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Anomalous Inelastic Neutron Scattering in bcc Zr-Nb Alloys*
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Inelastic neutron scattering from bcc Zro 9gwbo 08 at 965'C reveals features in the in-
elastic response which lack the average cubic symmetry of the lattice. This can be under-
stood as arising from phonon modulation of quasistatic short-range order representing
fluctuations into an incipient "co" phase.

At high temperatures the binary alloy Zr, „Nb„
(0& x& 0.2) forms a random bcc phase, which at
lower temperatures transforms into a metastable
"~"phase, ' related to the parent bcc phase by
the condensation of static longitudinal plane-
wave atomic displacements along [111]with a
wave vector Tc =-', (111) (which can be equivalent-
ly described as a transverse wave with z 3

&&(112)).' The favorable Coulombic energy as-
sociated with this mode of distortion results in
a minimum in the appropriate phonon dispersion
near this wave vector for most bcc metals, sug-
gesting a soft-mode mechanism, although the
bcc-e transformation is of necessity first order. '
A previous neutron-scattering study of bcc
Zrp SNbp 2 looking for such effects succeeded
mainly in showing that short-wavelength phonon
groups were surprisingly poorly defined, and
also documented the existence of strong quasi-
static ~-like short-range order well into the
bcc-phase field. ' This Letter reports further
measurements on a more dilute alloy Zrp g2Nbp p8

at T =965 C. Although this temperature is well
within the bcc single-phase field, the inelastic
scattering function S(Q, ~) is shown to have
anomalous structure which violates the expected
cubic symmetry and which can be related to these
persistent ~ fluctuations in the bcc phase.

The essential features of our observations are
summarized in Fig. 1 which shows the results of
the triple-axis spectrometer scans in a scatter-
ing geometry designed to measure phonons with

q along [112] and displacements along [111]about
the [222] bcc reciprocal-lattice point. Cubic
symmetry requires that scans A and J3 towards
opposite Brillouin-zone boundaries (ZB) be iden-
tical, but the actual data shown in Fig. 2 reveal
that this is not the case. ' The shaded area in
Fig. 1 is a measure of the uncertainty of the pho-
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FIG. l. A summary of phonon branches obtained
from an analysis of data shown in Fig. 2. The inset
shows the positions in reciprocal space at which the
data were taken. The dashed ellipses indicating diffuse
elastic scattering, denoted by weak ~ and strong , are
centered on the zone-boundary points given by the set
/[112]. These become the ~-phase Bragg peaks at low
temperature as do all the ZB members of the set. Cu-
bic symmetry requires scans A and B to be identical.

non "branches" of Fig. 2 and is necessarily
somewhat arbitrary particularly near the ZB on
branch B. Note that this transverse ZB phonon
would be the soft mode were this description to
be appropriate. A closely related remark is that
the long-lived ~-like fluctuations show up as
quasielastic diffuse scattering around these same
ZB wave vectors, accounting for the elastic cen-
tral peaks seen in Fig. 2. The fact that this dif-
fuse elastic scattering itself lacks cubic symme-
try (much as in Ref. 6) suggests where to look
for similar asymmetries in the inelastic scatter-
ing.

In fact, while these inelastic-scattering results
are clearly inconsistent with what is expected for
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FIG. 2. Inelastic scattering spectra for bcc Zrp
Nbp ps at 965 C The two halves of the figure refer not
to energy loss and energy gain but to different sym-
metric locations in reciprocal space. (See Fig. 1.)

r (t) = R +g ~P g~+ p, (t),

where p.~(t) describes the vibrational motion and

$ ~ are the displacements the atoms must under-
go to be carried into one of the possible cv con-
figurations. I'» = 1 if the Lth atom is in the A.th
such configuration and is zero otherwise. The
elastic scattering is composed of two terms,

S„(Q)=Sb~~(Q)+Sd) ff(Q) ~

a simple monatomic bcc lattice, the principle
features can be understood by considering the in-
fluence of the static ~-like short-range order on
the inelastic scattering. We express the instan-
taneous position of the atom within the l.th bcc
unit cell as

where

S„„(Q)=Z f,(Q)f, *(Q)G„.(.)~(Q+.—.). (1)
X. V
K T'

G), q. (~) is the disorder correlation function,

G, ( ) = (P ( )P,*( )) —(P (0))(P„,(0))5( ) .
P~(y) is the Fourier transform of the site-occu-
pation operator I'», 7 is a reciprocal-lattice
vector, () indicates an ensemble average, and

f„(Q)=exp[i@ g~, —W(Q)], where W(Q) is a
Debye-Wailer factor. Sb~ (Q) represents the
sharp Bragg scattering from the average struc-
ture and is given by replacing G~~, (z) by (P),(0))
x (P „,(0)) O(7() in Eq. (1).

Even within the harmonic approximation there
are two sorts of difficulties which arise in dis-
cussing the inelastic scattering from such a dis-
ordered lattice. The first is the dynamical prob-
lem of describing the elastic mismatch between
distorted and undistorted regions of the lattice
and the resulting scattering of the bcc phonons.
The second complication is purely structural in
origin. Whatever the correct description of the
vibrational excitations, they are modulating a
structurally disordered array of scatterers, and
this too must manifest itself in the inelastic-dif-
fraction pattern. It is conceptually possible to
dissociate the dynamic and structural aspects by
postulating a model disordered lattice in which
the harmonic restoring forces are independent
of the local equilibrium configuration. The re-
sulting structural aspect can then be discussed
rather precisely, and it is worthwhile to do so,
for although it is difficult to estimate the impor-
tance of the dynamical effects that are ignored,
the structural effects are surely of great impor-
tance so long as ~Q$~ a 1. In fact these purely
structural effects contain many of the anomalous
features of our experimental observations.

With the above dynamical simplification, the
displacement correlation function (p, ~(t)p,~'(0)) is
independent of the static displacements P~ g~
and is equal to that of the bcc lattice. It is then
not difficult to show that the harmonic one-pho-
non scattering also consists of two parts, S,(Q, cv)

=Sb„(Q, &u)+Sd'ff(Q, ~), where

s„.„(q, ~)=( "
) g f,(Q)f„,(Q)o, „,(g)g, (q, ~)))(Q+ic (T i),

q~K, 7

x. , x!, j
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Here n(&u) = (e8 —1) ' and e,.(q) and &u,.(q) are the
eigenvector and eigenfrequency of the (q, j)th
normal mode of the bcc lattice. Once again
Sb„(Q, v) can be obtained from Eq. (2) by replac-
ing G~„,(z) by (P „(0))4P ~(0))5(7c). Note the struc-
ture of Eq. (2) and its relation to Eq. (1). Just
as it is possible to associate Sb„(Q, &u) with the
modulation of a specific Bragg peak with wave
vector 7 =Q —q by a single phonon of wave vector
q, so it is possible to associate Sd' ff(Q, &u) with
the modulation of the quasistatic short-range or-
der giving rise to SdI I f(Q —q) by a range of pho-
nons with complementary wave vectors q. Since
the &u,.(q) are well defined in this model, Sb„(Q,
e) has a sharp frequency distribution. But
Sd ' ff(Q, v) is broadened in frequency because
it consists of a convolution over many phonons, '
the width being of order b, cu- [8&v(q)/Bq] b.7&,

where hg is the width of Sd ff(Q, ~) in the region
about Q=g.

Equation (2) has been used to calculate S,(Q, cv)

and thereby the mean frequencies and integrated
inelastic-scattering intensities for the values of

Q shown in Fig. 2, for a simple model of the bcc
lattice with short-range co fluctuations. Because
the scattering geometry strongly favors the w

variant with displacements along (111) (there are
four variants, corresponding to the four [111]di-
rections), for simplicity only this contribution is
shown in Fig. 3. G(R) was assumed to have an
isotropic Gaussian distribution with width Az
=0.2T(2m/n) (full width at half-maximum). In cal-
culating f~(Q) a value of

I $I was used which is
approximately consistent with the distribution of
diffuse elastic scattering at the A and B zone
boundaries, which in turn is not substantially dif-
ferent (25% smaller) than that given by Keating
and LaPlaca' for Zro 80Nbo 20 bcc Nb phonon fre-
quencies" scaled by the factor 0.73 were used to
bring the [112]T ZB phonon into agreement with
our observations in the alloy.

Since Sd;f f(Q) is strongly localized about incipi-
ent ~-phase superlattice vectors, the structure
in Sd'ff(Q, &u) shown in Fig. 3 can be thought of a,s
broadened precursors of v-phase phonon branch-
es obtained by folding the bcc reciprocal lattice
back onto itself in the appropriate manner. The
narrow black bars represent the original bcc pho-
nons, while the remaining bars represent essen-
tially the identical bcc phonons with the origin
displaced by t„—f =a —,[112]. The latter are
shown as broader bars to indicate qualitatively
the purely structural broadening of the inelastic
scattering. Features at &o/ar z~ & 1 result from
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FIG. 3. Mean frequency and integrated intensities of
phonon groups calculated using Eq. (2). The black bars
represent a modulation of the average bcc lattice, the
remainder a modulation of cu-phase short-range order.

umklapped phonons lying on the face of the bcc
zone.

Figure 3 demonstrates most of the qualitative
features of the experimental data of Fig. 2. At

f/PzB = 0.15, it predicts the dominant feature to
be the symmetric sharp bcc phonons, as is in-
deed also the case at g/gzB =0.30. The experi-
mental data did not have sufficient range to con-
firm the existence of the weak peaks predicted
near (dzB, A't f/fzg =0.60, the bcc phonons have
begun to merge with the other two branches and
all we might expect experimentally is a broad
response, especially if finite-lifetime effects are
included. Figure 3 then suggests for scan A a
broad weak peak centered on a frequency some-
what smaller than the bcc zone-boundary frequen-
cy. For scan B a broad peak of greater intensity
and lower average frequency might be expected
and this is observed. Finally, at the zone bound-
ary, scan A should have a broad peak at the ZB
frequency and a weak (inelastic) peak centered
about zero energy transfer due to q= 0 acoustic
phonons. The relative intensities of these two
features reverses for scan B with an especially
dramatic increase in the broad inelastic scatter-
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ing around AE =0. Figure 2 qualitatively repro-
duces this calculated response.

The frequencies of the calculated phonon dis-
persion in Fig. 3 are, as they must be, symmet-
rical in scans A and B, but the intensities are
not. In our present interpretation the two mea-
sured "dispersion curves" shown in Fig. 1 are
identical at small f since the bcc phonons are
most strongly sampled. As f increases the bcc
phonons broaden and merge with the excitations
associated with the ~ fluctuations. The average
frequency of this broad band differs between
scans A and B because of asymmetries in the in-
elastic structure factor for these +-phase pho-
nons.

Finally what can be said about the soft-mode
hypothesis'P The data summarized in Fig. 1,
particularly scan B taken alone, show the be-
havior expected of a soft-phonon branch, with
the ZB mode itself overdamped. But the present
calculations show that it is reasonable to attri-
bute this low-frequency scattering not to a gen-
uine soft mode, i.e. , an incipient lattice instabil-
ity, but rather to the modulation of quasistatic
short-range order by ordinary low-frequency
long-wavelength sound waves. It is clear phag
this effect can occur generally in other similar
circumstances. Concerning the bcc-+ phase
transformation it seems that the soft-mode de-
scription is inappropriate in that the important
premonitory fluctuations involved occur at much
lower than phononlike frequencies and in fact ap-

pear essentially static in these experiments.
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It is shown that a three-band model (i.e., inclusion of 5d~s, 6s, and 6pg states) for the
linear Pt chains in K2Pt(CN)4Bro 3. 3H20 is inappropriate for a description of the elec-
tronic structure. The chemical effects of the ligands force an s-d hybridization which is
k independent and leads to free-electron-like bands within a basically tight-binding
scheme. This results in an explanation of the band structure deduced experimentally. A
highly simplified model is also presented to explain the partial occupancy (~ full) of the
band.

There has been a great deal of recent interest
both experimentally' ' and theoretically"' ' in
the properties of a group of mixed-valence plati-
num salts of which K Pt(CN)4Bro, 3H20 (KCP)
has been the most extensively studied. A large

number of properties of KCP show the behavior
expected on the basis of one-dimensional physi-
cal models. For example, the Peierls distor-
tion, which occurs only in one-dimensional sys-
tems, has been observed experimentally in KCP."
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