3) 03(2) —0.0(2) ~0.6(2) 0.1(2)
P, 0.31(3) { 0.40(5) | 0.42(5) —0.15(4) ~0,00(4) 0,04 (4)

l P, 036(5) | 0,30(5) | 0.38(5) ~-0.01(4) 0,02 (4) —0,01(4)
0y 0.8(2) 1.0(2) 0.8(2) 0.0(t) 0.3(1) -04(1)
0, 0.6(2) 0.4(1) 1.3(2) —-0.4(1) 0.1(1) -0.2(1)
03 | 0.5(1) 0.4(1) 1.5(2) 0.01 0.0(1) 0.1(1)
s 1.0(2) 0.8(2) 1.6(1) -0,5(1) 0.3(1) -0.2(1)
05 0.7(2) 1.0(2) 0.8(2) 0,0(1) —-0.2(1) -0,1(1)
0 0.9(2) 0.7(2) 0.7(2) 0.0(1) —0.2(1) -0,0(1)
Oy 0,8(2) 0.7(2) 0.6(1) -0,2(1) ~0.2(1) 0.0(1)
03 1.0(2) 0.7(2) 0.7(2) 01(1) 0.2(1) —-0,0(1)
¥ 08(2) 1.2(2) 0.9(2) -0.2(1) 0.2(1) 0.0(1
F, 0.7(1) 1.0(2) 0.9(2) -0.2(1) —0.1(1) —-0.1(1)

4102 independent nonzero (I = 1.96 ¢I) reflections (26:6

method, variable scanning rate 6-24 deg/min, MoKo

radiation, maxsing/a = 1,08 A1) for babefphite as for a

triclinic crystal, permitting an investigation of the struc-
 turein the context of any symmetry group.

Ananalysis of the resulting diffractometric set of
intensities confirmed the F cell of the mineral structure
and revealed a whole series of weak reflections contra-
dicting the diamond planes d, i.e., the Fdd2 group. If
we keep within the orthorhombic symmetry, the only pos-
sible space group is Fmm2, An analysis of the Patterson
function showed that it was impossible to distribute the
basis atoms within this Fedorov group. In going over
to the space group F112, i.e., with a decrease in the sym-
metry to monoclinic, the general 16-fold positions of the
Fdd2 group are subdivided into two 8-fold positions; this
undoubtedly enablés us to separate the P and Be and the
0 and F atoms while retaining the Ba atoms in the special

2 -Sov. Phys. Crystaliogr. 25(1), January 1980

of Babefphite BaBe[PO,F

Atom Ba, Ba, Be, Be; P, P, =+
Oy 2/9X2 2/9 - - 5/4 - 1 14/12
0. 2/9 - — 1/2 5/4 - 1 35/36
05 - 2/9 1/2 - - 5/4 1 35/36
41 - 2/9 - 1/2 - 5[4 1 35/36
0s 2/9 2/9%2 — - - 5/4 1 11712
05 - 2/9 1/2 - 5/4 - 1 35/36
0: 2/9 - 1/2 - 54 - 1 35/36
Os 2/9 - - 1/2 - 5/4 1 35/36
Fy 2/9 2/9%2 1/2 - - - 1 1/6
Fy 2/9%2 2/9 - 1/2 - - 1 1/6

4-fold positions, making the reservation that instead of
one Ba basis atom with multiplicity 8 we have 2Ba in
4-fold positions on the L, axes linked with the pseudo-
plane d. Calculation of the three-dimensional electron
density distribution permitted location of the P, Be, and
O atoms. The model of the babefphite structure was re-
fined by the block-diagonal approximation method with
fixed positional parameters of the Ba; and Ba, atoms; this
led to Ry; = 10% with satisfactory Bj for all the atoms
except two O atoms which occupied special one-parameter
positions (00z) and (¥ Yz). Furthermore,we fixed the
shortened distances P—0O and Be—O and a number of
O—O0 edges in the PO, and BeO, tetrahedra. For more
accurate location of the O atoms we constructed an elec-
tron density difference synthesis, on which we revealed
splitting of the peaks corresponding to the position of
these O, i.e., to their shift from the L, axis. Geometric
analysis and calculation of the interatomic distances
revealed that with a decrease in the symmetry of F1 and
with selection of one of these peaks we obtain very sat-
isfactory P—O, Be—O, and O—O distances in the PO,
and BeO, tetrahedra. Furthermore, if we keep within
the context of the space group F112, the babefphite
structure will have [P,0;] groups with a bridging

O atom on the L, (00z) axis, and [Be,Oy] groups with
acommon O atom also on the Ly (Y} ¥4 2) axis. On the
first O atom incorporated in the PO, tetrahedron the
balance of the valence forces will be supersaturated

(=* =%, +% + % =2.72), whereas on the second O atom
incorporated into two Be tetrahedra andone Ba polyhedron
the balance is undersaturated (=% + % +% =1.22).
With a decrease in the symmetry to F1 we have the pos-
sibility of convergence of the forces from one Be, one P
and Ba on these O atoms; inthis connection we attain a
virtually ideal Pauling balance of the valence forces
(z+=% +% +% =197 [ideal for c. n. (BA) =8]. Thus
all this evidence confirms the trinclinic symmetry of the
mineral, established from the x-ray oscillation photo-
graphs, and the subsequent determination of the c¢rystal
structure of babefphite was performed in the context of
the space group F1,

On the basis of the previously refined atomic coordi-
nates obtained in the context of the space group F112,
taking account of the shift of some ofthe O atoms from
the L, axes we constructed the three-dimensional electron
density distribution, from which we located the deficient
O, P, and Be atoms; in the location of the latter we al-
lowed for the necessity to attain a satisfactory balance
of the forces on the bridging O atoms common to the two
tetrahedra. Refinement of the model of the structure of
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TABLE I, Interatomic Distances in the Structure of Babefphite BaBe[PO,JF (in angstroms) |
Bay- polyhedron Ba.- polyhedron Bes- tetrahedron I Be;-tetrahedron
Ba;~0, —2.887(6) Ba,—0, =2.982(7) Be;—0;=1.60(1) Be,—0,=163(1)
=04 =2917(6) ~03 =2.733(6) —0s=1.62(1) —-0;=1.66(1)
-0, =2.743(6) ~0¢ =2.793(6) ~0;=1.69(1) —0s=162(1)
—-05 =2.989(6) —0; =2,881(6) —-Fy=1.53(1) -F.=153(1)
—0; =2,784(6) -05’ =2,9§g(g) av. 161 av, 161
—03 =2.789(6) —0p =2.803(6)
—F: =3.036%6) —F; =2.869(6) 03—0s=2,665(9) 0,—0,=2,639 (8)
—F, =2872(5) ~F'=23859(6) —0;=2,640(8) -03=2.654(9).
—F2r=2.863(6) —F, =3,020(6) ~F,=2.566(8) —F,=2.571(8)
av 2876 ay 2873 0—0;=2.657(8) 0:—0s=2.504(9)
~Fy=2.594(8) ~F3=2.629(8):
04~0; =3.096(9) 0,—05 =4.442(9) 0:—F(=2.837(8) 0s—F2=2,599(8).
—04 =3.061(9) —05' =4.586(9) av. 2.626 av. 2599
=F(=2907(9) * ~0y =3.199(9)
—Fpr =3,496(9) —F, =2.918(9) * P;-tetrahedron P2~ tetrahedron
04'~05=4.590(9) —~Fr=2.907(9) *
-07 =3.179(9) 0s-0; =3.383(9) P—0,=1,512(7) P;—05=1,560(6)
~F; =2,918(9) * =05 =3.096(9) -0:=1,551(6) -0,=1.540(6)
—Fyr=4511(9) =04 =3,355(9) —0s=1.541(6) —05=1.504(6)
~F;" =3,496(9) —~F; =3,071(8) ~0,=1.541(6) —0s=1.561 (6)
02~0; =4,463(9) ~F, =4,gg ggg av. 1.536 av. 1541
-0, =3377(8) 0c—~0yr =3,
—0g =3,360(9) ~Fy =2,981(9) 01-0:=2.512(9) 03-0,=2.508(9)
~Fy =4.436(9) ~F, =3.236(8) ~0p=2.525(9) —0;=2.516(9)
~F, =3.081(8) 0s—06 =3.067(9) —0,=2.522(8) —0s=2512(8)
05—05 =3.200(9) ~Fyr=4428(9) 0,~0s=2.492(8) 0,—05=2.521(8)
=F; =2,919(8) * ~F; =2.899(8) * ~0:=2.493(8) —03=2.658(9)
—F;»=2899(8) * Os —F, =4.507(9) 0s—0;=2.657(8) 05~0y=2.537(9):
0;—F; =4,471(8) —Fr=3.484(9) ay. 2.534 av. 2.542
~F; =2979(8) ~F, =2919(8) *

0s-Fy'=3198(8)  Qs—Fy =3.213(8)
Fy—Fy =4582(9) Fi—F» =4.564(8)
ay, 3534 av. 3517

*Common edges of the Ba; and Ba, polyhedra.

FIG, 1. Babefphite BaBe[PO,JF. Projection on xy.

FIG. 2, Babefphite BaBe[PO,JF. Projection on xy. Method of combinatin

babefphite by MLS with use of the atomic scattering curve of the Ba nine-pointed polyhedra. : :'

of oxygen for all the anions was performed to Rpk; =5.7%.

Our analysis of the balance of the valence forces (Table and those previously obtained in the context of the space
D enabled us to reveal two anions, for which there is an group Fdd2 (Ref, 1) revealed that in the selected arrange-;~
overall valence equivalent =+ =1,17. In accordance with ment (F1) the a and ¢ axes change places. .
this they were identifiied with two F atoms. Replacement According to the interpreted structure, with assign-
of the atomic scattering curves for these anions by f- ment of Be to the cation part the mineral babefphite must! -

curves of F led to Ry, ; =5.6% in the isotropic approxima- be regarded as an orthophosphate with the structural -
tion and to Rpy; = 4.1% in the anisotropic approximation, formula BaBe(POYF (Z = 8).
respectively. The final coordinates of the basis atoms,

the individual isotropic and anisotropic corrections, and In conclusion we thank E. P. Zhelezin for helping
their corresponding interatomic distances are given in to obtain the experimental data, and also S. S. Meshalkin :
Tables HandOI. From Table III we clearly see that the for assistance in selecting the single crystal.
correctness of the separation of Be and P is also corr ob-~ UConversion to a standard primitive triclinic cell P1 can be effected from |
orated by the corresponding values of +he cation—anion Yy 1y 0

interatomic distances: Be—O(F) 1.53—1.69, av. 1.61 A; the matrix (—"/i s 0 ) + the axes of the P cell are selected from tie}
P~0 1.504~1.561, av. 1.538 A, The two types of Ba atoms 0 hth

are located in nine-pointed polyhedra [Ba,—O (F) 2,743~ diagonals of the ab and bc faces and are as follows: a = 9.100(5); b =

3.036, Ba,—O (F) 2.733—3.020 R] and, being joined by 9.078(5); ¢ = 9,085(4) A ; o = 148,83(2); B = 148.85(3); y = 44.60(4)°,

common edges, they create a three-dimensional frame- — '
work (Fig. 1) , to which a mixed framework of P and Be p, P, Shashkin, M, A, Simonov, and N, V, Belov, Dokl, Akad, Nauk SSSR ‘
tetrahedra corresponds (Fig. 2). The Pand Be tetrahedra 176, 1392 (1967).
are joined at the vertices by closure of the P, Be pairs N, V. Belov, Outlines of Structural Mineralogy [in Russian], Nedra, Moscqﬁr

on the edge of the Ba nine-pointed polyhedron. (1976).

A comparison of these coordinates of the basis atoms Translated by S. E. Hall
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