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High-pressure structural phase transitions in semiconducting niobium dioxide
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Niobium dioxide was studied up to 47 GPa by angle-dispersive, x-ray powder diffraction. Semiconducting
a-NbO, (space group4,/a, Z=32) was found to transform t@-NbO, (space group4,, Z=16) above 5
GPa. Both phases have distorted rutile-type structures and the transition involves a change in the long-range
ordering of the metal-metal bonds. A further transition was observed above 8 GPa to a baddeleyite-related
structure witha=9.9751), b=9.9631), ¢=9.933(1) A, 3=104.0234)°, andZ=32 at 12.8 GPa. The
doubling of the unit cell along, b, andc and the larger monoclinic angle with respect to a baddeleyite-type
cell are due to the presence of metal-metal bonds.dtheation dioxide, NbQ, is thus shown to behave in a
similar way tod® cation dioxides, which follow a phase transition sequence involving the baddeleyite-type
structure [S0163-182609)13021-7

I. INTRODUCTION phase under ambient conditions.
Ultrasoni¢! and resistivity>*®> measurements have been

Semiconductingy-NbO, has a distorted rutile-type struc- performed one-NbO, at high pressure. Ultrasonic measure-
ture (space groupl4,/a, Z=32, a=13.7020A, c ments up to 0.5 GPa indicate a softening of @ andCgg
=5.9850 A) under ambient condition's:* The structural dis- elastic constants and the results suggest the possibility of a
tortion is due to the presence of Nb-Nb bond pairs, which lietransition at higher pressure to a monoclinic phisdigh-
across the shared edges linking the NmGtahedra along the pressure resistivity measurements indicate a phase transition;
c direction. The niobium ions are displaced from the centethowever, there is a large difference between the reported
of the distorted oxygen octahedra yielding polyhedral Nb-Otransition pressures of either 2.7 GfRef. 12 or 8.5 GPd?
distances ranging from 1.91 to 2.25 A and there are the twn the second of these studi€sthe phase above 8.5 GPa
distinct Nb-Nb distances of 2.71 and 3.30 *“AA  was found to be a narrow gap semiconductor and it was
semiconductor-metal transitioi? occurs at 1081 K to a concluded that a weak metal-metal bond is retained in this
rutile-type phase (space group P4,/mnm Z=2, a  phase. The semiconductor-metal transition temperature was
=4.8463A,c=3.0315A at 1300 K* Thec/a ratio is low  found to decrease from 1067 ¢t 0.1 MPa by 16 K/GPa
for a rutile-type structure and therepeat corresponds to a with pressuré? This and the metallic nature of the rutile
Nb-Nb bond. The conductivity in this phase remains semifhase indicate that it cannot be considered as a candidate for
conductorlike in thea direction, whereas it is metallic-like the ambient-temperature, high-pressure phase found above
alongc.® The octahedra in rutile-type Nb@re less distorted 8.5 GPa.
than in @-NbO,, with two Nb-O distances of 2.005 A and  Investigations of rutile-structured compoufitis®at high
four of 2.079 A. The lattice parameters of the low- pressure indicate that these compounds undergo transitions
temperature phasgy) can be related to those of the high- along phase-transformation sequences passi@ via either the
temperature rutile-type phade) as follows: a;,=2(ay, monoclinic baddeleyite structure or the cull@3 structure
—8y), A= 2(8y,+ay), c,=2¢C,. The transition is second depending on the electronic configuration of the metal cat-
order and is driven by a soft mode with wave vectpr ion. Baddeleyite and baddeleyite-related structures, and thus
=(1/4,1/4,1/2)8 the pathway passing via this structure, are characteristic of

A second-form of Nb@ B-NbO,, has been prepared by d° cation compound¥*'®1® Other compounds adopt the
chemical transport reactioni8,8-NbO, also has a distorted pa3 structure at high pressure. The high-pressure behavior
rutile-type structurgspace group4;, Z=16,a=9.693A,  of distorted-rutile-typex-NbO,, in which the cation Nb has
c=5.985A) and differs froma-NbO, in the long-range or- 4 4d! electronic configuration, is of considerable interest in
dering of the Nb-Nb pairs. The Nb-Nb distances are essefelation to the effect of metal-metal bonds on these phase

tially identical to those inx-NbG, and the polyhedral Nb-O  transition sequences and the behaviorddf cation com-
distances range from 1.904 to 2.211 A. The lattice parampounds.

eters of this phas¢B) are related to the high-temperature,
rutile-type phase as follows:ag=2a,, cz;=2c,. The rela-
tive volumes ofa-NbO, and 8-NbO, are essentially identi-
cal as are the average Nb-O polyhedral distances. Madelung Powderedx-NbO, (Alfa Products, purity 99-) was used
potential lattice energy calculations indicate a very small dif-for all high-pressure experiments. A stainless steel gasket,
ference betweena-NbO, (12858 kJ/mol) and 8-NbO,  preindented to a thickness of 120n with a 200um diam-
(12866 kd/mol). This indicates that-NbO, is the stable eter hole was used for laboratory experiments. The stainless

Il. EXPERIMENTAL PROCEDURE
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steel gasket used in the synchrotron experiments was prein- ' ' ' ‘
dented to a thickness of 38m and had a hole diameter of 12.8 GPa
100 um. Silicone grease was used as a pressure transmitting
medium for laboratory experiments and a mixture of 16:3:1
methanol:ethanol:water was used for synchrotron experi-
ments. Samples were loaded along with ruby powder and the
pressure-transmitting medium in the gasket placed between
the anvils of a diamond anvil celDAC). Pressures were
measured based on the shifts of the rilgyand R, fluores-
cence line$° 5.6 GPa

Laboratory x-ray diffraction patterns were obtained on an
Fe
UbJ\w /
//'\JU—JLJ
Fe

Fe

imaging plate placed at 96.36 mm from the sample using
zirconium-filtered molybdenum radiation from a microfocus
tube collimated to 13@mX 130um. Exposure times were
typically of between 24—60 h. A dac in which the rear dia-
mond was mounted over a 16° wide slit allowing access to
an angular range #=80° was used for these experiments.
Heating using a 50 W Nd:YAG laser was performed at the
highest pressure attained, 47 GPa, and at 16.9 GPa on de-
compression to reduce anisotropic stress and, in addition, at
47 GPa to attempt to induce a further phase transition. Ad-
ditional exposures were obtained using the same installation
on the starting material in a capillary tube and on the mate-
rial recovered after the experiment in the gasket with sample
to plate distances of 122.34 and 92.41 mm, respectively.
Synchrotron x-ray diffraction experiments were per-
formed on beamline ID30 at the ESRF using a dac with a full /JU’MFJ
conical aperture (4=56°). X-ray wavelengths of 0.4241 — , L
and 0.4226 A were selected using a13il) Laue-Bragg 5 10 15 20
monochromator. The incident beam diameter wasu@0at 20 (deg)
half maximum. Image plates were placed at a distance of
398.74 mm from the sample and exposure times were of 10 5 1. X-ray diffraction patterns of Nbgat high pressureX

to 15 min. . . o ~ =0.4241R): a-NbO, at 1.4 GPa, a mixture ofr-NbO, and
The observed intensities on the imaging plates were integ.Nbo, at 5.6 GPdarrows indicate the most intense nonrutile-type
grated as a function oféin order to give conventional one- subcell reflections oB-NbO,: 211, 301, 411, 431, 213, and 323
dimensional diffraction profiles. All diffraction data were with increasing 2) and monoclinic Nb@at 12.8 GPa. Fe indicates
analyzed by full profile fitting to obtain unit cell constants reflections arising from the stainless steel gasket.
using the progranruLLPROF?! Full experimental details and
a comparison between synchrotron and conventional source, appgyve 5 GPa, the weak reflections, which do not belong
high-pressgre, x-ray powder diffraction methods are given the rutile-type subcell of-NbO,, decreased in intensity,
elsewheré: All figures in parentheses refer to estimatedyhjje the subcell reflections remained intense. New diffrac-
standard deviation¢ESD). tion lines were detected and were found to increase in inten-
sity upon further compression; see Fig. 1. These new lines
could readily be indexed as the 211, 301, 411, 431, 213, and
323 reflections of3-NbO,. These are the most intense re-
. RESULTS flections of this phase that are not due to the rutile-type sub-
cell. No asymmetry was observed in the line shape of the
common subcell reflections, thus no volume change between
The following cell constants were refined for the samplethe two phases was apparent and the following cell constants
of a-NbO, under ambient conditions:a=13.7000(5)A a=13.5873(2) A andc=5.9482(1) A were obtained for
and c=5.9878(4) A. These values are in good agreementr-NbO, and a=9.6076(1) A and c=5.9482(1) A for
with those given in Ref. 4. No reflections other than thoses-NbO, at 5.6 GPa; see Fig. 2. Both group the8rgnd the
due to a-NbO, were observed and the relative intensitiespressure range of intergrowth between the two phases indi-
were in agreement with those calculated using the atomicate that this transition is first order, and thus there must be a
coordinates obtained from single crystal neutron diffractionvolume change. No volume change was detected in the
experiment. It should be noted that im-NbO,, there are  present experiment, consequently, it is less than 0.2%.
two crystallographically independent niobium ions and four
crystallographically-independent oxygen ions, all of which
lie on the general positions, 16Due to the resulting large
number of free positional parameters, particularly for the A major change to the diffraction pattern was observed at
oxygen ions, structure refinements could not be performed.8.3 GPa. All theB-NbO, reflections decreased in intensity

INTENSITY (arb. units)

1.4 GPa

A. a-NbO, to B-NbO, transition

B. Transition to the high-pressure monoclinic phase
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~ however, several very weak peaks observed experimentally
NN A A .
. 1oar & mA Wy AN i HAY PO 1 were absent from the calculated pattésre following para-
i: A A oa™ graph. The final niobium ion positions were displaced by
103 %a ] 0.01 alongy, y, andz from distorted fcaface centered cubjic
0 5 10 15 20 25 30 35 40 45 50 -like positions and fixing the metal positions 6.25, 0,

0.25 had almost no effect on the profile. It can be noted that
in baddeleyite (Zr@ the metal ions af0.2758, 0.0411,
0.2082 are displaced by up to 0.041 from distorted fcc-type

14'0_0 1 positions>* The cation displacements are significantly

R et | smaller in monoclinic Nb@as is the difference between the
cell constants and the cations lie essentially on a

150 b | monoclinically-sheared fcc sublattice. Assuming these latter

positions(0.25, 0, 0.25 Nb-Nb distances of 3.06, 3.52, and
3.92 A are obtained at 12.8 GPa. The shortest Nb-Nb dis-
10.5 | T tances lie along thg101] direction and yield chains of

< bonded metal ions. In a cubic cell with the same volume, alll
g 100 T Nb-Nb distances would be of 3.48 A, whereas in a
2 baddeleyite-type cell with @8 angle of 99°, the minimum
8 o5 1 Nb-Nb distance would be 3.21 A. It can be seen that the
3 formation of metal-bonded chains increases the monoclinic
6.5 ] angles.
c Upon close inspection of the high-pressure diffraction
6.0 c 1 patterns of monoclinic Nbg) a series of weak peaks with
o relative intensities of less than 4% were identified; see Table

I. In order to index these weak peaks, it was necessary to
double the unit cell along, b, andc yielding the following

cell constants: a=9.9751), b=9.9631), c=9.933(1)

A, B=104.0234)° at12.8 GPa. The observed reflections in

. Table | respect the following reflection conditions: k@
FIG. 2. Cell constants of NbQas a function of pressure. Open k=2n; hol: h+1=2n, indicating that if the reflections

symbols refer to points obtained upon compression and solid sym- t ob d trulv absent. th id b
bols to those obtained on decompression. Symkolnd ] corre- not observed are ruly absent, thé space group wou €

spond toa-NbO, and 8-NbO, and A (a, 8), O (b), and ¢ (c) to P2,/n. In a I_321/n_ cell with Z=32, Fhere .would be 8
monoclinic NbQ, respectively. Error bars are shown where the Crystallographically-independent  niobium ions and 16

error is larger than the symbol size. Solid lines represent leastrystallographically-independent oxygen ions all on general
squares fits to the data. 4e positions. Such a structure is too complex to be deter-

mined using high-pressure, x-ray diffraction data. Due to the

low intensity of the superlattice peaks, the displacement of
and a large number of new diffraction lines appeared. Thehe niobium ions from distorted-fcc lattice sites would be
transition was found to be essentially complete by 12.8 GPamall, probably of the order of up to 0.01. The resulting
with only about 1%8-NbO, remaining. The intense diffrac- effect on short Nb-Nb distanc€8.06 A) would be a modu-
tion lines in the diffraction pattern of this new phase couldlation of approximately+1-2%. At least one of these
readily be indexed by analogy to the high-pressureNb-Nb distances would be longer than the distances of
baddeleyite-type structuréP2,/c, Z=4) of TiO,.'* The  3.0315 A in the metallic high-temperature phase, but the
relative intensities of these intense lines are very similar talifference between the two distances would be significantly
those calculated for baddeleyite-type FiOThe cell con- less than for the two alternating distances of 2.71 and 3.30 A
stants of monoclinic TiQ at 20.3 GPa ar@=4.64A, b in semiconductingr-NbO, and8-NbO,. The present results
=4.76 A, c=4.81A, andp=99.2°. Profile fitting yielded are thus consistent with the large decrease in resistivity at the
the following constants for the monoclinic cell of transition to monoclinic Nb@and the observation that this
NbO, at 12.8 GPa: a=4.9877(5) A, b=4.98143), c phase is a narrow gap semiconductoif this phase were
=4.96634), and3=104.0Z4)°. Themonoclinic angle is metallic, the Nb-Nb distances in the chains would be equal
larger than in baddeleyite-type Tj@nd the difference be- and there would be no superstructure.
tween the cell constants, b, andc is greatly reduced. A The oxide anions almost certainly occupy a baddeleyite-
baddeleyite-related structure withgaangle of 103.581° has like arrangement, which is distorted due to the presence of
recently been reportétl for the high-pressure, hydrogen- metal-metal bonds. Neutron diffraction data from this phase
bonded phase of @@D),. In the present case, the large are required in order to determine the exact oxygen posi-
monoclinic angle is due to the presence of Nb-Nb bondstions.
Attempts were made to refine the structure of the high- In the experiment using the methanol:ethanol:water mix-
pressure phase of NbGstarting from a baddeleyite-type ture as a hydrostatic pressure transmitting medium, the rela-
structural model. Good agreement was obtained for thdive intensities of the diffraction lines from the monoclinic
strong reflections and the overall Bragyfactor was 4%; phase remained effectively constant over the pressure range

[} 5 10 15 20 25 30 35 40 45 50

Pressure (GPa)
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TABLE I. High-pressure diffraction data obtained from full- 1.00
profile fitting for monolinic NbQ at 12.8 GPa: a=9.9751), b a
=9.9631), ¢=9.933(1) A, 3=104.0234)°, and Z=32. (No-
te: only the reflections in bold type are present for a baddeleyite- 0-98 I 2
type subcel).
0.96 |
hkl d @A) I obs hkl d(A) l obs
020 4.981 0.5 451  1.557 3.6 0.94 |
220 3.471 0.5 541  1.556 2.6
022 3.463 0.7 244 1.547 0.4
222 3082  100.0 444 1541 51 092
222 2.609 94.1 620 1.535 14 o
040  2.491 22.9 404 1532 134 S o9}
400 2.420 21.5 262 1.529 22.8 %:
004 2.409 24.0 604 1.522 4.6 EZ’ 0.88
141 2.374 17 262 1.460 14.3 &
420 2.176 0.5 624 1.455 3.9
422 2.169 0.5 426 1.452 11 0.86
241 2.108 2.2 246 1.375 34
242 2.103 13 622 1.374 9.3 0.84
204 1.974 7.5 226 1.370 9.3
404 1.961 1.0 460 1.369 5.7
150 1.952 2.7 064  1.367 0.5 0-82
051 1.951 2.7 462 1.367 0.5
242 1.933 5.3 444 1.305 9.1 0.80
224 1.835 0.7 644 1.298 15
522 1.831 0.8 446 1.296 17 ‘ \ . . ‘ . { ‘ ;
424 1.825 0.6 345 1286 0.4 ST s 10 15 20 25 30 35 40 45 50
501 1.815 0.8 337 1.285 0.5 ‘ Pressure (GPa)
440 1.735 29.8 462 1.272 18
044 1.732 33.3 264 1.271 0.5 FIG. 3. Relative volume of Nb©as a function of pressure.
244 1.729 11.8 464  1.267 0.8 Open symbols refer to points obtained upon compression and solid
206 1.648 05 626 1.265 0.9 symbols to those obtained on decompression. Sym¥ols], and
423 1.643 0.3 065 1.258 0.7 A correspond tax-NbO,, 8-NbO,, and monoclinic Nb@ respec-
- tively. Solid lines represent Birch-Murnaghan equations of state
611 1.635 0.3 534 1.256 0.5 ) . L
using the parameters obtained in this study.
600 1.613 3.0 080 1.245 8.8
g;% iggé ;gi 208 1.242 0-9 was observed, which indicates that the deviatoric stress ex-

perienced by the sample was reduced.
The monoclinic angled increased very slightly with pres-
) ) ) o sure above 12 GPa; see Fig. 2. The larger values obtained
below 15 GPa, for which this medium remains liquid. Above petween 8.3 and 10.8 GPa upon compression are likely to be
this pressure and in the experiment using silicone grease asge to strain resulting from intergrowth with the significant
pressure-transmitting medium above 12 GPa;/l11; de-  amount of3-NbO, remaining over this pressure range. Upon
creased with increasing pressure. In this second experimerdecompression, a significant and reproducible decrease in the
this ratio decreased from 102% at 10.8 GPa to 17% at 4angle 8 was observed irrespective of the pressure transmit-
GPa with most of this decrease occurring below 20 GPating medium used. This effect is much larger than the uncer-
Similar behavior has been reported for baddeleyite-type TiOtainty in beta, for which the esd was typically less than 0.02°.
and was attributed to preferred orientatfdriThe effect of It can be noted that the separation between the two strongest
the pressure transmitting medium in the present case comeflections, 111 and 111is governed bys and thus this
firms that this behavior is a result of preferred orientation,parameter is obtained with very high precision by full profile
which appears to be a characteristic of baddeleyite-typéitting.
structures under nonhydrostatic conditions. Monoclinic NbO, was found to begin to retransform to
The sample was laser heated to approximately 1000 °C a&-NbQO, at close to 5 GP4&Fig. 3). The material recovered
47 GPa in an attempt to induce a further phase transition. Nander ambient conditions was 808 NbO, with cell con-
significant changes were observed in the diffraction patterstants,a=9.686(1) A andc=5.994(1) A and 20% mono-
indicating that no further transition occurs and thus theclinic NbO, with cell constants, a=10.10(2)A, b
monoclinic phase remained stable up to the highest pressure10.03(1) A,c=10.06(2) A, ang3=103.1(1)°. Thelarge
reached. A decrease in the separation between theRyby ESD’s for the monoclinic phase reflect uncertainty due to
andR, lines and a narrowing of their linewidths after heating peak overlap.
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IV. DISCUSSION ions form straight chains along, which become zig-zag
A. Bulk moduli and linear compressibilities cham; of niobium IOHS.WIth alt.ernatmg Iong apd s_hort con-
and volume changes tacts ina- and B-NbO,; see Fig. 4. The niobium ions lie

closer to alternate edges of the oxygen octahedra yielding the

_ The experimentaP-V data (Fig. 3) were fitted using a |5rge dispersion in polyhedral Nb-O distanéé$:1.91-2.25
first-order Birch-Murnaghan equation of std€0S): A for a-NbO, and 1.904-2.211 A foB-NbO..

_ —7_ _5/ At the transition froma-NbO, to B8-NbO,, cation dis-
P=18B[(V/Vo) (VIVo) ], placements occur in three out of every four zig-zag chains
whereBy is the bulk modulus at ambient pressure. The first-resulting in a change to the long-range ordering pattern. The
order form of the Birch-Murnaghan equation implies that thedifferences in long-range order in these two Nh@lymor-
value of the first pressure derivative B, is 4, which is @ phs has been described in detail elsewh@ie. 1/4 of the
typical value for a large number of materials. A fit to the datachains, the cations shift at the transition towards the opposite
for -NbQ, yielded a bulk modulus of 2300) GPa, which  edge of the octahedra in which they lie. In another 1/4 of the
is in very good agreement with the value of 236 GPa obchains, the short and long Nb-Nb contacts are inversed. In a
tained from ultrasonic measureméitson single-crystal  further 1/4 of the chains both types of displacement occur,
NbO,. The compression of-NbQ, is anisotropic withk,  whereas the final 1/4 are unaffected by the phase transition.
=15.3(7)x10" *GPa * andx.=10.4(10)<x10 *GPa ™. I The principal structural change at the transition thus involves
the case ofa-NbQ,, the ratio of linear compressibilities gnq| displacements of 3/4 of the niobium ions, but has very
alonga andc S }ég‘gégWhefeaS itis typically 2—3 in rutile- jiyie effect on the overall cell volume. The period length
type stru.ctureé.’ e Th_e rela_ltlve compression alommjin along a,y. is 4 in a-NbO, and 2 in B-NbO,. A slight in-
@-NbO, is greater thanlln ruule—type structures due.to thecrease in packing efficiency would be expected due to this
structurql dlstortlon, whlch rgsults in thg cations being ar-oduction in period lengtha-NbO, (14,/a, Z=32) and
ranged in zig-zag chains with alternating short and Iong,[;’-NbOZ (14,, Z=16) can be related by a common

mef[al-metal contacts a_llortg mstead of stra_lght chains with supergroul C4,/m, Z=8 and the transition can thus be
a single metal-metal distance as in the rutile structure. Com-

4 i - envisaged to occur via a diffusionless process involving
pression thus can occur alongia bond angle variation and

reduction of the lona Nb-Nb contact without necessaril re_smaII displacements of 3/4 of the cations. The transition is
. 9 : y required to be first order, which is confirmed experimentally
ducing the short metal-metal distance.

A bulk modulus of 3804) GPa was obtained from an by the observed coexistence of the two phases at high pres-

EOS fit to the data of the high-pressure monoclinic phase?ure and the recovery of metastajieNbO, upon pressure

. . release.
;8)'3 ;ﬁéuﬁegﬁﬁr?ﬁghse;mtgi;gf gu;slcth?gjggerﬁgrz(r\rar?;teri The phase transition frof-NbO, to monoclinic NbQ is
cuBic boron nitride(369 GPa (Igef 3 and oFI)iamonc{442 a*?om a distorted rutile-type structure to a distorted
22 ' : . __baddeleyite-type structure. The following orientational rela-
GPa.”* It can be noted that the bulk moduli of the ambient

pressure and high pressure phases of metallic and Semico:r)ilqnships'between the rutile-tyge) (P4,/mnm Z=2) and
ductingd?, d3, andd* metal dioxide&3°*3are typically 15 addeleyite-type (:51)36 (P2,/c, Z=4) structures have
to 30% greater than the insulating® and d® cation Deen proposef:*>*® [100],I[101],, [010J4I[010];,
dioxide® 2 for equivalent volumes per ion pair. This is due [100ImI[101],. These relationships have permitted a two-
to the additional metal-metal interactions in the former com-Stép transition pathwé§r36 passing via the Cagtype struc-
pounds. The compression of monoclinic Nbi® also aniso-  ture (Pnnm Z=2), which is an orthorhombic distortion of
tropic. The values of the linear compressibilities obtained orfh€ rutile-type structure, to be envisaged, which involves two
compression, for which there was little variation in the 9roup-subgroup descentsP4,/mnm Z=2—Pnnm Z

monoclinic  angle, are as followsik,=6.0(4) =2—P2i/c, Z=4. 3-NbO, and monoclinic Nb@are ana-
X104GPa’, x,=5.0(3)x10 *GPa, and «x,=8.0(4) logs of rutile and baddeleyite, respectively, in which the unit
<104 GPal cells are doubled along all three directions due to the long-

The volume change at the transition betwgehNbO, and ~ @nge Np—Nb bonding pattern. If the orientational relation-
monoclinic NbQ is 10.14)% at 8.3 GPa and the difference ShiPS_given above hold for these two Np(phases,
between the relative volumes at ambient pressure i§-NPO:(B) could be described using a monocliriio) cell
11.64)%. This compares well with thdV between rutile 8m=—(8+Cp), bp=Dbg, and cy=a5—c; with a
and baddeleyite-type TiO which is 9% at 20.3 GPéRef. ~ =11.3001A, b=09.6076A, c=11.3001A, and g
14). This large volume change is typical for a transition with =116.47° at 5.6 GPa. The chain directiorin tetragonal
an increase in cation coordination numibeN). In the case B-NbO, becomes th¢101] direction in this monoclinic cell,

of the rutile—baddeleyite transformation CN increases fromWhich is the direction along which the cation chains lie in the
61to 7. high pressure monoclinic phase. The cell constants in mono-

clinic NbO, at 8.3 GPa area=10.029(2)A, b
=10.000(2) A, c=9.986(2) A, andB=104.291)°. The
phase transition can be thus envisaged as occurring via a
Both a-NbO,, B-NbO,, and high-temperature, rutile-type shear with a reduction in monoclinic angle from 116.47° to
NbO, consist of chains of edge-sharing NpOctahedra 104.29°, a decrease éandc and a small increase im This
which are directed along and cross linked in th&y plane.  shearing mechanism is consistent with the larger monoclinic
In the high-temperature, rutile-type phase, the bonded metangle obtained on compression in the high-pressure phase,

B. Structural relationship between NbO, phases
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FIG. 4. Metal cation substructures of the four polymorphs of niobium dioxide projected as to emphasize their structural similaities:
rutile-type NbQ (010 projection, (b) a-NbO, (110 projection,(c) 8-NbO, (010 projection, and(d) idealized monoclinic Nb® (010
projection. The structure of monoclinic NbQs rotated to take into account the orientational relationships described in the text. Directions
given for each structure correspond to standard space group settings.

Fig. 2, which could thus be a memory effect connected withence of metal-metal bonds. Consequently, the metal-metal
defects related t@-NbO.,. It could therefore be inferred that bonds distort the monoclinic cell by increasiggThis is the
the measurements obtained upon decompression better refase both in the low-pressure and high-pressure phases of
resent the true behavior ¢. The positive pressure depen- NbQ,. The proposed transition mechanism thus conserves
dence of3 impedes the reverse transformation and consethe cation chain direction and is consistent with the Ig8ge
quently it is possible to partially quench the high-pressureangle in monoclinic Nb@relative to baddeleyite-type TiO
phase. The structural changes at the two phase transitions in
As noted previously, thgg angle in monoclinic Nb@is  NbO, are consistent with the resistivity measurements of
larger than in baddeleyite-type TjO Tetragonal rutil®’  Okamoto and Minomur® The a-NbO, to 8-NbO, transi-
(TiOy) has the following cell constants at 10.6 GPa&  tion at 5 GPa has little effect on the resistivity as expected as
=4.5096 A andc=2.9382 A. Applying the above relation- there is essentially no change in the Nb-Nb distances. In
ships, the following monoclinic cell can be used to describecontrast, at thes-NbO, to monoclinic NbQ transition at 8
rutile-type TiQ, at 10.6 GPaa=5.3823A,b=4.5096A,c  GPa, there is an important change in Nb-Nb distances, which
=5.3823A, andp=113.82°. The observed cell constantsbegin to approach those in the high-temperature metallic
for baddeleyite-type TiQ at 20.3 GPa area=4.64A, b phase and correspondingly, the resistivity was observed to
=4.76 A,c=4.81A, andB=99.2°. It can be noted that the decrease by three orders of magnitude at 8.5 GPa. At least
B angle is systematically lower for TiQ both in the above one of the short Nb-Nb distances in the monoclinic phase is
monoclinic cell used to describe rutile and in the required to be longer than the distances in the metallic high-
baddeleyite-type phase. Th#a ratio in tetragonal rutile- temperature phasg@ee Sec. Il B, which is consistent with
type structures determines tifeangle in the corresponding the observation that this phase is a narrow gap semiconduc-
monoclinic cell. At 10.6 GPa in rutiles/a= 0.6515, whereas tor.
in B-NbQ, at 5.6 GPa, the/a ratio of 0.6190 is unusually In the d* cation dioxide, Nb@, the additionald electron
low due to the short cell constant resulting from the pres- is involved in metal-metal bonds in both the low-pressure
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and high-pressure phases and the compound follows th&ructures and the large angle in the monoclinic phase. A
phase transition pathway characteristic of cation transformation mechanism betwegaNbO, and the mono-
dioxides!*81% adopting a baddeleyite-related structureclinic phase is proposed which conserves the cation chain
rather than aPa3 structure at high pressure. The effect of direction and is consistent with the largleangle relative to
the metal-metal bonds is to distort the baddeleyite structurBaddeleyite-type Ti@ NbO, follows the phase transition
by increasing the8 angle. A similar increase i is observed ~Pathway passing via the baddeleyite structure which is char-
in the hydrogen-bonded, baddeleyite-type phase ¢OO%, acteristic ofd® cation compounds. The relatively large bulk
(Ref. 23. moduli of both -NbQO, (230 GPa and the high-pressure
monoclinic phas€380 GPa can be attributed to metal-metal

V. SUMMARY interactions.

a-NbO, was found to transform tB-NbO, above 5 GPa.
B-NbO,, which had been previously synthesized by chemi-
cal transport reactions, is shown to be a high pressure phase We would like to thank the beamline staff of ID30 at the
of NbO,. A further transition to a baddeleyite-related phaseESRF for making the synchrotron radiation experiment pos-
was observed above 8 GPa. Metal-metal bonds are presentsible in the early commissioning period and for their assis-
all three phases and are responsible for the observed supéance.
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