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NEUTRON SCATTERING STUDIES OF SOFT MODE DYNAMICS
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At the NATO Advanced Study Institute held at nearby Geilo
in April 1971, Riste, Samuelsen, and Otnes1 reported on the cri-
tical behavior of SrTiO3 near the 105°K structural phase trans-
formation as studied by neutron scattering. They observed that
in addition to the expected condensing soft mode phonon side bands
that there was in addition a very narrow central component. Thin
paper is in the nature of a progress report on the neutron scat-
tering work of the last two years on the "central mode problem,"

6-TUNGSTEN SUPERCONDUCTORS

The first thing we learned was that the central node was not
an isolated phenomenon occurring only in SrTiO3. At about the
same time, Shirane and I were studying the structural transfor-
mation in Nb3Sn.2 This structural transformation, which occurs
in many binary or pseudobinary compounds with the same 6-tungsten
structure, is characterized by a drastic, softening of the acous-
tic shear mode with propagation vector q j | [110] and displacement
vector e||[110].3 At the transition temperature T M • 46°K, the
crystal structure changes from cubic to a slightly distorted tet-
ragonal structure.1* Fig. 1 summarizes the frequency shifts seen
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Neg.# 4-675-73 Figure 1. Temperature dependent transverse acoustic phonon dis-
persion at small wave vectors propagating in the
"soft" {1101 direction in Nb3Sn.

in these soft [ZZO] TA phonons as the temperature is lowered
toward TM. It is probable that the change in slope which occurs
at q ̂  0.1 is related to the change in screening which occurs as •
the phonon wave vector passes through parallel edges of the Fermi
surface. Most interesting for the purposes of the present dis-
cussion are the changes in the power spectrum of the soft phonons
in the range of wave vector shown in Fig. 1 as the temperature is
lowered further. Typical of these observations are the data in
Fig. 2 showing that as the temperature is lowered there is a grad-
ual evolution of a central component in the scattering spectrum
in addition to the familiar "phonon-like" sidebands. Although
the sideband structure continues to move to lower frequencies as
the temperature is lowered, far more dramatic (note the logarith-
mic scale) is the growth of intensity of the central component
which completely dominates the fluctuation spectrum near TM. The
apparent width of the central component can be essentially ac-
counted for by the resolution of the instrument alone. Thus the
intrinsic width which adds in quadrature to the instrumental
width is small, 1/3 or less of the observed width. Fig. 3 demon-
strates that this central peak intensity maximizes at or very
near TJI and thus represents the major contribution to the criti-
cal scattering associated with the structural transformation. An
additional qualitative observation is that although this additio-
nal central component can be observed at least out to q « 0.1,its
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Neg. # 4-676-73 Figure 2. Observed spectral profiles of fCCO] Tj phonon node in
Nb3Sn with z, • 0'.02a* at several temperatures above TJJ.
Only the phonon annihilation portion of the spectrum *
is shown. The data were taken with an incoming neutron
energy of 5 oeV and the energy resolution is * 0.1 mcV.

Neg.# 8-126-71 Figure 3. The closed circles show the onset of the structural
phase transformation as monitored by the "forbidden"
(3CC) Bragg reflection. The open circles represent the
temperature dependence of the central component in the
neutron critical scattering spectra of



presence is restricted to propagation directions nearly along the
soft [110] direction; Finally, by observing^chis feature for
several values of momentum transfer <$ • G + q which differed by
only a reciprocal lattice vector G, we found the intensities of
the central component and the phonon sidebands to be in a con-
stant ratio. This seems to establish that both the central peak
and the sidebands are describing the motion of one and the same
•ode, but that the mode dynamics are characterized by both the
normal phonon-like oscillatory response and some slower response -
as well. (1 will discuss later the still-to-be-eliminated possi-
bility that the central component is a purely static phenomenon.)

In order to discuss our observations in a quantitative way,
It was necessary to invent some kind of a theoretical construc-
tion, however tentative, and this we did In the following way.
Quite generally,, the frequency dependent part of the one-phonon
scattering cr^s section may be written as

S(u) - ( - 5~) ImtuJ - U2 _ lur(u)}-» (1)

where u o is a temperature-dependent quasiharmonic frequency and
we assume kBT »-ftu for the frequency range of interest. Soft-
node line shapes have previously been discussed in the "viscous
damping" approximation in which r is taken to be a frequency-
Independent constant. The condition for dynamical Instability,
u 0 *» 0, Is connected with the divergence of the integrated scat-
tering intensity I(total) • /S(u)du « o>o2. This form leads to
either a two- or one-peaked function, depending upon the ratio
r/u0, and Is not capable of explaining even qualitatively the
profiles shown in Fig. 2.

In general, however, r itself has a frequency dependence
which reflects the changing density of excitations with which the
one-phonon state can Interact. Sufficiently large changes in
P(u) in the important frequency region near uQ can produce more
complicated spectral profiles. We postulated the following sin-
pie fora for the phonon self-energy function

r<u) -ro + 6
2/(Y-I«). (2)

Schwabl later independently proposed a dollar Ansatz for r(«) in
discussing the central mode in SrTiO3.5 We imagined the first
t e n in Eq. (1) to represent the normal damping due to phonon-
phonon scattering and the second t e n as due to coupling with
another (as yet unspecified) fluctuation with, a Debye relaxation
spectrum. Eq. (1) has been criticized on the grounds that it
violates certain moment sum rules. This is related to the failure
of TC«) •* 0 as u •»• «• r0 should be thought of as the low



frequency approximation •"O a function F0(to) which varies slowly
over the region to % u>0 « w^, where Wp is the Debye frequency of
the solid. Thus in systems studied thus far it is mathematically
correct but physically improper to omit Fo in Eq. (1) on the ba-
sis that the remaining term satisfies higher moment sum rules.

Eq. (1) seems now to be established as the canonical line
shape in the central mode problem. One would do well to remember
however that it has a very slender foundation in microscopic
theory. It has survived rather well whatever experimental tests
we have subjected it to, but these have not been stringent enough
to allow us to say that a correct theory must yield this exact
analytical form.

Inserting Eq. (2) into Eq. (1) gives

S(u) -
1 ~x~ii u " ̂  ' (3)

where u£ « u2 +*62. This formula has the general qualitative
features of Fig. 2. In the limit u£ » 62, it shows three dis-
tinct peaks with side bands at ±w.». In the other licit wfl •*• 0
(i.e. a)* •*• |fi|), Eq. (3) shows a profile with shoulders similar
to that observed in Fig. 2 at 46*K.

For a more quantitative comparison with experiment, we can
conveniently divide the cross section into S(u)r .. - S(c'
+ S<uWand «ith -

. (b£\(£ \(^1 \ («)

where y' • (U 2/U 2)Y. This formula is valid for the range of
parameters of interest, am » Y and r0 « (62/y). As with the
simpler damping, I « « ug2 and dynamical instability occurs
as u0 •*• 0. The fractional integrated central peak Intensity is
slaply

I (central) 62 »v
I (total) " ̂  ' tD'

From data of the type shown in Fig. 1, it is straightforward to
obtain both the ratio I(central)/I(total) and the value of a
(essentially the peak of the phonon sideband), so that Eq. (5)



can be used to deduce a value of |<$|. Investigation for various
wave vectors establishes that |<$| varies approximately linearly
with q, J6| » Xq. The principal prediction of this phenomeno-
logicsl theory is that the central node intensity grows not in
proportion to the increasing intensity of the soft phonon side-
bands (vr/u£) but rather at the much faster rate (^T62/(D2O)§) . The
observed temperature dependence is consistent with this relation
If 6 is taken as temperature independent.

There is one additional initially puzzling feature of our
data which is resolved by our present understanding of the sig-
nificance of the central mode. At room temperature the value of
the (g(O)Ti phonon velocity derived from neutron measurements
is essentially equal to that obtained by ultrasonic techniques?
However, as shown in Fig. 4 there is an increasing systematic
discrepancy between the two types of meau-cements. We may sup-
pose that the ultrasonic frequency (40 MHZ in this instance) is
negligibly small compared with the Inverse relaxation time Y» in
which case one measures a low frequency sound velocity vo. On
the other hand, phonon frequencies from which the neutror. deter-
mined velocity is derived is much greater than Y. in which case
the observed phonon velocity can be shown from Eq. (3) to be

V* (6)

Plotted in Fig. 4 are the ultrasonic velocities v and the values
of v» calculated from Eq. (6), and using the wJ'ie A-6.42x10'•cm/
sec obtained from the above analysis of the ccnctal peak ampli-
tude. Vo> agrees very well with the velocities obtained from the
direct analysis of the sideband frequencies obtained from the
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6-182-72 Figure 4. The («0)Ti phonon velocity In Nb3Sn determined by
neutron scattering differs from ultrasonic velocities
by an Mount which is predictable from the amplitude
of the central component.



neutron experiments.

SrT103

As is now well known, tha structural phase transformation in
SrT103 at ^105°K results from the instability of a zone boundary
phonon.7"9 In the cubic phase the displacements of the soft mode
transform according to the triply degenerate R25 representation
of the group of R and correspond to rotation of the oxygen tetra-
hedra about the <i00> axes. At Tc there Is a doubling of the
unit cell and the zone boundary of the cubic phase now becomes
the zone center of the tetragonal phase. The triply degenerate
zone-boundary R25 mode of the cubic phase splits into two zone-
center modes: a doublet with rotation axes perpendicular to the
fourfold axis and a singlet with rotation axis parallel co the
fourfold axis. Subsequent to the discovery of the "central mode"
In SrTi:>3 by Riste et al £ irther experiments were carried out in
collaboration with Rlste at the HFBR at Brookhaven.10

In the study of Nb3Sn the small sample size (0.05 cm
3) se-

verely limited the scope of the study, but -fortunately the exten-
sion of the central component in reciprocal space was much larger
than the corresponding q-width of the Instrumental resolution.
While the observed line shapes were still subject to considerable
correction for finite energy resolution, to within a reasonable
first approximation the relative integrated Intensities of the
central and sideband components were given directly from the ex-
perimental data. In the case of SrTiO3 (as well as KMitF3 and
LaA103, to be discussed later) the cross section was observed to
vary rapidly over a range of q comparable to the instrumental
width. This necessitated resolution corrections* the importance
of which can be visualized with Che aid of Fig. 5, which sche-
matically shows a cross section corresponding to a phonon dis-
persion surface, sooe additional cross section around u»0, and
the resolution ellipse drawn to scale for a typical high reso-
lution experiment. A constant Q scan moves the resolution'func-
tion parallel to the energy axis through tht scattering cross
section. For a particular setting (<$8»«s) of the spectrometer
the observed neutron intensity is

>) (7)

and

o(Q,u) " "T-~ IF (Q)|^S. (U) (8)

where kp and k.f are the final and initial neutron aoaenta and
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Neg. it 3-233-72 Figure 5. Schematic representation of a cross section of the
soft phonon dispersion near the R-point in SrTi(>3,wieh
additional scattering near u»0. The resolution ellipse
is drawn to scale for 5-raeV incident neutron energy,
20* horizontal colllmatlon.

Fin($) *•• the inelas_tic^structure factor for the mode with a re-
duced momentum q • Q - G.

The intensity of the phonon-like sidebands changes with Q
much less rapidly than does that of the central component, the
two components are therefore weighted differently by the spectro-
meter. The Droper resolution correction can be applied only If
we know the Q dependence of o(Q,u). If the dynamical matrix is
expanded about *qR - (1/2,1/2,1/2), the behavior of the "bare"
phonon nodes near qR are determined by a truncated dynamical
matrix11

£T(q) - «2(qR)l + (^-qR). X- <q-qR) (9)

where 1 is a 3x3 unit matrix and \ contains the 3 independent
constants which can be adjusted to agree with the measured fre-
quencies u£(q). The Inelastic structure factors Fjn(q} are easi-
ly evaluated from the eigenvalues of Eq. (9). Although we can
safely neglect the q-dependence of I*o, our phenomenologlcai deri-
vation of Sq(u) gives us no guide for predicting 5(q) and y(q).
Our analysis will be independent of any detailed assumptions
about y(q)» but in averting 6{q) - constant, we are in effect
averaging whatever q-dependCnce there is in this quantity over
the sampled region of momentum transfer.

Fig. 6 is an example of the observed line shape at about ten
degrees «bove Tc. Very high resolution was obtained by using low
energy (4.9 meV) incident neutrons and higher energy contamina-
tion was reduced to a negligible level by a Be filter. The
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Neg. # 4-187-72 Figure 6. Scattered-neutron spectrum of SrTiO3 at 1 • 110°K. The
circles are the observed data, the full line represents
the fit of the data with Eq. (3) folded with the in-
strumental resolution; r0 - 0.38 ± 0.1 meV, §

2 =• 0.63±
0.1 meV2.4*2 * 1.27 ± 0.1 meV2, Xj - 500 meV2A2, X2 -
1000 meV2A'. The dashed curve is a plot of S(<o) with
the above parameters.

incoherent scattering (a small correction at this temperature)was
measured separately and has been subtracted. The importance of
the resolution corrections, seen by comparing the solid and dotted
curves is, as expected, most pronounced on the central peak.

Since the observed linewidth of the central peak was always
resolution limited we chose a nominal' value of Y ' such that it
was always smaller than the energy resolution of the spectrometer.
After a good fit was obtained y' was allowed to vary. The fit
was insensitive to y1'provided it was scalier than the instru-
mental resolution and larger than the mesh size required for the
numerical folding. As can be seen most easily by the approximate
Eq. (4), 52 can still be determined accurately under these con-
ditions from the integrated central peak intensity.

Fig. 7 shows the temperature dependence of 62, w^(qR) and
u§(qR) deduced by fitting many experimental results to Eq. (3).
Several internal checks, such as the consistency of parameters
obtained with different spectrometer resolution as well as the
overall goodness of fit, convince us that the form of the para-
meterized cross section we have chosen is not grossly inappro-
priate. There are at least two features here worthy of comment.
62 is apparently constant at ̂  0.9 meV2 for T - T c > 25°K, de-
creasing to about 0.3(±0.1)meV2 at Tc. It is possible, however,
tf.at all or part of this apparent T-dependence results from our
rather ad hoc assumption that 62 is q-independent.



Neg. # 3-240-72 Figure 7. 62, u2 vs. T for SrTiO3.

' In agreement trith previous studies1'12 <u2 is essentially
linear with temperature in the range 10°K < T*- T < 180°K, but a
deviation from this simple mean field behavior iscclearly evident
at lower temperatures for both w£ and u2. Since ca2 is essenti-
ally the inverse static susceptibility an attempt was made to de-
duce a critical exponent, Y» using the relation u2(1>T )'v(T-T ) Y

but the results were not satisfactory, perhaps becausecof thec

limited temperature range of our observations. However, our
measurements strongly suggest that if such a limiting form is
applicable, 1.5 < y < 2.5. It was not possible to make meaning-
ful measurements nearer T because of our inability to determine
T to better than t> ± 0.5*. This determination of T was made by
observing the intensity change of the cubic (222) reflection
caused by extinction relief in the strained tetragonal crystal.

KMn?3 exhibits the same cubic-tetragonal transformation that
exists in SrTiO3 with T « 186°K.13 Gesi et al11* studied the tem-
perature dependence of 8he soft mode line shape with moderately
high resolution and were able to describe their observations with
a simple damped harmonic oscillator response, but found an unex-
pected temperature dependence of the damping parameter T . This
led us to a reinvestigation of KMhF3 with higher resolution and
the observation of a narrow central component in addition to a
broader overdamped phonon peak.10

10
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Neg. # 3-238-72 Figure 8. Scattered-neutron spectra of SrTiO3 and KM11F3 at
T-Tc - 15.2 and 17.9°K, respectively. The dotted line
corresponds to the phonon peak and the solid line to
the central component. The dashed line corresponds to
level of room background. All incoherent scattering
has been subtracted.

Fig, 8 compares the soft phonon line shapes of SrTiO3 and
KMnF3 under identical high resolution and at nearly identical va-
lues of T-Tc. It shows unambiguously the existence of the cen-
tral peak in KMnF3 as well as in SrTiO3. In the latter, the
.phonon peak (dotted line) is underdamped, whereas in KMnF3 the
Phonon is well overdamped at this value of T-Tc and appears as a
broad line centered around u>»0. Sitting on top of this broad
line is the narrow central peak. In addition, the linewidth of
the central peak in both systems is that of the instrumental reso-
lution. This sets an upper limit on the value of the central com-
ponent: Y < 0.02 meV (-0.16 cm"1 - 4.8 x 109 Hz).

Although there is no difficulty in fitting the line shape
observed in KMnF3 to Eq. (3), the results are considerably less
reliable because severe correlations develop between the fitting
parameters, particularly w£ and 62. If, however, we use the va-
lues of <o£(T) given by Gesi et al (which should be reasonably
reliable for T not too close to Tc) values of 6

2 % 0.3 ± 0.1 meV2

can be estimated.

If, in accordance with our assumption that 6(q) can be re-
garded as cf-independent, the central mode intensity depends upon
f only through ci>e»($), and from Eq. (4), it is given approximately
by [ujUiDiDod)]-1. w£($) is .much more anisotropic in KMnF3, the

l l l l h B i l l i b d
y [jUDod $
soft branch being especially low along the Brillouin zone boundary
from R(l/2 1/2 1/2) to M(l/2 1/2 0). We should therefore expect
the central mode intensity to be more diffuse in KMnF3, extending
especially in the direction R •* M. This indeed appears to be the
case.

11



LaAlO3

This perovskite material also has (1/2 1/2 1/2) wave vector
phonon instability11*, but the rotation of the anion octahedra is
about (111) axes rather than about (100) as is the case for
SrTiO3 and KMnF3. A recent reexamination of the soft mode line
shape by Kjems et al 1 5 establishes the existence of a central
peak in this material as well. The damping of the phonon-like
sidebands, although greater than for SrTiO3, was not found to be
as large as in KMnF3, and made possible a more extensive quanti-
tative discussion. The collection and treatment of the experi-
mental data was very similar to that for SrTiO3. The energy
width was resolution limited, with an upper limit of Y 1 £ 0.03meV.
Eq. (3) adequately represented the observed scattering and for
T"Tc t 15°c» S2 * 0.38 ± 0.1 meV2 and was nearly temperature inde-
pendent. As was the case in SrTiO3, to

2 and UJ2 exhibited linear
temperature dependence well away from T but the extrapolated
values go to zero well above the observed transformation tempera-
ture, and the observed frequencies deviate considerably from the
mean field behavior near T-. The behavior of both to2(T) and
62(T) are shown in Fig. 9. The central component showed a clear-
ly resolvable q-width which agreed well with that predicted by the
q-dcpendence of w2.

DISCUSSION

From the outset we have assumed that the scattering associa-
ted with the central mode is a part of the one-phonon response
and is dynamical in nature, but with a narrow frequency response.
However, in view of the. fact that we have not succeeded in demon-
strating experimentally an energy width, it is important to

Vs
O-0.4
' O.2

I >iin r J 5.1 flifV-*

500 550 600
TEMPERATURE t*CJ

Neg. •# 2-346-73 Figure 9. 62 and u£ vs T for LaA103.

"N.
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consider whether an alternative static mechanism could explain
our observed central'component. While it is true that the inten-
sity of the central component near T,f strongly suggests its
dynamical origin, it is possible to imagine a plausible and some-
what trivial nondynamical mechanism involving scattering from
static strain fields, which is at least in qualitative agreement
with many of our observations. It is well known that point de-
fects in a lattice will in general give rise to displacements of
neighboring atoms from their equilibrium positions in the homo-
geneous impurity free crystal. These displacement fields cause
diffuse scattering of x-rays or neutrons sometimes known as Huang
scattering. The magnitude of the displacement field about an^im-
purity is calculated as a linear response to a force field F(r)
which the impurity exerts on the undisplaced lattice. For our
purposes it is convenient to Fourier transform the resulting dis-
placements and express them in terms of a linear combination of
phonon modes with wave vector q and branch index j. The ampli-
tude of this impurity induced set of static phonon-like displace-
ments is easily shown in the harmonic approximation to be given
by

<Q > - F Ad2
, qj static qj' qj

where

£s the projection of F(r) = F_. upon the phonon eigenvector
e(q,J). The intensity of this static diffuse scattering can be
calculated from the corresponding•expression for the integrated
phonon scattering under the same conditions by simply replacing

^ t h e r m a l * l^qjStatic'*"

\i ^static impurity « l<Qqj>staticl
2 -__fL_ • (7)

In normal materials the major contributions come from long wave-
length acoustic modes (because of the weighting by a ~**) and
the effect of impurity concentrations of ^ 10"2 can easily be
detected and studied against the thermal diffuse background by
x-ray scattering. However, Eq. (7) also suggests that this same
factor of at "** would greatly enhance the contribution of any
phonon mode^hose frequency becomes anomalously small near a
structural transformation. If impurities are of the proper sym-
metry to couple to the soft mode, there will be a central com-
ponent, static in origin, whose intensity grows more ragidly
( T 1 ^ ) than that of the collapsing phonon sidebands ( 2 )

13



In spite of these obvious similarities, we do not believe
that this impurity mechanism provides a satisfactory explanation
of our observations. Although we have not until now made the
distinction, it is clear that it is the low frequency stiffness
w2 which goes into Eq. (7 ) not u£, if there is a difference
between the two quantities. However, the static impurity mechanism
acting alone provides no frequency dependent terms to the phonon
self-energy, so that w2 * a£ and I(Q)static « !/«£• For M>3Sn
our measurements closely follow (l/w2u2), and there is a sub-
stantial difference between the two predictions especially near
T . Simply put, « 2 (as obtained from the phonou sidebands) sat-
urates near TM while the central intensity continues to increase.
Also the observed agreement with the discrepancy between the
extrapolated long wavelength acoustic velocities and our measure-
ments and the magnitude of the central component would be entire-
ly fortuitous for this (or for that matter any other) static des-
cription of the central component.

We believe that it Is unlikely that the Impurity effect out-
lined above is the dominant one in the observations described
here. On the other hand, it is certainly a plausible mechanism
for producing Unusual line shape effects near phonon instabili-
ties and as such deserves further consideration. It is obvious
from these comments that it is most important to try to charac-
terize, directly if possible, the energy width of the central
component. If the estimate of Y % JOl0HzCvO.4 meV) obtained16

indirectly from ESR date in SrTiC>3 is correct, these widths are
at the limit of conventional neutron resolution, and it is pos-
sible that light scattering is the more appropriate tool.
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