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Inelastic neutron scattering has been used to study the fluctuations associated with the struc-

tural phase transformation at T,. 808.5'C in Nb02. Above T,. there is strong quasielastic scatter-
I 1

ing centered upon the reciprocal-lattice position q~ = (4, 4, 2), but lying along rods oriented paral-

lel to (110) directions. The temperature dependence of the anisotropic correlation lengths and en-

ergy widths have been determined. %e show that the structural fluctuations consist of strong-

coupled antiferrodistortive distortions within (110}planes in the parent rutile structure with much

weaker correlations of the fluctuations from plane to plane. A simple mean-field pseudospin treat-

ment can be used to discuss the data semiquantitatively and aids in understanding the relationship

between the structural instabilities in Nb02 and its isoelectronic compound VO2. No evidence was

found for a soft-phonon branch.

I. INTRODUCTION

The metal-insulator phase transformation in vanadi-
um dioxide (VQ2) has been the subject of numerous
studies since it was first observed over two decades
ago, ' and a considerable fraction of our current under-
standing of real metal-insulator systems derives from
these studies. By comparison, the phase transforrna-
tion in the isoelectronic compound niobium dioxide
(Nb02) has received scant attention. This is due in

part to a more extreme transformation temperature
(T,. =810'C for Nb02 compared with =67'C for
VO2) which delayed its discovery, "and in part to the
fact the electrical transport properties of Nb02, while
anomalous near T, ,

' " are not as dramatic as in VO2.
In spite of these diN'erences the phase transformations
in the two compounds are closely related from a struc-
tural point of view. Both materials have the same
high-tempera!ure rutile structure {tetragonal space
group D4I, ) with two formula units per cell (see Fig.
1). The low-temperature insulating phases, on the
other hand, have distinctly diN'erent structures. VO2
is monoclinic (C2l„with four formula units per
cell), awhile Nb02 is body-centered tetragonal (C4&)
with a primitive cell containing sixteen formula units.
These dift'erefices are, ho~ever, superficial. A careful
comparison of the structural distortions which accorn-
pany the phase transformations shows a number of
common features and provides fresh insight into the
nature of the instabilities in both materials. '

The Nb02 phase transformation is more amenable
to study by neutron dift'raction than is the one in VO2.

Vanadium nuclides scatter neutrons (predominantly)
incoherently while the interesting structural changes at
the phase transformations must be studied by
coherent scattering. A series of studies' ' of the
latter type with Nb02 has established the following
principal facts.

FIG. 1. High-temperature unit cell of Nb02 with the dis-

placements due to the q„distortion indicated by arrows. The

A and 8 metal sublattices are indicated. ( ~, Nb; 0, oxygen)
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(i) As a consequence of the increased size of the
unit cell of low-temperature (LT) Nb02, a series of
"superlattice" Bragg reflections appear below T,

Shapiro et al. showed that the intensities of these
reflections appear to go to zero in a continuous
manner at T„indicating that the transformation is of
second order. They sho~ed that in the vicinity of
specific superlattice reflections there is diffuse quasi-
elastic scattering which persists even above T, The
present paper is primarily a study of the nature of this
diffuse scattering and of thc short-range structural
correlations which cause it.

(ii) Shapiro et al. 9 noted that the principal atomic
displacements associated with the transformation
could be represented as the sum of plane waves

ull, = $ 7tp(T) fi(q~)exp[i qp r (ik)]

where r (lk) is the position of the kth atom of the lth

unit cell of the high-temperature (HT) rutile phase
and u« is the displacement of this atom in the low-

temperature (LT) phase. (q, } represents a set of four
symmetry-related wave vectors belonging to the same
"star. " Specifically, qe

—= (+ q„,+ qs}, where
I I I I I I

q& = (—,——,, —,) and q~ = (—,, —,, —,) are shown in Fig.

2. The temperature-dependent amplitudes q, (T) can
be taken as the order parameters for the tranforma-
tion. Shapiro et al. discussed this transformation in

terms of a "soft phonon mode" instability although a
cursory search failed to reveal a well-defiined phonon
branch with co(q, , T,.) 0.

(iii) ln Refs. 7 and 8, Pynn et al. refined the atomic
positional parameters of the LT phase using conven-
tional neutron crystallography and showed that the ('&

of Eq. (1) transformed as a single irreducible
representation of the group of (q, }. The displace-
ments associated with + q& are sho~n exaggerated but
on a correct relative scale in Fig. 1. This figure also
defines two interpenetrating A and B sublattices of
metal atoms. As discussed by Pynn et al. , the LT dis-
tortion associated with q& can be characterized as a di-
merization of A sublatticc metal atoms in chains along
the [001] direction, together with movement of the 8
sublattice atoms in the [110]direction and some con-
comitant displacements of the oxygen atoms. The dis-
placements associated with + qq are related to those
shown in Fig. 1 by a four-fold screw axis which inter-
changes the A and 8 metal sublattices. Secondary dis-
placements involving other wave vectors
[(q~}= (—, , —,, 0}, (q„}=—(—,, 0, 0} and

qI. -= (0, 0, 0) j are necessary for a complete descrip-
tion of the LT phase. These displacements, which
result from nonlinear coupling to the primary (q, } dis-
placements, were shown by Pynn et al. to bc small
and they will not be considered further in this paper.

(iv) The structural distortions accompanying the
phase transformation in VO2 are based upon a

diFerent set of wave vectors (qa }—= (—,, 0, —, } (seeI I

Fig. 2), but it is once again possible to distinguish de-
generate "modes" which dimerize the A and 8 sublat-
tices, respectively. ' Axe et al. ' pointed out that
when viewed in this way, the individual sublattice-
distortion patterns of Nb02 and V02 are similar. Both
materials are composed of (110) planes within which

adjacent c-axis chains of metal atoms are dimerized in

an out-of-phase or antiferrodistortive manner. (The
shaded region in Fig. 1 defines such a plane for the A-

sublattice distortions in Nb02. ) The Nb02 and VO~
structures differ only in the phase relationship of the
dimerization patterns in neighboring (110) planes.
The present study shows that these planar correlations
persist well above T,. in Nb02.

(b)(
I

($,1,0)o ~ ~(0,2,2)

(1,1,2)
B

FtG. 2. (a) Reciprocal lattice of the HT phase with the

scattering plane of the present experiment shaded. (b)
Scattering plane showing HT Bragg points {), P points (O),
and rods of critical scattering (heavy lines). The dashed lines

are Brillouin-zone boundaries which intersect the rods of
scattering at R points.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The Nb02 single crystal used in these experiments
was prepared by melting stoichiornetric amounts of Nb
metal (99.99% purity) and Nb&03 (99.95"/o purity)
which had previously been reacted in a carbon crucible
under argon. The boule was pulled from the melt by
the conventional Czochralski method using a tungsten
pulling rod and a pulling rate of -1 cm/h. " Chemical
analysis indicates that this technique produces crystals
with a slight oxygen deficiency, Nb019976+QQQQII. Neu-
tron diffraction showed the lower half of the boule to
be a single crystal, with a mosaic spread -0.5 —0.7'
of arc. After removal of the upper polycrystalline por-
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tion the resulting sample was roughly cylindrical, 8
mm in diameter and 17 mm high, with the cylinder
axis. approximately coincident with the crystallographic
e axis. The present sample has about four times the
volume of the one used by Shapiro et al. 9 in their
neutron scattering study. The room-temperature lat-
tice constants referred to the HT rutile cell are in good
agreement with those given bg Marinder, s

a~ -4.846 A and c~ =2.993 A.
During the measurements the sample was heated in

a tungsten-mesh vacuum oven with temperature con-
trol of about +1'C. The neutron scattering measure-
ments were performed on three-axis spectrometers at
the Brookhaven High Flux Beam Reactor. For rea-
sons which will later become clear, the sample was

mounted in an unconventional geometry with a
scattering plane which contained both the (1,1,2) and
(1, 1, 0) reciprocal-lattice vectors, as shown in Fig. 2.
Studies involving energy transfers of less than 2 meV
were done with a curved pyrolytic-graphite(002)
monochromator and a plane analyzer of the same ma-
terial. Oriented graphite filters were used to remove
order contamination in the incident 14-meV beam.
Measurements involving larger energy transfers (pho-
non searches) used either a graphite(002) monochro-
mator with the incident neutron energy fixed at 40
meV or a Be(002) monochromator with the scattered
neutron energy fixed at 40 meV. In all cases the colli-
mation was adjusted to meet the needs of the experi-
ment. By observing the temperature dependence of
the superlattice intensities T,. was estimated to be
808.5 'C ( I 'C), which is in good agreement with

other recent determinations. ' "

A. Search for a "soft phonon"

Because of the increased sample size, it was deemed
worthwhile to rene~ the search begun by Shapiro
et a/. , for a phonon mode with a well-defined fre-
quency and an eigenvector similar to that of the con-
densed displacements. In the simplest "soft-phonon"
theory one expects phonon sidebands at frequencies
+coo( T) in an inelastic scan at the superlattice posi-
tions. For T near Tcr, too(T) 0, and the sidebands
collapse into a single overdamped peak centered at
eo 0. Shapiro et aI. 9 found such a central peak,
which persisted with diminishing intensity at least 70'C
above T„butno evidence for phonon sidebands at
finite frequencies.

In the present experiments, a variety of inelastic
scans (both with constant-energy and constant-
momentum transfer) were made over a range of tem-
peratures in the vicinity of those P points where

strong superlattice reAections occur. All of these
scans, some covering as much as 30 mt:V energy
transfer, showed only the ~=0 central peak. A typi-

B. 0 dependence of the qnastelasttc scattering

The most characteristic and remarkable feature of
the quasielastic scattering is that it is not localized in

the vicinity of the P points, but instead lies along nar-
row rods in reciprocal space. One is of rods (which
will be denoted type-A rods) set parailel to [110] and

the Miller indices of points on the rods satisfy
1 I

h —k = —,m; I = —,n where m and n are integers.

Another are (type-8 rods) set related to the first by

fourfold symmetry and have h+k -—,m, l = —n.
I I

Here and throughout this paper all coordinates refer to
the HT rutile cell. Figure 2{b) shows two of the
type-8 rods which lie in the experimental scattering
plane. (The unconventional scattering plane was
chosen to contain such rods of diffuse scattering. )
The rods connect a series of equally spaced P points
(N102 superlattice points) with R points (VO2 super-
lattice points) situated midway between them.

Figure 4 summarizes the variation of the scattered
intensity along one such rod (h + k = —, , I = —,) as a

function of temperature. The figure provides an accu-
rate qualitative picture of the integrated quasielastic
scattering. (In these scans the spectrometer was set to
zero energy transfer, giving a bandpass of -0.5 me@
[full width at half-maximum {F%'HM)j about co =0.

200-

8

i00—

Nb-02 T = 835' C

E0=40 meV

Q =(W.25, &.75, &.5)
collimation 4,20 )

0

0 QgP~C ~W Oo Ct Oy &t2 O%o o
o o

I I

5 i0

Energy transfer (meV)

i5

FIG. 3. Search for a soft-phonon mode at a P point.

cal scan is shown in Fig. 3. Under identical condi-
tions, acoustical phonons were clearly visible. Thus, it

can be stated with some confidence that, over a wide

range of temperatures (0 & T & 950'C), there is no
well-defined soft phonon at q, with an energy less
than about 10 me&. The dominant Auctuation scatter-
ing associated with the transformation is therefore
quasielastic in nature. The remainder of this study is
directed toward the further characterization of this
quasielastic scattering.
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FIG. 6. Critical scattering close to a P point as a function

of angle of tilt (about (110)) of the scattering plane. The
collimations for this experiment were (40'- 20'- 20'-open)

with 40' vertical collimation before the detector. The curve

through the data points is a guide to the eye.

III. ANALYSIS AND DISCUSSION

072 078 0.72 078 0.72 0.78 A. Form of the scattering cross section

FIG. 5. Scans along (112) at zero-energy transfer per-

pendicular to a rod of critical scattering. The incident neu-

tron energy was 14 me& and collimations were 20'-20'- 20'-

20'. The lines in the figures are the result of the calculation

described in the text. At each temperature, a single factor
has been used to normalize the calculated curves to the data.

The parameters used for the calculations are given in Table I

except at T =825'C where we chose ~~~=0,32, ~z 0.03,

x, -0.03. Since the widths of the peaks at T 825'C are

dominated by instrumental resolution, the values of x~ and

~. are upper limits.

T= 813'C, h=Q4 meV T=83)'C, d =04 meV T=852 C;d=Q6meV

o
C) -1

-5

In order to evaluate the data presented in Sec. II, it

is necessary to establish a formalism which relates the
diN'use-scattering cross section to the (time-
dependent) atomic displacements, u«(t), which

C. Energy width of the quasielastic scattering

Preliminary low-resolution measurements indicated
that the apparent energy width of the quasielastic
scattering was greater than that expected from resolu-
tion efI'ects alone. This was confirmed in a series of
higher-resolution experiments which gave results of
which Fig. 7 is typical. The widths are uniformly
greater than the energy width of the resolution func-
tion (or to be more specific, greater than the F%HM,
b, E =Q.32 meV, of a vanadium scan). Thil. fact, to-
gether with the obvious, change of the observed widths
with temperature, provides conclusive qualitative evi-
dence for intrinsic energy width of the quasielastic
scattering. However, the relative contributions of
finite energy and momentum widths of the scattering
of the measured energy width can only. be assessed by
detailed resolution calculations.

C
0

-0.5 0 0.5

tTt T= 813 'C; d =Q54 meV

C

,-50

cj
trt

I I I t I I

- 0.5 0 0,5 &5 0 0.5

T 83) C, d 056meV T 852 C, d Q8meV

-30

t I I + I I t I I

-05 C 05 -0,5 0 05 -0.5 0 05

Energy Transfer ('meV) ~
FIG. 7. Typical energy scans of the critical scattering.

The incident neutron energy was 14 me& and collimations
were 10'-20'-20'-10'. The upper row of scans was recorded at

Q = (0.75, 0.75, 1.5), while the lower row was measured at
Q-(0.60, 0.90, 1.5). The value of 5 given on each figure is

the measured FTHM of the scan. The resolution width indi-

cated in the figures is essentially independent of temperature
and has a value of 0.24 meV (FTHM).
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comprise the critical fluctuations above T, ~ To do this
we first express the scattering cross section in terms of
a time-dependent scattering amplitude F(Q, r) as"

(F(Q, t)F(—Q, O)) re' 'dt
daod 0

where

fg(Q) = X&k[Q ecg(Q)]e
For displacements which satisfy the condition

Q u«. (t) && 1 one may write'

F(Q r) Xb [Q, u ( 1)] eiQ reck) (3)
specifies the coupling of the neutrons to the mode A. .
The dynamics of the modes aftect the cross section via
the correlation function S,(Q, cp) which is given by

where bj,. is the scattering length (including the
Debye-Wailer factor) of the kth atomic species. The
approximation Q tty,. (( I is well satisfied at Q vec-
tors of interest for the (static) displacements below T,.

and we assume this to be true for the fluctuations
above T,. as well. The displacements ulk(t) are related
to Auctuations in the order parameters o.„(q,t), by
equations analogous to Eq. (I). Thus,

(4)

The mode eigenvectors e„.,(q) are chosen to diagonal-
ize the leading (quadratic) terms in a Landau expan-
sion of the free energy. ' They are thus the eigenvec-
tors of the matrix

Q(P Po) q {r&—r)
D p. l,a'(q

II' ~~a, « ~&P.l'k'

where (& —Fp) is the free energy relative to the HT
phase. The eigenvalues of D (q ) are the coefficients
of the quadratic terms of the Landau expansion and
represent generalized inverse susceptibilities. The
above definition of the e~„(q)guarantees the statisti-
cal independence of the modes (labeled by }c) in ihe
small-amplitude limit (truncation of the Landau ex-
pansion after the quadratic terms).

The analogy of the above equations with the con-
ventional (harmonic) lattice dynamics is immediately
apparent. In particular, the number and symmetry
classification of the modes is identical to that of pho-
non modes. However, the exact form of the eigen-
vectors (to the extent that they are not completely
determined by symmetry) may be difterent from the
phonon eigenvectors and, of course, the mode dynam-
ics may be very different. Here we shall be concerned
only with the modes (A, = A. & or A, q) associated with
the lowest eigenvalue of the matrix D(q). It may be
convenient to retain the terminology "soft-mode" to
describe these modes. However, when used in this
way, the term implies only divergent Auctuations and
not (necessarily) a phonon frequency which tends to
zero.

Turning once more to the evaluation of the diffuse-
scattering cross section, we may combine Eqs. (2),
(3), and (4) to give

S„(Q,cp) J)dt (cr„(—Q, r) cr„(Q,0)) re'"'

= Sc(Q)Fi(Q, ~)

In writing Eq. (6) we have assumed that modes are
statistically independent'5 so that

(cr~cr~) r —g~.

Integrating Eq. (6) over cp one finds that

= X i f„(Q)i'S,(Q)

where

S~(Q) = J~d~Si(Q. ~) = (~i(Q 0) ~c(—Q. O))

(1O)

is the equal-time correlation function for the Ouctua-
tions.

In the absence of a detailed microscopic theory nei-
ther D(q) nor its eigenvectors e, ,(q) are known.
All that can be done is to replace e&.„„(q)by Ek(q&)

and ek„(q)by EI, (q&), where E&(q&) and El, (qq)
are the polarization vectors bf the condensed displace-
ments below T„determined from our earlier
diffraction study [see Eqs. (15) and (16) and Tables I
and III of Ref. 71. This replacement should be correct
at q =q& or qa and we can argue that it will introduce
little error at other wave vectors. The argument is as
follows. The F (q&) displacements shown in Fig. 1

can be characterized as a dimerization along the z axis
of Nb (A ) atoms together with atomic motions which
tend to maintain constant metal-oxygen near-neighbor
distances. While these considerations suffice to relate
qualitatively the displacements within a given (110)
plane (the shaded one in Fig. 1, for example), they do
not provide a natural coupling mechanism between ad-
jacent (110) planes. Thus we expect that ek „(q)

A

wiH be only weakly dependent on components of q
perpendicular to the (110) planes [i.e. ,
q-q„+(s, a, 0)]. However, for q within a (110)
plane we expect that eI,- & (q) may change rapidly with

q. Translating these observations info the language of
Sec. II, one Ands that e~ ),(q) is expected to vary
slowly along the rods of diffuse scattering but rapidly
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perpendicular to the rods. Since the rods are relatively
thin the rapid variation of e, ,(q) perpendicular to a

rod is of little practical consequence and our replace-
ment of the mode eigenvectors by E&(q&) and E&(qq)
should be a reasonable approximation.

The form factors f„(Q)defined by Eq. (7) can,
with the replacement discussed above, be evaluated
from the low-temperature distortion determined by
our earlier diffraction study. ' In order to specify the
scattering cross section Eq. (6) one needs, in addition,
a form for the fluctuation spectrum S„(Q,co) and in-

formation about the Debye-%aller factor. A general
form for the static susceptibility X„(Q)is derived in

the Appendix [Eq. (All) j and this has been used to
calculate S„(Q) via the fluctuation-dissipation
theorem. Specifically we have used

S (Q) C(T)
1+ (sin C~~/~o)'+(sin gi/ir&)'+(sing /~, )'

where C (T) is a temperature-dependent constant
determined by normalizing to the data and

1 1()i=
2 (vr +—qp)a ~ 4x=

2 (qx + Qt)&

g, =q, c —m

where upper signs refer to the A mode and lower ones
to the 8 mode. S,(Q) is thus specified in terms of
three inverse correlation lengths: K~~, which determines
the width of a q, peak in a direction parallel to the rod
of scattering and K, and K& which control widths per-
pendicular to the rods in the z direction and in the x-y
plane. At a later stage of data analysis we shall in-
clude the frequency dependence of S(Q, cu) as a peak
of width b(Q) centered at cu=0. The final quantity
needed for the evaluation of Eq. (6) is the Debye-
%'aller factor. In our diffraction study' of the LT
phase of Nb02, Debye-%'aller parameters were ob-
tained at room temperature. Since Bragg reflections
which are common to the LT and HT phases showed
relatively little temperature dependence, " it is rea-
sonable to assume that the Debye-%'aller factors are
themselves independent of temperature.

B. Calculations

In order to determine the values of the parameters

Kf~, Kg, and K, which best describe the data at each
temperature it is necessary to convolve the proposed
fluctuation spectrum with the instrumental resolution
of the three-axis spectrometer used in this study. A

standard program'6 has been used to perform this con-
volution in the elastic approximation, i,e., with

F(Q, pp) =8(pi). To understand the nature of this ap-

proximation let us denote by N(Qo) the true spec-
trometer counting rate at some nominal setting Qp and

at coo=0. Further, let Np(Qp) be the counting rate
calculated in the elastic approximation. The ratio of N
and Wp depends upon the inelasticity through the ex-
pression

N(Qp) F(Qoi rp)g ( Qo+&) dpp
No(Qo)

where g(Qp, cu) is defined by

Np(Qp)g(Qo, ru) =—Jtd Q R (Q Qp, (p)S(Q)

(14)

and R (Q —Qp, rp) is the instrumental response func-
tion. In deriving Eq. (13) we have assumed that
F(Q, cu) varies so slowly within the instrumental
response that it can be replaced by F(Qp, pp). By
direct calculation it can be shown that for a wide range
of values of Kf~, Kg, and K, and for experimental con-
ditions relevant to Figs. 4—6, the energy width (bR)
of g(Qp, co) is essentially independent of Qp. Thus,
the ratio N(Qp)/Np(Qp) is constant except for the Q
dependence of the energy width of F(Qp, ru). The
latter is given by (5' —5R)' ' ~here b, is the observed
energy width. For the experimental conditions of
Figs. 4—6 the variation of the observed energy width

along the rod of critical scattering is negligible at
T =830'C but may be +15% for temperature of
850'C and above. The effect of this variation is
difficult to include (because our measurements of the
energy widths at the resolution appropriate to
Figs. 4—6 are not sufficiently extensive or accurate)
and we have ignored it in these calculations. Howev-

er, inclusion of the effect would often lead to im-

proved agreement with experiment. For example, for
(-0.15 at T 855'C the calculated curve in Fig. 4 is
brought into agreement with the data when variation
of the energy width is accounted for.

Rather than attempt a complicated least-squares-
fitting procedure which would have given little insight
into the effect of various parameters on the calculated
intensities, we have estimated the inverse correlation
lengths by a trial and error method. This procedure
has allo~ed us to draw the following conclusions: (i)
The effect of varying the sample mosaic within rea-
sonable limits (20' —30') is negligible even for scans
like those displayed in Fig. 4. (ii) The Debye-Wailer
factor produces a 20% reduction of intensity at (=0
in Fig. 4 and a 30% reduction at ( =1.5. (iii) The
widths of the R-point peaks at (=0.25 and (=1.25 in

Fig. 4 dictate that K& &0.06 at all temperatures. Vari-
ation of K~ has a pronounced effect on the intensity of
the R-point peaks and, in our calculations, the value
of K& has been chosen to fit the intensities of these
peaks. K& also has an effect on the tilt profile shown
in Fig. 6. Ho~ever, this profile could not be fitted
with acceptable values of K& and the nominal spec-
trometer collimations, etc. The final parameter set
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(see Table I) for T =835'C gives a width for the tilt

profile of I. .3' compared to a measured width of 1.8'.
In view of the gross uncertainties in the specification
of vertical resolution of the spectrometer, we do not
regard this discrepancy as too important. (iv) The
widths of the (112) scans shown in Fig. 5 are in-

dependent of a~~ at Q =(0.75, 0.75, 1.5) and only
weakly affected by the value of K}l at the other points
bf measurement, Variation of K& within acceptable
limits (i.e. , K& +0.06) has little effect on the widths of
the peaks in Fig. 5: these widths essentially determine
values for ~, . (v) The parameter K}}is determined by
the widths of the P-point peaks shown in Fig. 4.

The parameters, which give a good overall descrip-
tion of the data, have been used to generate the solid
curves in Figs. 4 and 5 {but not Fig. 6) and are listed
in Table I. Since the data are, in genera), well

represented by the calculations, we find no cause to be
dissatisfied with the form chosen for the scattering
cross section. In particular, since the relative intensi-
ties of the various peaks in Fig. 4 are well reproduced,
the form chosen for f„(Q)appears to be essentially
correct. For the reasons discussed earlier the values
obtained for the K's should not be overinterpreted.
Nevertheless, a number of qualitative observations
can probably be made. For example, the planar corre-
lations (x& and ~, && K}})discussed earlier are evident
as is the departure from the mean-field behavior
~'a}T—T }

%hen the values of the K's are used to determine
the energy resolution at different points along rods of
critical scattering, the results are found to depend very
little on the values of the correlation lengths. Indeed,
for all of the data of Fig. 7, the instrumental resolu-
tion is 5& =0.25 meV, a value which is, as expected,
slightly less than the width (0.32 meV) of a vanadium
scan. From Fig. 7 we may draw several conclusions.
(i) The intrinsic energy width [i.e., (d' —hai)'~'] of
the critical scattering is finite and easily measurable
even at reduced temperature } T —T; ~l Ty of order
10 '. See, ho~ever, point (iii) below (T,, =808.5'C
for this sample). (ii) The energy width is Qdepen-
dent, being smaller at the P point than at neighboring

T( c) K}i Kj K

835
855
883

0.32

0.55

0.87

0.03
0.05
0.06

0.05

0.025

TABLE I. Fitted values of the parameters K}},K„and K. at

various temperatures. The uncertainties in the values of Kg

and K, are about +0.01. For K}}, the random error is about

+0.05; however, th|:re is an additional systematic error (see
Sec. III 8) which increases with temperature from -0 at

835 'C to -15% at 883 'C.

points along the rod of critical scattering. (iii) Both at
the P point (upper set of profiles) and between Pand
R points (lower set of profiles) the energy width de-
creases as the transition is approached. The finite
width at the P point near T, , apparently at odds with
the concept of critical slowing down, may well be an
artifact of finite Q resolution. Qualitatively the
behavior of the energy width is roughly consistent
with that of an overdamped phonon mode, but we

emphasize that there is no evidence for a soft phonon
branch from which it evolves.

IV. CONCLUDING REMARKS

In a recent paper, Toledano and Toledano" (TT)
call attention to the fact that the present interpretation
of' the Nb02 transformation in terms of order para-
meters with wave vectors }q„}contradicts the Landau-
Lifschitz criterion that the order parameter should not
have symmetry properties that, include a totally sym-
metric antisymmetrized product representation }I'}'.
These authors postulate that this difticulty is removed
if the transformation from HT rutile to LT bct struc-
ture proceeds through an intermediate structure in-

volving displacements with wave vector

}qM}= }—, , —, , 0}. As the support for this conjecture

they quote the powder x-ray results of Sakata et al. '
which show apparent weak superstructure peaks which
persist some 100 'C above the acknowledged transfor-
mation temperature of -800'C.

It seems clear to us that this proposal must be re-
jected. The original single-crystal neutron diffraction
results of Shapiro et al. show clearly that the Bragg
intensities at the (—, , —, , 0) points vanish along with the

1

primary reflections at (.—,, —, , —,) at T,. =808 C. More-} 0

over, it seems quite likely that the weak powder
diffraction peaks observed by Sakata et al. ' are in fact
the diffuse scattering described in the present study.
The diffuse character of the scattering is much less ap-
parent in the powder diffraction technique. %e know
of no other evidence for an intermediate phase in the
region 800 —900 'C.

The basic objection raised by TT, which was first
noted by Mukamei, 't remains. The restriction on }I'}
ensures by symmetry that the Landau expansion of
the free energy has an extremum at the proper wave
vector (}q,} in the present case). The problem is

therefore precisely the one discussed in more physical
terms by Pynn and Axe, "and again in this work.
Namely, there is no symmetry argument that singles

1 1 1out the wave vector (4,—, , —,) over the more general

value ((, (,—,). On the other hand, the behavior of
the diffuse scattering sho~s unambiguously that the
instability does develop at, or at least very near }q~}.
Furthermore, the discussion, particularly in the Ap-
pendix of this paper, has attempted to clarify the kinds
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of physical assumptions necessary to produce an "ac-
cidental" minimum in the free energy near [qr}. Once
this key physical point is accepted then the Landau-
Lifshitz criterion becomes inappropriate either because
(a) the wave vector of the condensed displacements is

initially very slightly different from (q, } subsequently
locking on to that value, or {b) the transformation
locks directly onto [q„}but is very slightly first order.

Sladek and Bennett' have compared the Debye 0
obtained by low-temperature specific-heat rneasure-
ments with that derived from low-temperature ultra-
sonic measurements and find the former to be -5%
lower. They suggest that the discrepancy is due to an
increased density of phonon states with acoustical-like
dispersion, which represent a special kind of "soft
mode" termed variously "phasons" or "sliding modes. "

(Note however that the gapless nature of phason exci-
tations is conventionally associated with incommen-
surate structures, )

It would be somewhat surprising and very interest-
ing if the presence of such excitations could be
verified directly at low temperatures, especially in view

of the fact that at room temperature and above only
diA'usive quasielastic excitations were found in this
study. Indeed, such dift'use modes, if they persist to
low temperatures, could /// p/inripIe .'xplain the
discrepancy observed by Sladek an& Bcnnett; there is

no a priori need to introduce further propagating
modes.
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APPENDIX: MEAN-FIELD MODEL
OF THK FLUCTUATIONS

We suppose that for a discussion of the fluctuations
in the HT phase the Hamiltonian can be approximated
by

Z =—X v„(q)a, (q) a,{-q)
q, k,

—g/t„(q)a, (—q) (A1)

where the first term is diagonal in A. because of our
choice of mode eigenvectors [cf. Eq. (4)] and h, (q) is

a fictitious conjugate field introduced to facilitate the
discussion of a generalized susceptibility. By familiar
argurrrents the self-consistent solutions for a.„(q) in

the mean-field approximation (MFA) in the limit

a&(q) 0 are of the form

a.„(q)=Xo[v.{q)a.(q) +/ti(q)] (A2)

where Xo=C/Tand C is constant. By definition the
order-parameter susceptibility is

X~(q) =—a'i(q)/h~(q) =Xo/[[ —v, (q)Xo] (A3}

and we can relate X,(q) to (a,(q)a„(—q)) through
the fluctuation-dissipation theorem"

((r„(q}a„(-q})= kTX, (q) (A4)

Xo(T) can be evaluated through the condition that

X„(q~)must diverge at T, , i.e.,

v, (qp) Xo{T {AS)

In order to facilitate the construction of an interac-
tion potential v„(q)with the correct qualitative
features consider a direct-space description of the
form

(A6)

vg (q ) = 2[ v, cos $, + v) cos ($„—@,.)

+ vgcos (@ +$, ) + v (cos $.+cos $,,)],
(A7}

~here @„q,a, @,, = q„.a, and @ = q. r. It is con-
venient to shift the origin to q& = (4, —4, 2

} by the

transformation

We have examined in detail a model with the follow-
ing intercell potentials:

v), ( 1
—1') .=- vt, (uPy}

where na+Pb+ yc is a direct lattice vector. (a)
v„({0,0, 1)) = v. && 0 to account for the strong ten-
dency toward antiferrodistortive (AFD) dirnerization
along c. (b) v, ((1, 1, 0)) & v, ((1, 1,0)). The inequal-
ity is crucial and results from the lack of a simple
fourfold rotation axis. From an inspection of Fig. 1,
we expect that v&((1, 1, 0)) =—v, [ && 0 to account for
the +FD tendence in this direction. We shall see that
v&((1, 1, 0)) —= v& must be positive to.account for the
LT Nb02 structure, but from Fig. 1 it is only possible
to guess that } v&} &( } v„}.The fourfold screw axis in-

terchanges sublattices A and 8 so that va({1, l, 0)) = v}}

and va((1, 1, 0)) = v~. (c) Finally for completeness we

include v„((1,0, 0)) = v„((0,1, 0)) =—v, . The equality
in this case follows from the presence of (110) mirror
planes. Although it is difficult to make an a priori

guess as to its magnitude, we shall see that both the
distribution of diA'use scattering and the LT structure
suggest that v„=0.

Performing the summation in Eq. (A6) for A. =3,
we find



STRUCTURAL FLUCTUATIONS IN Nb02 AT HIGH. . .

(@„,@„,P,) =—(q„a,q, ,a, q, c)
l 1=(—~+g +g; ——~+g —g;~+g, )

(Ag)

where (]] is along the rod of diffuse scattering arising
from the A sublattice and (& and (, are perpendicular
to the rod. Then, v&(q) becomes

v„(q)=—2v, cos(, —2v]]cos 2(~

discontinuous (1st order). We have observed no such
discontinuity and furthermore the diffuse scattering
maximizes at or very near ( = —,. We therefore be-

lieve that the occurence of the instability at ( = —, is

"accidental" in the symmetry sense, or, within the con-
text of this model, that v„is very small. We therefore
set v„equal to zero.

Having assured that v&(q) is maximized at q& we
may rewrite the susceptibility as

+ 2 vg cos2(]] —4& stngg cos([[ (A9) x„(q)= x„(q)

For the instability to occur at q~ it is only necessary
that v„(q} be maximized at q„,i.e., for

4]]=(i=(.=0

Neglecting for the moment the last term in Eq. (A9),
this condition is met if we add to the constraints on
the parameters in v„(q) discussed above the require-
ment that v~ )0. [lf v, (0 the maximum of v„(q)
shifts to f []

=
2

n, i.e., to qg = (—,0, —). Obviously

within this model the nearly equal stability of Nb02-
like and VO2-like distortions, as well as the strongly
anisotropic diffuse scattering, are expressed through
the condition that ]v~]/]v„](& 1.] Since the last term
in Eq. (A9) is odd in (z it moves the minimum of
v&(q) to a finite value of (&. This is a manifestation
of the previously noted fact" that q& = (—„,—,, —,) has

no unique symmetry which distinguishes it from other
wave vectors on the line (g, f, —,). Higher order "umk-

lapp" terms in the free energy are capable of causing a
"locking on" to g = —if the maximum of v& ( q ) is

nearby, but this requires that the transformation be

(A10)

X„(q)= x, (q, ) 1+
2 ]

sin
2 &- sin'0]] sin+ +

K K K

(A11)

where X&(q&), the divergent susceptibility, is

&~(qg) =[vg(qg)] 'T, /(T —T, )

and

(A12)

K. = [(v. + v~~ vg }2/v](T T, )/T,

~ii = [(v-+ vii
—vg)/2viil(T —T, )IT, (A}3)

Kg = [( v- vii+ vi)/2vi] (T T, )/T,

(K') ' + (K') ' + (Ky) =2[T /(T —T )] (A14)

Note that the three inverse correlation lengths are
constrained by the relation
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