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We report on the growth of single crystals of Ni,AlB05, CuZAlB05, and the mixed-valent CO~.,A~,,,~BO~ 
from borax fluxes. All of these materials have been studied by single-crystal X-ray diffraction. The 
nickel and cobalt compounds are isostructural with the natural mineral ludwigite, while the copper 
compound is a monoclinically distorted variant of this structure. All three compounds show nonran- 
dom disorder of the transition metal and aluminium atoms over four crystallographically distinct metal 

sites. We discuss the structural effects of this disorder and attempt to rationalize the observed occu- 
pancies on the basis of covalent and ionic forces. Ni2AIB05: orthorhombic, a = 12.013(l) A, b = 
9.111(l) A, c = 2.942(l) A, space group Pbam, Z = 4, R = 4.07%. CO~.,AI~.~BO~: orthorhombic, a = 
12.010(2) A, b = 9.197(2) A, c = 2.993(l) A, space group Pbam, Z = 4, R = 4.44%. Cu2AlB05: 
monoclinic, a = 9.365(l) A, b = 11.778(2) A, c = 3.072(2) A, p = 97.71(2)“, space group P21/a, Z = 4, 
R = 4.5%. 6 1990 Academic Press, Inc. 

Introduction For first row transition metal borates, 
one of the more common polytypes is the 

The diversity of borate anions, both in ludwigite structure, based on the natural 
solution and solid state, makes borate mineral of approximate formula Mg,FeBOs 
chemistry as extensive as the more com- (5). This structure type, and its derivatives, 
monly studied areas of silicates and phos- are known for a wide variety of di-, tri-, and 
phates. Recent work in the area has demon- tetravalent metal ions (6-21). An early re- 
strated that the solid state borates display a port of NizAIBOs indicated this material 
wide range of interesting physical proper- was isostructural with ludwigite, but the 
ties. Among the applications of borates are poor agreement factor, from the analysis of 
the use of compounds in the CuO-A1203- the single-crystal X-ray diffraction data, in- 
B203 system as selective mild dehydro- dicated that the model was not completely 
genation (1) and dehydrocyclization cata- correct (7). The copper analog of this mate- 
lysts (2), and the exploitation of lanthanum rial is listed in the Powder Diffraction File 
aluminium borates (3) and P-Ba2B205 (4) for (12) but, to our knowledge, no structural 
their nonlinear optical properties. investigation has been reported. The re- 
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lated phase C~~Al~B~0~9.5 has been studied 
(9). 

In this paper we report on the growth of 
single crystals of N&AlBOj, Cu2AlB05, and 
the mixed-valent CoZ.rAlo.~B05 from borax 
fluxes, and the results of subsequent X-ray 
diffraction experiments. We find the struc- 
tures are related and report on the interest- 
ing distributions of the aluminum and tran- 
sition metal ions over the various sites. 

Experimental 

Ni2A1BOs was synthesized by grinding 
together NiO (0.158 g, 2.12 mmol) and 
Na2B407 * 10H20 (4.84 g, 12.70 mmol) and 
then packing the mixture into an alumina 
boat. The boat was placed in the center of a 
tube furnace and slowly heated to lOOo”C, 
left at temperature for 10 hr, and then 
cooled at 20°C per hour. Pale green rod-like 
crystals were isolated after the melt was 
dissolved in dilute hydrochloric acid. Irreg- 
ular-shaped green crystals of CuzAIBOS 
were synthesized in a similar fashion from 
CuO (0.325 g, 4.09 mmol) and Na2B407 . 
lOH20 (4.675 g, 12.26 mmol). A greater 
MO : borax ratio was used because CuO is 
more soluble in the melt. A second phase 
consisting of light-blue needles was formed 
as a minor product and its characterization 
will be reported elsewhere (13). Jet black 
needles of CO~.,A~~.~BO~ were synthesized 
from Co304 (0.6 g, 2.5 mmol), A1205 (0.19 g, 
1.9 mmol), and Na2B407 . IOH (2.0 g, 5.2 
mmol), with a reaction time of 25 hr at 
1ooo”c. 

Analytical electron microscopy was per- 
formed with a JEOL 2000FX instrument, 
and element ratios were determined from 
the intensities of the characteristic X-ray 
emission peaks (24). The appropriate spine1 
materials were used as calibration stan- 
dards. 

A crystal of Ni2AIBOS was glued onto the 
end of a glass fiber placed on an Enraf-No- 
nius CAD6F diffractometer. Automatic 

search, indexing, and centering routines 
were used to obtain the unit cell and orien- 
tation matrix. The final cell was obtained by 
centering 24 high-angle reflections. The 
data were collected using the scan parame- 
ters shown in Table I. The intensities of 
three standard reflections were monitored 
every hour and indicated no crystal decay. 
Data for the other compounds were mea- 
sured in a similar fashion. 

For Ni2A1BOS, the systematic absences 
were consistent with the space groups 
Pbam and Pba2,. Pbam was chosen and 
confirmed by the results of the refinement. 
The data were corrected for Lorentz and 
polarization effects, and an empirical ab- 
sorption correction applied (15). The solu- 
tion of Schwab and Bertaut was used as a 
starting model for the least-squares refine- 
ment (7). The occupancies of the metal 
sites were included in the refinement, with 
the overall stoichiometry constrained to 
give a Ni : Al ratio of 2 : 1 and with all of the 
metal sites fully occupied. The refinement 
converged, using unit weights, with an R- 
value of 4.46%. Application of a modified 
three-term Chebyschev polynomial weight- 
ing scheme (16) (which downweighted the 
211, 002, and 162 reflections) followed by 
final refinement of positional parameters, 
anisotropic temperature factors, con- 
strained metal site occupancies, and an ex- 
tinction parameter converged to give a final 
R-factor of 4.07%. The results are summa- 
rized in Table I, with final fractional atomic 
coordinates, occupation numbers, and an- 
isotropic temperature factors presented in 
Table II, and selected distances and angles 
listed in Table V. The computer programs 
RC85 (17) and CRYSTALS (18) were used 
throughout. Neutral atom-scattering fac- 
tors were taken from Ref. (19). Structural 
diagrams were drawn with CHEM-X (20). 

The data collection and reduction for 
Co2.rA10.9B05 were treated in a similar fash- 
ion. During the refinement the metal sites 
were constrained to full occupancy, but no 
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TABLE I 
DATA COLLECTION ANDREFINEMENTPARAMETERS 
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Empirical formula 
Formula weight 
Crystal size (mm) 
Crystal system 
Space group 
a (4 
b (A) 
c c“b 
P (“I 
v (A’) 

D, (g cm-‘) 
FWY 
X-radiation 
h (4 
Linear abs. coefficient (cm-i) 
13 range (“) 
o-scan width (“) 
Scan speed range (” mini) 
Total data 
Total unique data 
Observed data, (Z > 3a(Z)) 
Data collected 
Merging R 
Abs. correction range 
No. of refined parameters 
Weights (16) 
Extinction parameter 
Final shift/error 
Max. residual electron density (e k3) 
Final R, R, 

NizAIBOS Cow% 3% 
235.17 238.85 
0.03 x 0.05 x 0.80 0.02 x 0.02 x 0.18 
Orthorhombic Orthorhombic 
Pbam Pbam 
12.013(l) 12.010(2) 
9.111(l) 9.197(2) 
2.942(l) 2.993(l) 
90 90 
322.0 330.6 
4 4 
4.851 4.799 
456 448 
CuKol MoKa 
1.5418 0.71069 
164.8 106.4 
1-75 l-30 
0.9 + 0.15 tan f3 0.8 + 0.35 tan 8 
0.8-6.7 0.5-5.0 
974 936 
398 559 
381 427 
-3,15 -3,ll -1,3 -1,16 -1,12 -1,4 
1.87 5.00 
1.34-1.97 1.00-1.85 
62 61 
10.24, 0.41, 7.49 2.48, 1.87, 1.83 
8.8(8) - 
0.004 0.0005 
0.64 2.2 
4.07, 4.49 4.44, 4.85 

CuzAIBOS 
244.88 
0.05 x 0.05 x 0.40 
Monoclinic 
P2,ia 
9.365( 1) 
11.778(2) 
3.072(2) 
97.71(2) 
335.8 
4 
4.844 
464 
MOKIY 
0.71069 
128.6 
l-30 
0.9 + 0.35 tan 0 
1.0-5.0 
1667 
935 
708 
-13,13 -1,16 -I,4 
7.12 
1.00-1.51 
77 
2.11, 0.75, 1.45 
W) 
0.0035 
2.0 
4.59, 5.83 

restraints to the total Co : Al ratio were ap- 
plied. After application of a polynomial 
weighting scheme (which downweighted 
the 16,0,0 reflection) the refinement con- 
verged to a final R-factor of 4.44% (Table 
I). An extinction correction was not 
needed. Fractional atomic coordinates, oc- 
cupation numbers, and anisotropic temper- 
ature factors are listed in Table III, and se- 
lected distances and angles are presented in 
Table VI. 

For CuzAIBOS the systematic absences 
were consistent with the space group P2,/ 
a. The structure was solved by Patterson 
and difference Fourier techniques. The em- 

pirical absorption program DIFABS (21) 
was used, as initial attempts to refine the 
anisotropic temperature factors led to non- 
positive definite ellipses. Final refinement 
of the fractional atomic coordinates, aniso- 
tropic temperature factors, constrained 
metal site occupancies (as per the nickel 
compound), and an extinction parameter 
converged to give an R-value of 4.55%. The 
results are summarized in Table I, with final 
fractional atomic coordinates, occupation 
numbers, and anisotropic temperature fac- 
tors presented in Table IV. Selected dis- 
tances and angles listed in Table VII. 

Madelung calculations were performed 
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TABLE II 
ATOMIC PARAMETERS FOR Ni2AlBOSa 

Atom *la y/b 

Ni(l) 0.2805q6) -0.00198(7) 0.5OOCQ 0.890(4) 

‘w) 0.28050(6) -0.00198(7) 0.5rmoo 0.1 lO(4) 
Ni(Z) O.OOOOU O.OCQCQ 0.5GihM 0.852(4) 

.w) O.OOOOO O.OOOCHl 0.5woo 0.148(4) 
Ni(3) O.OOOOO 0.5OQOiJ O.OlBOO 0.65X4) 

AK3) O.OCMUl 0.5oocm O.OOQOO 0.348(4) 
Ni(4) 0.1143q8) 0.2373(l) O.OOOW 0.358(4) 

AK4) 0.1143q8) 0.2373(l) O.OOOOO 0.64X4) 

B(l) 0.361q4) 0.2727(6) O.OOOOO 
o(l) 0.4591(2) 0.3485(3) 030000 
o(2) 0.1433(2) 0.1102(4) 0.5ooim 

O(3) 0.361q2) 0.1204(4) O.Ol3000 
O(4) 0.0748(3) 0.3829(3), 0.5oooo 
O(5) 0.2602(2) 0.3444(3) O.OOOQO 

M(1) O.oo63(5) O.OO85(6) 0.0078(6) 0 0 0.c0o4(2) 
M(2) O.o061(7) O.o068(7) O.oo77(8) 0 0 -O.OOO2(3) 
M(3) O.oo71(7) O.OlO6(8) 0.0075(S) 0 0 -O.c0o3(4) 
M(4) 0.0073(6) 0.0074(6) 0.0069(6) 0 0 -O.oLlo7(4) 
B(1) O.OO94@3) O.OO88(24) 0.007q24) 0 0 -O.cGa9(15) 
O(1) O.OO84(14) 0.0126(15) 0.0118(15) 0 0 -O.c012(12) 
O(2) O.OOW6) O.OO91(17) 0.0166(19) 0 0 0.cn3Lw10) 
O(3) 0.0102(16) O.W97(17) 0.0117(17) 0 0 -0.ooo1(10) 
O(4) O.OO96(14) 0.0098(14) 0.033X20) 0 0 0.oooo(11) 
O(5) O.o087(13) 0.01~14) 0.0116(13) 0 0 -0.ooo1(12) 

a Anisotropic temperature factors are of the form exp[-2d(Ullh* 
a** + + 2U,2hka*b* + .)I. 

using MADELUNG, a locally written com- 
puter program which uses the method of 
van Go01 and Picken (22). 

Results and Discussion 

We have established a program to syn- 
thesize new ternary transition metal bo- 
rates and examine their properties. Flux 
methods were explored to facilitate the iso- 
lation of single crystals. Borax was chosen, 
as it is known to be an excellent medium for 
the growth of crystals and would also give a 
ready supply of both sodium and borate 
ions. Analytical electron microscopy 
results indicated that the initial reactions 
with NiO or CuO led to the synthesis of 
aluminoborates, with the alumina boat act- 
ing as the source of aluminium cations. The 
reaction with Co304 was performed with 

added aluminium oxide, and qualitatively 
appeared to give an increased yield of prod- 
uct. We did not observe any evidence for 
sodium incorporation into any of the crys- 
talline products. 

Analytical electron microscopy was per- 
formed for all of the compounds. For 
Ni2AlB05, the analysis of several crystal- 
lites led to a calculated Ni : Al ratio of 
2.2(2) : 1. For CO~.~A~~.~BO~ the value was 
2.8(3): 0.9 and for Cu2AlB05 it was 
2.3(2) : 1. The values all agree reasonably 
well with the true stoichiometries, but are 
consistently high and have rather large esti- 
mated standard deviations. A possible rea- 
son for this is the fluorescence of the alu- 
minium K, line by the metal Kp lines. 

The nickel and cobalt compounds crys- 
tallize with the ludwigite structure (Fig. 1) 
in which there are four crystallographically 

TABLE III 
ATOMIC PARAMETERS FOR CO~.,A~~.~BO~~ 

Atom da y/b z/c Fractional occ. 

Co(l) 0.27811(7) -0.00239(7) 0.5oooo 0.850(14) 
Al(l) 0.2781 l(7) -0.00239(7) 0.5oQoo o.lsql4) 
cm O.OOOW O.OlXlOO 0.5ooDo 0.788(10) 
‘4w O.OOQOO O.OCHXM OSOOW 0.212(10) 
Co(3) O.OOOOO 0.5oocnl 0.00000 0.592(10) 
AK3) 0.09000 0.5ooKl O.OOOOO 0.408(10) 
W4) 0.11365(7) 0.23879(9) 0.00000 0.544(13) 
AK4) 0.11365(7) 0.23879(9) O.OlXQO 0.456(13) 
B(l) 0.3609(4) 0.2699(7) O.OOOOO 
O(1) 0.4594(3) 0.3468(4) O.OOOKl 
W) 0.1246(3) 0.1108(4) OSOOW 
o(3) 0.3632(3) 0.1210(4) O.wooO 
O(4) 0.0744(4) 0.3857(4) 0.5oQca 
o(5) 0.2605(3) 0.3405(4) O.OiWOO 

Atom UII u22 u33 u23 UI3 u12 

M(l) 0.0108(5) OJJO20(4) 0.0051(4) 0 o O.OCQ8(2) 
M(2) 0.0107(7) O.OOO5(6) O.OO48(6) 0 0 -O.ooos(3) 
M(3) O.OO9OC7) 0.0025(7) 0.0050(7) 0 0 O.W3) 
M(4) 0.0113(5) O.o015(5) O.oo45(5) 0 0 -0.0016(3) 
B(1) 0.0137(26) 0.0102(29) 0.0017(22) 0 o -0.0019(17) 
00) 0.018%20) 0.0113(20) 0.0115(19) o o -0.0033(14) 
o(2) O.OO93U8) 0.013q22) 0.0205(22) 0 0 -0.oao2(11) 
O(3) O.O168(20) O.oo69(19) 0.0146(20) 0 0 o.oo1qlo) 
o(4) 0.0202(19) 0.0013(19) 0X1467(27) 0 0 -0.ooo9(12) 
‘X5) 0.017808) O.Olll(18) 0.0113(19) 0 o O.oo40113) 

’ Anisotropic temperature factors are of the form exp[-2pqu,,h2 
ae2 + + 2U,,hkdb* + .)I. 
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TABLE IV 

ATOMX PARAMETERS FOR Cu2AlBOSa 

Atom 
- 

xla y/b z/c Fractional occ. 

Cu(l) -0.00718(9) 0.28012(7) 0.0403(3) 0.960(6) 
Al(l) -0.00718(9) 0.28012(7) 0.0403(3) 0.040(6) 
cw 0.00000 0.00000 0.00000 0.925(8) 
A@) O.OOOOO 0.00000 0.00000 0.075(S) 
Cu(3) O.OOOOO 0.50000 0.50000 0.41 l(8) 
AK3) o.ooooo 0.50000 0.50000 0.589(8) 
Cu(4) -0.2307(l) -0.1165(l) -0.5714(4) 0.372(7) 
AK4) -0.2307(l) -0.1165(l) -0.5714(4) 0.628(7) 
B(l) 0.2347(8) -0.1359(6) 0.4649(26) 
O(1) 0.1055(6) 0.1438(4) 0.0408(19) 
O(2) 0.1573(5) -0.0383(4) 0.4829(15) 
O(3) 0.1167(5) 0.3671(4) 0.5048(16) 
O(4) -0.1134(g) 0.4252(6) 0.0020(35) 
O(5) -0.1689(5) 0.2394(4) -0.4135(16) 

Atom u11 62 u33 u23 u13 Ul2 

M(1) 0.0074(4) 0.0070(5) 0.0086(4) -0.0010(3) 0.0002(3) 0.0006(3) 
M(2) 0.0054(6) 0.0074(6) 0.0060(6) 0.0001(4) 0.0013(4) -0.0018(4) 
M(3) 0.0068(9) 0.0079(9) 0.0069(9) -0.0011(5) 0.0029(6) O.oooo(5) 
M(4) 0.0064(6) 0.0067(6) 0.0068(7) 0.0009(4) 0.0009(4) -0.0011(4) 
B(1) 0.0057(29) 0.0063(28) 0.0122(31) -0.0002(22) 0.001 l(24) 0.0017(23) 
O(1) 0.0180(25) 0.0094(22) 0.0195(26) 0.0006(18) -0.0063(21) -0.0048(18) 
O(2) 0.0124(21) 0.0072(20) 0.0107(20) 0.0019(16) 0.0024(17) 0.0023(17) 
O(3) 0.0098(21) 0.0124(21) 0.0105(22) 0.0004(16) 0.0007(17) -0.0013(16) 
O(4) 0.0329(40) 0.0140(29) 0.111 l(77) -0.0304(37) -0.0526(48) 0.0151(28) 
O(5) 0.0108(21) 0.0073(20) 0.0139(24) -0.0033(16) 0.0008(17) -0.0030(17) 

a Anisotropic temperature factors are of the form exp[-2P2(U,,h2a*2 + . . + 2U&a* 
b* + . .)I. 

distinct metal sites. Each of these positions 
contains a mixture of transition metal and 
aluminium ions in slightly distorted octahe- 
dral coordination (Tables V and VI). All of 
the atoms have integral or half-integral z- 
coordinates. This leads to a lamellar net- 
work of metal-oxygen octahedra that can 
be easily visualized by considering two dif- 
ferent &planes. The metal-oxygen poly- 
hedra centered at z = 0 exist as units of 
three edge-sharing octahedra linked by tri- 
gonal B03 groups to form an infinite two- 
dimensional network (Fig. 2). The second 
layer, centered at z = t, is composed of 
discrete groups of three corner-sharing 

metal-oxygen octahedra (Fig. 3). These 
two slabs are joined together by the sharing 
of oxygen atoms to give the three-dimen- 
sional structure, with the octahedra be- 
tween these two planes sharing both cor- 
ners and edges. 

The structure of Cu2A1B05 is related to 
the other two by a monoclinic distortion of 
approximately 8”. This is most easily seen 
by comparing a view of the structures of the 
nickel and copper compounds (Fig. 4). An 
examination of the metal coordination envi- 
ronments (Table VII) in this structure re- 
veals large deviations from octahedral sym- 
metry. These are responsible for lowering 
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A 
FIG. 1. A view of the structure of Ni2AIBOS approximately along the c-axis, showing the atomic 

labeling. 

the symmetry of the Bravais lattice, and 
can be explained by a Jahn-Teller distor- 
tion caused by the presence of copper(I1). 
For sites 1 and 2, the coordination is best 
described as [4 + 21, with the axial M-O 
bonds approximately 20% longer than the 
equatorial bonds. Sites 3 and 4 have more 
regular coordination, although for M(4) the 
coordination appears to be nearly square 
pyramidal, with a sixth oxygen atom ap- 
proximately 0.5 A further away. This oxy- 
gen atom, O(4), has an anomalously high 
temperature factor, possibly indicating dis- 
order over two sites. Attempts to model 
this situation, however, failed. 

There are four metal sites in each of these 
structures, and all of them contain different 
amounts of transition metal and aluminum 
atoms (Tables II-IV). The occupations 

consistently fall into two groups. The first 
two sites in each compound have the great- 
est amount of divalent metal, 79-96%, 
while positions 3 and 4 have significantly 
less. For the nickel and cobalt phases, the 
effect of this change in W+ : AP+ ratio is a 
reduction of the site atomic radii with de- 
creasing divalent metal content. This leads 
to a linear reduction of the average M-O 
bond length (Tables V and VI) with alumin- 
ium content. For the copper compound, the 
situation is complicated by the observed 
Jahn-Teller distortions. However, it is 
clear that sites 1 and 2 have a typical cop- 
per(U) environment, i.e., [4 + 21, while 
sites 3 and 4 are midway between [4 + 21 
and octahedral coordination. 

Thus all three compounds display an in- 
teresting disorder of divalent and trivalent 
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FIG. 2. A view of the polyhedra centered at z = 0 for Ni2AlB05. 

atoms over the four metal sites. A common 
feature is the preferential occupation of po- 
sitions 1 and 2 by the divalent metal atoms. 

A qualitative picture of why this occurs can 
be drawn by a closer inspection of the oxy- 
gen atoms. Metal sites 1 and 2 sit in the 

- 

FIG. 3. A view of the polyhedra centered at z = & for Ni,AlB05. 



TABLE V 

SELECTED DISTANCES (A) AND ANGLES (“) 
FOR Ni2AIBOS 

M(l)-O(2) 1.939(3) O(3)-M(l)-O(2) 2 x 96.5(l) 

M(WO(3) 2 x 2.0&l(2) O(3)-M(l)-o(3) 89.8( 1 f 
M(l)-of41 2.030(3) O(4)-M(lbo(2) 179.3(l) 
M(lbO(5) 2 x 2.089(2) 0(4)-M(l)-O(3) 2 x 83.0(l) 

0(5bM(lb0(2) 2 x 98.9(l) 
a”erage = 2.052 O(S)-M(i)-O(3) 2 x 88.27(9) 

o(s)-M(l)-ot3t 2 x 164.7(l) 
O(5)-M(I)-.0(4) 2x X1.6(1) 
O(5)-M(l)-O(5) 89.6( 1) 

4 x 2.07612) O(l)-M(2)-O(1) 2 x 90.2(l) 
2 x 1.993(3) O(IbM(2)-O(1) 2 x 89.8(l) 

O(l)-M(Z)-O(1) 2 x 180.00 
average = 2.048 O(2)-~(2)-~1) 4 x 97.5(i) 

O(2)-M(Z)-O(1) 4 x 82.511) 
O(2)-M(Z)-O(2) 180.00 

M(3bOf3) 2 x 1.997(31 0(3b‘w3-0(3) 180.00 
M(3)-O(4) 4 x X027(2) O(4)-M(3)-O(3) 4 x 85.311) 

O(4)-M(3)-O(3) 4 x 94.7(l) 
average = 2.017 O(4)-M(3)-O(4) 2 x 93.1(l) 

q4)-~(3)-0(4) 2 x 86.9tl) 
O(4)-M(3)-O(4) 2 x 180.00 

M(4bOfl) 2.021(3) O(2)-M(4)-O( I) 2 x 86.2(l) 
~(4)-o(2) 2 x 1.905(2) ot2)-~(4)-q2) 101. I(21 
M(4)-O(4) 2 x 2.037(2) O(4)-M(4)-O(1) 2 x 92.1(l) 

M(4)-O(5) 2sxw3) O(4)-M(4)-O(2) 2 x 83.2(l) 
0(4bM(41-O(2) 2 x 175.311) 

werage = 1.985 0(5)-~(4)-ql) 173.7(l) 
0(5)-&4(4)-O(2) 2 x 97.8(l) 
O(4)-M(4)-O(4) 92.5(l) 
0(5fi‘w4)-O(4) 2 x 83.2(1) 

B(I)-O(1) 1.366(5) O(3)-B(l)-O(1) 120.4(4) 
B(lbO(3) 1.388(6) O(S)-B(l)-O(l) 121.3(5) 
B(WO(5) 1.376@ O(S)-B(l)-O(3) 1 t8.3(4) 

nonborate layer and have four of six oxy- 
gen atoms from borate groups above and 
below this plane. For sites 3 and 4, only two 
of the four oxygen atoms are from borate 
groups. If one considers the covalency of 
B-O bonds, then each borate oxygen atom 
can be considered closer to O- than to 02-. 
Thus one would anticipate placing the diva- 
lent cation on the sites of lower charge, i.e., 
sites 1 and 2. 

Another impo~ant aspect that affects the 
site potentials is the connectivity of the oc- 
tahedra. In complicated structures, these 
effects are most easily estimated by per- 
forming Madelung calculations. Assuming 
a random charge dist~bution of +2.33 on 
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each site, to avoid biasing the results, the 
calculations clearly show that sites 1 and 2 
have less negative potentials than 3 and 4 
(Table VIII). We would thus expect them to 
contain more of the divalent cations, again 
corroborating the experimental observa- 
tions . 

This pattern of partial ordering contrasts 
sharply with the results for ludwigite (5), 
where three sites are reported to contain 
only m~nesium(I1) ions and one site 
iron(II1) ions. Our results for Ni2AlBOS also 
contradict an earlier report (7) where ran- 
dom distribution of the metals was as- 
sumed. As the fractional atomic coordi- 
nates for these two determinations are 

TABLE VI 

SELECTED DISTANCES (A) AND ANGLES (“) 
FOR CO*.,A~.~BO~ 

M(lPm 
M(lFO(3) 
Mm-WI 
Mu)-ot5) 

1.932(4) 
2 X 2.139(3) 

2.@49(4) 
2 x 2.131(3) 

M(2botll 4 x 2.113(3) 
.wwx2) 2 x 1.993(3) 

O(3)-M(l)-O(2) 2 x 96.7(l) 
O(3)-M(l)-O(3) 88.8(l) 
0(4)-~(1~~2) 177.6(2) 
O(4)-M(i)-O(3) 2 x 81.6(l) 
O(5)-M(l)-O(2) 2 x lGa.5(1) 
O(5)-M(l)-O(3) 2 x 88,4(l) 
wbMt1)-0~31 2 x 162.8(2) 
O(S)-M(l)-O(4) 2 x 81.2(l) 
0(5bM(l)-O(5) 89.2(l) 

average = 2.073 

M(3bOQ) 2 x 1.984(3) 
M(3)-0(4) 4 x X036(3) 

average = 2.019 

O(lbM(2)-00) 2 x 90.2(l) 
O(il-M(2)-O(1) 2 x 89.8(l) 
O(l)-MWO(1) 2 x 180.0 
0(21-~(2)-ql) 4 x 98.20) 
O(2)-M(Z)-O(1) 4 x 81.8(l) 
O(2)-M(2)-O(2) 180.00 

M(4)-O(1) 
H(4~2) 

2.01314) 
2 x 1.936(3) 

0(3b-M(3)-ot3) 180.00 
O(4)-SW-O(~) 4 x 85.8(l) 
O(4)-M(3)-O(3) 4 x 94.2(l) 
O(4)-kf(3&0(4) 2 x 94.6(2) 
O(4)-~(3)-O(4) 2 x 8X4(2) 
0(4bW3bO(4) 2 x 180.00 

M(4)-0(4f 
MWWSI 

2 x 2.070(3) 
1.997(4) 

awmgFz = 2.004 

WWOW 
8(1)-O(3) 
W&W) 

1.378(6) 
1.370(7) 
I .369(7) 

0(2)-M(4)-O(l) 2 x &x9(1) 
q2)-~(4)-0(2) 101.3(2) 
O(4)-M(4)-O(1) 2 x 92.6(l) 
ow-MW(Y21 2 x 83.0(I) 
O(4)-M(4)-O(2) 2 x 175.3(l) 
ot5)-~(4~qi) 175.1(i) 
0mM(41-0(21 2 x 97.211) 
O(4)-M(4)-O(4) 92.6(l) 
w%w@-0f4) 2 x 84.q1> 

O(3)-8(1)-O(l) 119.7(5) 
O(S)-8(1)-O(l) 120.8(S) 
0(3-8(1w3t31 119.5(4) 



TABLE VII 

SELECTED DISTANCES (8) AND ANGLES (“) FOR Cu2AiB05 

M(1b0(1) 
M(lMX3) 
~(1)-0(3) 
M 1)-O(4) 
Mt1Fm 
M(lkot5~ 

Mcw3(1) 
W2W(2) 
M(2)-O(2) 

M(3)-O(3) 
M(3)-O(4) 
M(3)-O(4) 

~(4)-O(l) 
~(4)-0(2) 
~(4)-0(4) 
M(4&0(5) 
M(4)-O(4) 
M(4)-O(5) 

W-W) 
B(lkO(3) 
B(l)-O(5) 

1.921(5) 
2.370(5) 
1.997(5) 
1.973(6) 
1.975(5) 
2.45315) 

2 x 1.956(5) 
2 x 1.997(5) 
2 x 2.350(S) 

2 x 1.908(S) 
2 x 1.951(7) 
2 x 2.17(l) 

2.003(6) 
1.903(S) 
1.955(S) 
1.899(6) 
2.47(l) 
1.937(S) 

1.364(8) 
1.382(8) 
1.366(B) 

O(3)-M(l)-O(1) 
O(3)-I-O(3) 
O(4)-I-O(3) 
O(S)-~(l~-O(l) 
O(5)-M( 1 )-O(3) 
O(5)-M(l)-O(1) 
O(S)-M( 1)-O(3) 
O(S)-M(l)-O(5) 

92.4(2) 
89.0(2) 
82.7(4) 
99.6(2) 

161.1(2) 
103.0(Z) 

87.9(2) 
87.2(2) 

O(l)-M(Z)-O(1) 
O(2)-M(2)-O(1) 
O(2)-M(2)-O( 1) 
O(2)-M(2)-O(2) 

180.00 
2 x 98.5(2) 
2 x 99.7(2) 
2 x 90.5(2) 

O(3)-M(3)-O(3) 
O(4)-M(3)-O(3) 
O(4)-M(3)-O(3) 
O(4)-M(3)-O(4) 

180.00 
2 x 96.5(2) 
2 x 90.2(2) 
2 x 83.8(2) 

O(l)-~(4)-O(1) 103.7(3) 
O(2)-~(4)-O(l) 92.7(2) 
0(4~-~(4)-O(l) 165.5(4] 
O(4)-~(4)-O(1) 177.7(2) 
O(4)-M(4)-O(2) 86.9(2) 
O(S)-M(4)-O(1) 99.9(2) 
O(S)-M(4)-O(2) 168.7(2) 
O(5)-M(4)-O(4) 82.0(2) 

O(3)-B(l)-O(2) 
O(S)-B(l)-O(2) 
O(5)-B(l)-O(3) 

120.7(6) 
121.5(6) 
117.8(6) 

O(3)-M(l)-O(1) 
0(4~-~(1)-0(1) 
0(4)-M{ 1 )-O(3) 
O(5)-M(l)-O(3) 
O(5)-M( 1)-O(4) 
0(.5)-q 1)-O(3) 
O(5)-M(l)-O(4) 

O(2)-M(2)-O(1) 
O(2)-M(2)-O(1) 
O(2)-M(2)-O(2) 
O(2)-M(2)-O(2) 

O(4)-M(3)-O(3) 
O(4)-M(3)-O(3) 
O(4)-M(3)-O(4) 
0(4)-%(3)-O(4) 

O(2)-~(4)-O(1) 
O(4)-~(4)-O(1) 
O(4)-~(4)-O(2) 
O(4)-~(4)-0( 1) 
O(4)-M(4)-O(4) 
O(5)-M(4)-O(1) 
O(5)-M(4)-O(4) 

99.3(2) 
175.1(4) 

80.7(2) 
90.9m 
80.5(2) 

K&6(2) 
81.8(4) 

2 x 81.5(2) 
2 x 80.3(2) 
2 x 89.5(2) 
2 x 180.00 

2 x 83.5(2) 
2 x 89.8(2) 
2 x 96.2(3) 
2 x 180.00 

91.2(2) 
90.5(4) 
94.5(2) 
77.4(2) 
8X.3(3) 
96.6(2) 
83.4(2) 

TABLE VIII 

MADELUNG RESULTS 

Site 
Nom&a1 

charge 
Calcuiated 

site potential 
% Al 

(expe~ment~) 

NizAIBOS 
M(1) 2.33 -2.18 11.0 
M(2) 2.33 -2.17 14.8 
M(3) 2.33 -2.29 34.8 
M(4) 2.33 -2.37 64.2 

Com%~BOs 
M(l) 2.33 -2.18 15 
M(2) 2.33 -2.17 21 
M(3) 2.33 -2.29 41 
M(4) 2.33 -2.37 46 

CuzAIBOs 
M(1) 2.33 -2.04 4.0 
m3 2.33 -1.99 7.5 
M(3) 2.33 -2.27 58.9 
M(4) 2.33 -2.23 62.8 FIG. 4. Comparative views of Ni2A1BOI, (top) and 

CutAIBOs (~ttom). 
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similar, our significantly lower agreement HAM, AND A. ZALKIN, J. Appl. Phys. 62, 1968 

factor, 4 vs 17%, indicates our model is (1987). 

much more accurate. It is also interesting to 5. Y. TAKEUCHI, T. WATANABE, AND T. ITO, Acta 

note that reports for the related materials 
Crystallogr. 3, 98 (1950). 

NiSMB201,, (M = Ti (8, ZO), Zr, and Ge 
6. E. F. BERTALJT, Acta Ctystallogr. 3, 473 (1950). 
7. A. M. SCHWAB AND E. F. BERTAUT, Bull. Sot. 

(II)) show that these compounds exhibit 
metal disorder on only one site. 

Although both covalent and ionic consid- 
erations point to the observed pattern of 
metal site preference, neither method quan- 
titatively predicts the experimental results 
nor the observed differences from com- 
pound to compound. Further work is in 
progress to better understand the site pref- 
erence of metals in these and other mixed- 
metal borate systems. 
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