substance: NBOsg
property: defect and transport properties

The departure of H-Ni®s_, from stoichianetry as a function of teperature and pressure has been extensively
studied [61K, 68K, 65B, 72N, 69S, 68A, 73K, 74M, 76K, 79M]. The earlier results at lompertatures
suggested that the defect concentrations variggpss/4 near stoichimetry and atpo, /6 at lower oxygen
pressures. This can easily be explained with a point defect modg] as\@ +1/2 G (H,), Vg « Vg+e (&),

Vo « Vg '+ € (&). If the daminant defects are ¢/ we expect [\§] O p02—1/4 and if the dminant defects are
Vo* we expect apo, V6law. Analysis of the temperature variation of the stoichiometry from thermal
measurements gives

Hy +& + & 105.8 kcal mot? 74M
103 kcal motl! 62K

At 110(°C, a discontinuity in resistance was found [79M] corresponding to thaafion of a new phase (see
below).

This smple view of point defects extending over a substantial stoiwtiic range has been strongly challenged
[72N, 73K]. Typical stoichimetry data are shown in Figs. 1 and 2 and at very higipasture a series of
breaks in the curve [73K] strongly support the idea that a significaniberuof quite distinct phases canrfor
Combined structural and thermal experiments at 40Q02N] reveal the following domains for NQO

(1) 2.500= x = 2.495. Only the single phase H-}@3;_, found without any local rearrangent or extended
Wadsley defects. It is probable that in this range point defect theory may be used.

(2) 2.495 > %= 2.480. Two phases found corresponding to B®émnd NBsOg.

(3) 2.480 > »x= 2.417. Two phases found corresponding teg9g, and N 20,9 (monoclinic).

Thus, at 1008C, the reduction traverses the route Hxj@yg — NbysOg» — NbyOo9. The structural
relationship between these three phases is shown in Fig. 3. Thus, although Fig. 1 apparently shows typical
bivariant behaviour for the 980 and 1008C results, thenaterial present fox < 2.495 is inhaogeneous; only

at x = 2.480 did there appear to be a single phase: thgOpbstructure. The apparently bivariant behaviour

must thus be traced to extremely slow kinetics [72N].

At higher tenperatures, a quite different type of behaviour is observed. In addition to the definite phases
NbygO7¢ (i.e. H-NB,Os) and NbsOgy, a phase foned as an intergrowth, O3, can fom. The process of

intergrowth is shown schaatically in Fig. 4, which shows the regular intergrowth phasg;®4, as a natural

intermediate. Themportant point about these intergrowth phases is that, unlike the nucleationmgdrgsat
isolated Wadsley defects) and subsequent growth ef®¢b from H-Nby,Os, considerable activation energy is

needed to form the (thermodynamically more stable}s8z,. A similar intergrowth, NR7O116 forms
between NbsOg2 and NR ;0.9 (Fig. 4). The reduction sequence at highmgeratures is then NgO7¢ —
Nbs30132 > NbysOg2 — Nbg70116 - Nbo3Osa - NbioOog. A considerable trivariant regime therefore still
remains at high teperature, andnaterials fomulated as Np,Os4_yx and NBsOgo_yx Show quite wide ranges for
x (Figs. 5, 6) as well as MjSb;g_y itself. It can be seen that in the bivariant regiog]{y [ p02—1/2, where
[VO]'[Ot = x/54 for NQ2054—X and x/62 for NESOGZ—X-



The nature of the point defects in )%_, has been controversial even over the area where a single definite
phase is seen and {jfot O p02—1’4. In addition to singly charged oxygen vacancies, interstitial Nb ions have
been proposed in both N-MBs [72H] and H-NBOs [73A]. For the latter, the interstitial tetrahedral Nb
represents an attractive structural option; thermodynamicaly, Mib/2 Q5 -~ Nb™ + ne + 5/2 G,. Hence, for
Nb2Os_y, X O po, 240" Dand the observepo, 14 dependence can be accounted for with n = 4. However, the
change to a slope of — 1/6 cannot be explained on a point defect interstitial Nb model.

In the po, 14 region, the activation energy for deviation from stoichiometry is found to be 3.10 eV in ceramic
samples of H-N§Os [73B] whereas the resistance varies as in Fig. 7 with an activation energy of 1.65 eV [62K,
73B]. This suggests a slightly activated mobilis (1) = 0.10 eV andu(110°C) = 0.10 cnd/V s [73B]. The
Seebeck coefficient also suggests a low activation energy [73B].

In the p02—1/6 region, the thermogravimetric studies show an activation energy of 4.46 eV, for the formation of
doubly ionized oxygen vacancies in H=lg [62K]. The actual conductivity in this region shows a lower
apparent activation energy (Fig. 8), which can be satisfactorily explained by allowing the mohility3 (Fig.

9), a result consistent with normal optical-mode scattering [59S].

There are a number of puzzling features about the interpretation in terms of singly-ionized oxygen vacancies
[62K], and we would tentatively suggest that the transition fronpgel/4 to po,~1/6 regions may correspond

to a transition from interstitial N to doubly ionized oxygen vacanciesy(¥.

At higher temperatures, the conductivity shows marked discontinuities (Fig. 10) corresponding to the formation
of new phases. The resistivity continues to Sh%f’l’lle behaviour in this region, suggesting the presence of

doubly ionized oxygen vacancies [74M].
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Fig. 1.

NbO. Composition parameter x vs. oxygen pressure. Solid lines: [72N]; full and open circles: [65B]; dashed
lines: [61K]; triangles: [68A]; 130 isotherm [69S]. Fig. from [72N]. 1 atm1 bar.
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Fig. 2.
NbQy. Oxygen partial pressure vs. composition at 280énd 1400C [76K].
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Fig. 3.
Structural relationship between (a) NO,g, (b) NbsOg2 and (c) H-NBOs in (010) projection [72N].




Fig. 4.

Mechanisms whereby intergrowth phases may form at high temperatures. (a) coherent intergrowth of one row of
NbosOgo in H-Nb,Os; (b) coherent intergrowth of one row of Nfog in NbysOgo; (C) regular coherent
intergrowth corresponding to the phase;p@ 35 [72N].
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Fig. 5.

NbyoOs54_y Total vacancy concentration vs. oxygen pressurglifV/= x/54 [76K]. Open triangles are data
derived from NbOsg and dots are those derived from NbO
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Fig. 6.
NbosOgo_y Total vacancy concentration vs. oxygen pressurglifV= x/62 [76K]. For triangles and dots , see
caption of Fig. 5.
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Fig. 7.

a-NbyOs. Resistance vs. (reciprocal) temperature at 1 p@y{/“ region) [62K].
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Fig. 8.

a-Nb,Os. Resistance vs. (reciprocal) temperatungaat= 10713 atm po, /6 region) [62K].
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Fig. 9.

a-NbyOs. Electron drift mobility vs. temperature for ceramic sampl@gt= 1013 atm showingu O T =3
[62K].
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Fig. 10.

a-Nby,Os. Resistance vs. oxygen pressure at®COO0Full circles: NbOs_, (stable phase); open circles:
metastable phase of Nbs_,, open triangles: stable phase of, By, ,, full triangles: NQR-Oyg_,, Squares:
metastable phase of oxidation of N0>g_ [74M].
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