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The structure of Mo0.9,JTi0.0zs02 has been refined from single-crystal X-ray data at room temperature, 
300, 500,700, and 900°C. The variation of the lattice parameters as a function of temperature has been 
measured up to 1100°C. The existence of the MO-MO bonds of second order across the shared 
octahedral edge is confirmed. The bond strength-bond length method of Zachariasen gives the correct 
valence for the cations, but yields 2.168 for O( 1) and 1.832 for O(2). These unreal charges are attributed 
to the presence of the MO-MO double bonds. The same calculation applied to the isostructural VOr 
gives the correct valences for all atoms. The structure of MO 0.97STi0 02502 remains almost unchanged up 
to 900°C. The observed small variations indicate that at a temperature higher than 1 IOO”C, 
Mo~~,~T~,,~~~O~ should undergo a phase transition where the double bonds would become either single 
or be broken completely, in which case the tetragonal rutile structure would be obtained. o 1~85 

Academic Press, Inc. 

Introduction 

At room temperature Mo02, a metallic 
conductor ($298 x = 10m4 fl cm) and a weak 
paramagnet, is isostructural with the insu- 
lating phase of VOz, which is monoclinic 
(P21/c space group) and has a t-utile-like ar- 
rangement. The distortion from the tetrago- 
nal symmetry of r-utile arises from the M-M 
pairs which are formed along the c 
pseudorutile axis. The insulating properties 

of monoclinic V02 are interpreted in terms 
of these homopolar metal bonds. At the 
70°C metal-insulator transition the struc- 
ture transforms to that of tetragonal t-utile 
with evenly spaced V cation chains and 
consequently the V-V pairs are broken. 

With one more d electron per cation site 
than VOz, MoOz has one electron available 
for M-M u bonding as VOz, and an addi- 
tional one to partially fill the M-O 7~* band 
(the conduction band) (1). This model 
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why the MO-MO separation within the pairs 
is much shorter than expected. As pointed 
out by Marinder and Magneli (3) the Mo- 
MO distances across the shared edges cor- 
respond to the formation of higher-order 
bonds. By applying Cotton’s empirical cor- 
relation of metal-metal distances vs bond 
order (4), Rogers et al. (5) concluded that 
the MO-MO distance (2.510 A) observed for 
MOO;! is considerably closer to that ex- 
pected for a bond order of 2. The same 
result is obtained by applying the empirical 
relationship suggested by Pauling: d2 - dl 
= 0.33 ln(nJn3, where d is the bond dis- 
tance and n the bond order (6). The differ- 
ence between the ionic radii of Mo4+ and 
V4+ can be estimated at about 0.07 A. The 
MO-MO separation corresponding to a 
bond order of 1, can be calculated from the 
V-V distance found in VOZ (2.619 A), at 
2.76 A. The difference (2.76 - 2.51 = 0.25 
A) yields nl = 2.1 n2, which indicates that 
the order of the M-M bonds doubles on 
going from VOZ to Mo02. To explain the 
electrical conductivity and the double Mo- 
MO bonds, Rogers et al. (5) suggested that 
for MoOz both cr and 7r metal-metal bond- 
ing levels are occupied and that the M-M w  
interactions have considerable ligand char- 
acter. As in the Goodenough’s model the 
partial filling of the (M-0)~ band is respon- 
sible for the electric conductivity. 

In order to clarify the unusual behavior 
of Moo2 with respect to the other dioxides 
having the rutile arrangement, we under- 
took precise structural refinements as a 
function of temperature. Single-crystal X- 
ray diffraction intensity data have been col- 
lected at 24, 300, 700, and 900°C. The lat- 
tice parameters have been measured every 
20°C from room temperature to 1100°C. 
Since all single crystals of pure MOO* 
where found to be twinned, these studies 
have been carried out on Ti-doped MoOI. 
Twinning was not investigated in detail, 
however, it can be stated qualitatively that 
the impurity had the effect to change the 

twinning obliquity and some untwinned 
crystals were found in each preparation. 
The incorporation of the Ti4+ cations, hav- 
ing the 3d0 configuration reduced the elec- 
tric conductivity, for example, a decrease 
of about 10% was obtained for a sample 
containing 2.5% of titanium. 

Experimental 

The crystal growth technique has been 
described elsewhere (7). A fractured single 
crystal of Mo0.s2STi0.02502, shown to be un- 
twinned by precession photographs taken 
with filtered MoKa radiation, was ground 
into a sphere of 0.18 mm in diameter. The 
P2,lc space group was confirmed as the pre- 
cession photographs showed the systematic 
absences: h01 with 1 f 2n and Ok0 with k # 
2n. The sphere was then mounted on a Phil- 
ips four-circle diffractometer. A hot gas 
(N2) blower was used to obtain the high 
temperatures. This attachment is described 
in detail in Ref. (8). The experimental pro- 
cedure for the intensity data collection is 
given in Table I. The Lorentz, polarization, 
and absorption (E.LR = 0.82) corrections 
were applied in order to obtain the struc- 
ture factors. 

The lattice parameters were determined 
by the use of the same sphere used for the 
intensity data collections. The 19 angles of 
25 independent reflections taken in the 8 
region where the ai/c~ doublets are fully 
separated, were measured every 25 degrees 
from room temperature up to 1100°C. At 
room temperature the least-squares refine- 
ment yielded the following values: a = 
5.609(l), b = 4.860(l), c = 5.628(l) A, and 
/3 = 120.94(l)“. They are to be compared 
with those published for pure Moo2 by 
Brandt and Skapski (9): a = 2.6109(8), b = 
4.8562(6), c = 5.6285(7) A, and /3 = 
120.95(l). These values were determined 
by the use of a Guinier camera, Cuba! radi- 
ation, and an internal standard (KCl). The 
agreement is good for a, c, and /3, however, 
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TABLE I 

EXPERIMENTAL PROCEDURE 

Wavelength Graphite monochromated MO& 
Scan mode w scan; SMO 2” and BMO 2” 
Scan width (1.60 + 0.15 tn 0) 
Scan speed 0. I”lsec 

R.T. 300°C 500°C 700°C 900°C 

Number of scans 2 I I I I 
All reflections in 3-48 3-38 3-38 3-38 3-38 

the 0 range (“) 
were measured 

Number of reflections 
measured 4403 2577 2453 2438 2425 

Number of reflections 
used in the refinement 685 354 362 395 362 

R 0.020 0.021 0.021 0.021 0.024 
wR 0.024 0.024 0.023 0.025 0.028 

” Code used in the user’s manual for the Philips diffractometer. 

the b parameters differ by l/1200. The val- 
ues of the lattice parameters and of the unit 
cell volume as a function of temperature are 
reported in Fig. 1. 

The structural refinement were carried 
out with the Enraf-Nonius SDP system. 

. . . . ..- 
5.64 

Ci) 5,62 

5.6 0 

The&curves for neutral atoms (the 2.5% Ti 
was not taken into account) and the coeffi- 
cients of the anomalous dispersion correc- 
tion for MO, were taken from the Interna- 
tional Tables for X-Ray Crystallography. 
The weighting scheme (w = l/u (F*)) was 

4.6 7 
4.66 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..b 

I 
100 200 300 400 500 600 700 600 900 1000 llOOT(tj 

FIG. I. Lattice parameters and unit cell volume as a function of temperature. 
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TABLE II 

POSITIONALANDTHERMAL PARAMETERS 

x Y Z u, la U22' 63" Ul2” U,P Ud 

MO .23 167(2) -.00802(2) .01646(2) 25.2(3) 26.8(3) 23.8(3) - 1.3(2) 13.8(2) -1.8(2) 
R.T. O(l) .1109(2) .2165(2) .2236(2) 44(2) 52(2) 46(2) -11(2) 26(l) -22(2) 

O(2) .391 l(2) .6970(2) 2993(2) W2) W2) 4769 10(2) 24(l) 2W) 

1 

MO .23190(3) -.00806(2) .01623(3) 49.1(7) 48.5(6) 45.0(7) -1.6(3) 3.7(3) -3.7(3) 
300°C O(1) .1109(3) .2167(3) .2329(3) 73(4) W4 8T4 W) 4W) 41(3) 

O(2) .3915(3) .6973(3) .2997(3) 71(4) W4 WV 2’W) Q(3) 3W) 

1 

MO .23212(3) -.00815(3) .01616(3) 63.0(7) 61.4(6) 60.4(7) -2.6(4) 30.9(6) -4.2(4) 
500°C O(1) .1110(3) .2171(3) .2329(3) W4) 104(5) 104(4) -23(4) 47(3) -49(4) 

O(2) .3918(3) .6973(3) .2994(3) WV 114(5) lOl(4) 21(4) 53(3) 37(4) 

i 

MO .23231(3) -.00827(3) .01601(3) 77.7(6) 76.1(6) 76.7(6) -2.6(4) 39.2(5) -4.9(4) 
700°C O(1) .1104(3) .2181(3) .2316(3) 118(5) 128(5) 126(5) -26(4) W4 -55(4) 

WV .3927(3) .6984(3) .3003(3) 103(5) 135(5) 127(5) 234 60(4) 43(4) 

.23278(4) -.00826(3) .01602(4) lW1) 960) 72(i) -4.1(3) 31.3(9) -6.3(3) 
.1102(3) .2171(4) .2308(3) 150(5) 162(6) 130(4) -37(4) W4) -77(4) 
.3923(3) .6989(4) .3007(3) 145(5) 171(6) 141(4) W4 77(3) 634) 

n Multiplied by 104. 

that of the SDP system. The starting values 
for the positional and isotropic parameters 
at room temperature were those of Brandt 
and Skapski (9). At the higher tempera- 
tures, the starting values were the final ones 
of the previous temperature. There are four 
formulae per unit cell and all atoms, MO, 
O(l), and O(2), are in the general positions. 
During the last stages of the refinement the 
anisotropic temperature factors were intro- 
duced. The final R and wR values are given 
in Table I. The positional and thermal pa- 
rameters are reported in Table II while the 
interatomic distances and angles are shown 
in Table III (see Fig. 2). The room-tempera- 
ture data are in good agreement with those 
of Brandt and Skapski (9). The only signifi- 
cant improvement is in the standard devia- 
tions . 

Discussion 

As stated above, the departure from the 
t-utile structure of MOO* and VO2 is due to 
the formation of the metal-metal bonds 

across the shared octahedral edges. The in- 
finite cation chains along the pseudorutile 
axis are comprised of alternate short and 
long M-M distances. Although VOz and 
MoOz have the same space group symme- 
try and are thus considered to be isostruc- 
tural, the different electronic configuration 
of V4+ and Mo4+ brings about different 
structural distortions. In forming the V-V 
bonds the V4+ cations move toward each 
other along the pseudorutile c axis and 
twist at the same time in the basal 
pseudorutile plane. In the case of MoOz, 
the paired Mo4+ cations are displaced to- 
ward each other, but their twisting is not as 
large as that of the V4+ cations. At room 
temperature, a V4+ cation is displaced from 
the pseudorutile position of 0.137 A along 
the c axis and of 0.153 A in the xy 
pseudorutile plane. The corresponding dis- 
placements of the Mo4+ cations are 0.149 
and 0.088 A, respectively. 

The octahedral distortion can be defined 
by the standard deviation calculated for the 
six M-O distances and/or by that calcu- 
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FIG. 2. The structural arrangement of monoclinic rutile-like MOO?. The atoms are represented by 
their thermal ellipsoids. The oxygen octahedra around the MO atoms and the MO-MO pairs are 
outlined. The subscripts 1,2,3, and 4 correspond to the positions: xyz; X~?ii; f ,  4 + y, 4 - z; and x, f  - y, 
t + 2. 

lated for the 12 O-O distances. The former 
gives information about the distortion due 
to the cation displacement while the latter 
gives information about the octahedral 
shape. The values for Moo.97sTio.oz502 and 
VOz are given in Table III. The distortion 
coefficients calculated from the M-O dis- 
tances are 0.045 and 0.116 A for Mo0.975 
Ti0.02502 and V02, respectively. These 
values confirm that the Mo4+ cations are 
not displaced from the octahedral centers in 
contrast to the V4+ cations. The distortion 
coefficients calculated from the O-O dis- 
tances are 0.110 8, for Mo0.975Ti0.02502 and 
0.080 A for V02. The oxygen octahedra 
around the Mo4+ cations are more distorted 

than those around the V4+ cations due to 
the rigid MO-MO double bonds. It is worth 
mentioning that the two types of distortion 
coefficient are not independent; in fact, a 
displaced cation causes an imbalance in the 
electrostatic charge and consequently the 
anions move from their positions in order to 
reestablish the balance. 

The individual bond strengths and the 
cation and anion valences are reported in 
Table IV. They have been calculated by 
the use of the Zachariasen formula D(S) = 
D(1) (1 - A In S) where D(S) is the inter- 
atomic distance, s the bond strength, D(1) 
the interatomic distance for unit strength, 
and A a constant (II). The cation (anion) 
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TABLE IV 

BONDSTRENGTH ANDVALENCES 

MOO? 
T 

(“C) O(l), O(i)7 O(f), om O(2), om -=C D(1) 

MO R.T. .689 .748 ,132 ,558 .546 ,728 4.001 I.882 
I& 2.169 1.832 

300 ,689 .746 .730 S60 .547 .727 3.999 1.884 
xs* 2.165 I .834 

500 ,685 ,753 ,124 ,554 .545 ,740 4.001 1.886 
%A 2.162 1.839 

700 .684 .753 ,723 .736 .556 .548 4.ooo 1.888 
%A 2.160 1.840 

900 ,690 ,742 .725 ,740 .561 S42 4.ooo 1.890 
E.sA 2.157 I .843 

vog 
V R.T. 0.794 0.723 0.494 I .089 0.480 0.424 4.004 1.790 

a* 2.01 I I.993 

N Calculated by using the data of Ref. (IO). 

charges have been calculated by summing 
the bond strengths over the anions (cations) 
surrounding each cation (anion). A striking 
feature is that this calculation gives 4.00 for 
the MO cations whereas it gives 2.17 and 
1.83 for the O(1) and O(2), respectively. 
This imbalance indicates that the O(1) are 
strongly overbonded while the O(2) are 
strongly underbonded. The octahedral 
shared edges, across which the MO-MO 
pairs are formed, are comprised of two 
O(l), which may cause the 0( 1) to be over- 
bonded. The same type of calculation ap- 
plied to VOz gives 4.00, 2.01, and 1.99 for 
the charges of the V, O(l), and O(2) atoms, 
respectively. This implies that in this case 
the distortion of the oxygen octahedra fully 
compensates the V-V pair formation. As 
stated above, the oxygen octahedra of 
Moo.97sTio.02s02 are more distorted than 
those of VOZ. However, the distortion is 

not large enough to counterbalance the 
double MO-MO bonds and unrealistic 
charges for the two oxygen anions are ob- 
tained. The bond length-bond strength 
method takes into account only cation-an- 

ion interactions. The fact that it fails to gen- 
erate the proper anion charges for Moo.975 
T&.,m02, can be taken as an indication 
that the MO-MO interactions are of the 
same order of magnitude as the M-O inter- 
actions and therefore they should be taken 
into consideration. These results strongly 
corroborate the assumption that the cation- 
cation bonds in V02 and MoOI do not have 
the same bond order and consequently the 
two compounds should be considered as 
isostructural only from the topological 
point of view. 

The structural refinements at 300, 500, 
700, and 900°C show that the structure of 
Moo.975Ti,,02s02 remains almost unchanged 
up to 900°C. However, some small, but sig- 
nificant variations are observed. While the 
(M-O) distortion coefficient remains con- 
stant, that of the (O-O) distances decreases 
slightly from 0.110 A at room temperature 
to 0.103 A at 900°C. Although the (O-O) 
distortion coefficient decreases, the oxygen 
charge imbalance also decreases with in- 
creasing temperature. The charge of O(1) 
decreases from 2.168 to 2.159 on going from 
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room temperature to 9OO”C, while that of 
O(2) increases from 1.832 to 1.846 between 
the same temperatures. These variations in- 
dicate that at a temperature well above 
900°C Moo.97sTio.a2502 should undergo an 
electronic transition where the double 
bonds should become single or be broken 
completely and the imbalance of the oxy- 
gen charge would disappear. The octahe- 
dral distortion and the oxygen charge im- 
balance decrease simultaneously because 
the increase of the short MO-MO distances 
with increasing temperature is larger than 
the increase calculated by a modified Debye 
function such as D, = D297vVt/V297. Figure 
3 illustrates the comparison between the 
experimental (curve a) and the calculated 
values (curve b). The value of 2.550 A for 
the short MO-MO distance at 900°C shows 
that the double bond still exists at this tem- 
perature . 

The variation of the lattice parameters as 
a function of temperature is shown in Fig. 
1. The linear thermal expansion coefficient 
is quite anisotropic as the aM parameter in- 
creases 1.4% between room temperature 
and 1100°C while the bhl parameter is prac- 
tically constant between the same tempera- 
tures. The a&, axis corresponds to the 
pseudorutile CR axis, that is the axis of the 
MO-MO pairs. The increase ‘of the short 
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FIG. 3. The experimental variation of the short Mo- 
MO distance as a function of temperature (“C) (curve a) 
and the calculated one according to the function D, = 
Dmvm (curve b). 

MO-MO distances is greater than that of the 
QM parameter. For example, between room 
temperature and 900°C the aM parameter in- 
creases 1% while the short MO-MO dis- 
tance increases 1.6%. 

The thermal parameters reported in Ta- 
ble II show that the thermal vibrations of 
the MO atoms are isotropic up to 700°C. 
The difference between the major and the 
minor axes of the thermal ellipsoid is 0.006 
A at room temperature and remains con- 
stant up to 700°C. At 900°C this difference 
increases to 0.021 A which still corresponds 
to a somewhat weak anisotropy. The ther- 
mal vibrations of the two oxygen atoms 
O(1) and O(2) are already anisotropic at 
room temperature where the differences 
between the major and the minor axes of 
the thermal ellipsoids are 0.033 and 0.030 
A, respectively. These differences increase 
linearly with increasing temperature up to 
7OO”C, where the values are 0.050 A for 
O(1) and 0.040 8, for O(2). At 900°C they 
become 0.068 and 0.055 A, respectively, 
which are somewhat larger than the values 
calculated by a linear extrapolation. 

It is worthwhile to look at the pseudo- 
symmetry relationship which exists be- 
tween the thermal ellipsoids of O(1) and 
O(2). These two atoms are crystallographi- 
tally independent in the monoclinic struc- 
ture while they are equivalent in the tetrag- 
onal structure. The ellipsoidal axis lengths 
(rms) in Angstroms and the angles between 
these axes and the monoclinic axes, for 
MO, O(l), and O(2) at room temperature are 
given in Table V. It can be seen that the 
orientation of the 0( 1) and O(2) ellipsoids is 
the same within less than 10” if one applies 
the transformation 0( 1): xyz + O(2): t - x, 
4 + y, & - z. Although the corresponding 
data at higher temperatures are not re- 
ported here, it can be calculated from the 
data of Table II that the pseudosymmetry 
relationship between the thermal ellipsoids 
of O(1) and O(2) remains unchanged up to 
900°C. 
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TABLE V T&2502 remains practically unchanged 

THERMAL DATA AT ROOM TEMPERATURE up to !WO”C. However, small but significant 
variations indicate that at a temperature 

Angle with greater than 1 lOO”C, it should undergo ei- 
rms 
(4 at4 hi CM 

ther an electronic phase transition, where 
the pairs would decrease their bond order, 

MO 

O(1) 

0.053 106.4 
0.050 45.4 
0.047 130.9 
0.085 92.5 
0.063 11.1 
0.052 100.8 

33.6 105.3 or to a crystallographic phase transition, 
58.9 86.6 where the symmetry would become tetrag- 
78.7 t5.7 onal and the pairs would be broken com- 
41.5 :$y pletely. 
81.0 . 
50.0 42.8 

O(2) 
0.084 90.8 40.4 0.060 3.0 91.2 l$i References 
0.054 92.9 130.3 47.3 

Conclusions 

We have confirmed that in the mono- 
clinic rutile-like Moo.975Tio,02502 structure 
the MO-MO pairs across the shared octahe- 
dral edges, correspond to bond order 2. Be- 
cause of these strong bonds, the bond 
strength-bond length method fails to yield 
the correct anion valences. Since the cat- 
ion-cation pairs have different bond orders 
in VO;! and Mo02, they cause different 
structural distortions. Therefore, the two 
dioxides are to be considered as isostruc- 
tural only from the topological point of 
view. 

The high-temperature structural refine- 
ments show that the structure of Moo.975 
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