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The accepted view of the dynamics of the structural phase transition in SrTiO;z (T, ~100 °K)
and KMnF; (T, ~ 186 °K) had been that of a soft zone-boundary (q=Gg) phonon driving the tran-
sition with a frequency w. that goes to zero as T— T, from above. Recently, Riste et al. ob-
served in the neutron-scattering spectra of SrTiO; a temperature-dependent central component
centered around v =0 and§ = in addition to the phonon sidebands centered around w = w,. We re-
port on higher-resolution neutron studies of the central component and sidebands in SrTiO;, as
well as the observation of a central peak in KMnF3;. The central component is interpreted as
arising from a low-frequency resonance in the self-energy of the soft mode and is character-
ized by a frequency w, related to w. by the anharmonic coupling constant §, w%=w£ —5%. The
temperature behavior of the SrTiO; spectra as T decreases shows a rapid increase in the in-
tensity of the central component as the sideband frequency w. decreases. Near T,, the in-
tensity of the central peak diverges and w. approaches a finite limiting value. Since waz is
proportional to the total intensity, the diverging intensity implies that w,—0 as T—T,. Itis
shown that the temperature dependence of a)% is stronger than that predicted from mean-field
theory. The energy width of the central component is <0.02 meV and we observe a narrow
temperature-dependent ¢ width. In KMnFj, the central component is clearly seen even though
the soft phonons are already overdamped at 40 °K from 7,. The observed spectra have a simi-
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lar behavior with decreasing temperature as studied in SrTiO;.

I. INTRODUCTION

Over the past decade structural phase transitions
have been extensively studied. One of the largest
classes of crystals studied which undergoes struc-
tural phase transitions is crystals of the perovskite
structure, which have high-temperature cubic
phases transforming as the temperature is reduced
into a lower-symmetry tetragonal or trigonal
phase.! It is generally accepted that the phase
transition is driven by a normal vibrational mode
of the lattice whose atomic displacements are those
necessary to take the crystal from one symmetry
class to the other.? In simplest terms, the fre-
quency of this mode is thought to decrease toward
zero as T— T,, and at T, the restoring forces for
this particular vibrational mode vanish and the
atoms easily shift to the new equilibrium positions
commensurate with the change in symmetry. This
“soft-mode” concept has been most useful in ex-
plaining anomalies in the temperature dependence
of various macroscopic properties and in providing
an understanding of the mechanism of structural
phase transitions.

In some perovskites (BaTiO;, KTaO;, KNbO;)
the soft mode is a zone-center vibration and in
others (SrTiO;, KMnF;, LaAlQs) the soft mode
occursatthe R =314 point of the Brillouin zone.! In
several perovksites (SrTiO;, LTaO;, LaAlQ;) the
soft mode remains underdamped to within a few

o

degrees of the transition temperature, whereas in
others (BaTiO;, KMnF,;, KNbOs) it is already
overdamped far from 7,.! The response functions
of the underdamped and the overdamped cases dif-
fer in that in the former there are two resonant
peaks corresponding to creation and annihilation
of the phonon and in the latter the two peaks have
merged into one broad peak centered around E =0.
The application of the soft-mode picture to the
transition in SrTiO; was first discussed in detail
by Fleury, Scott, and Worlock.> In the cubic phase
the displacements of the soft mode transform ac-
cording to the triply degenerate I'y; representation
of the group of R and correspond to rotation of the
oxygen tetrahedra about the (100) axes. At T,
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 degen-
erate zone-boundary I';; 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 to the four-
fold axis. In their Raman study of the tetragonal
phase, Fleury et al. observed two modes whose
frequency approached zero as T— T,. Shirane and
Yamada? confirmed the model in a neutron-scat-
tering study of the cubic phase where they observed
a soft mode at the R point of the Brillouin zone.
Prior to last year, it was believed that the order
parameter and frequency of the soft mode in
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SrTiO; differed little from the mean-field or clas-
sical picture of structural phase transitions. Re-
cently there have been new observations on SrTiOs
which indicate substantial deviation from mean-
field behavior. Miiller and Berlinger® measured the
order parameter (i.e., the rotational displace-
ments) by electron paramagnetic resonance (EPR)
in iron-doped SrTiO; below the transition tempera-
ture and found a temperature dependence (T - Tc)"
with g=0.33+0. 02 within the critical region of T,
- T<10°K.

Riste, Samuelsen, Otnes, and Feder,® in their
neutron-scattering studies of the soft phonon in
SrTiO;, observed a “central component,” centered
around energy w=0 and q=3;, whose intensity
diverged as the transition temperature was ap-
proached from above. It is this critical scatter-
ing and its temperature dependence that we shall
discuss below.”

KMnF; shows a similar cubic-to-tetragonal phase
transformation with two striking differences. The
phonon branch from the R to M point in the Bril-
louin zone has an anomalously low frequency® which
has explained the diffuse streaks observed in x-ray
experiments.’ In addition, the soft mode at the R
point is already highly overdamped at 40 °K from
the transition temperature 7 =186 °K.1° Gesi et al.
studied in detail the temperature dependence of
the soft mode.® By fitting their data to the simple
damped-harmonic-oscillator model, they found an
unexpected temperature-dependent behavior of the
soft-mode damping. This led to our present high-
resolution reinvestigation of KMnF; and the obser-
vation of a narrow central peak in addition to the
overdamped phonon peak.

II. THEORY

The suggestion that a soft phonon mode might
develop a three-peaked spectral response was first
made by Tani.!! Cowley'? specifically showed that
a three-peaked function can be present in the spec-
tral response of a piezoelectric crystal. Briefly,
the basic ideas of the latter suggestion can be de-
scribed as follows: The frequency spectrum of the
fluctuations in a given jth branch of the lattice is

Lo+ [63(T) y/ (@ +y%)]

4333.
given in anharmonic perturbation theory as®®

S @)= [n(w) + 1] Im[Q°@) +1G, w, T) - 2],
(1)
where n(w)=(e%/*F —=1)"! is the phonon occupation
number (w is given in energy units) and Q(q) is the
g-dependent harmonic frequency. The imaginary
part of the anharmonic self-energy, ImI(g, w, 7),
includes the effects of real scattering processes
which limit the lifetime of the state §, and
Rell(q, w, 7T) renormalizes the harmonic frequency
and allows for a temperature-dependent quasihar-
monic frequency.
Let us now assume the following form for
nd, w, 7):
¥63(T)

1@ , 7)=[aG, 7) - iwlo(1)] - 7=~

(2)

The shift and broadening associated with the terms
in square brackets represent interactions with
multiphonon excitations which can be regarded as
frequency-independent quantities because the multi-
phonon states have a wide characteristic-frequency
distribution (of the order wp,,,,). The physical
idea which forms the motivation of the last term is
the postulated existence of an additional channel
for decay [with a coupling constant proportional to
82(T)] of those phonon fluctuations with frequencies
w less than some characteristic frequency y. We
postpone, for the moment, further discussion of
the detailed nature of this low-frequency decay
channel.

Substituting (2) into (1) we get

2
5@ @)= [n(w) + 1]1m[(w3, @n-2 ;Qf i} wz)

m
. o3(T)y\]-?
+zw<r°+w2+'yz , (3

where the quasiharmonic frequency wZ(g, 7)
= Qz(Ei)+ A(T) results from renormalization due to
the virtual scattering with multiphonon states and
is slowly varying with frequency.

If we use the high-temperature limit »n(w)
=kgT/w>1, Eq. (3)becomes

kT
$@ ©)="1" (2@ D =BT @7

Equation (4) obeys the foliowing sum rule:

e kT ks T
S, = )
f G w)de wi@, 7)-63(T) wi(q, T)°

(5)

where w(q, 7)=w2(d, T) - 6(7)? is the square of the
renormalized mode frequency in the limit w— 0.
The manner in which the structure in the self-

)] - W W T+ [63T) v/ (WP DIF °

|

energy I1(q, w, T) is reflected in S(4, w) can be
most clearly demonstrated if I'y <« 5%/ and w2 > y.
Then Eq. (4) can be separated into two terms

S@, @)=SW@, w)eent +S(q, w)gyqe, Where

2 2
ksT 64(T) Y

= 6
7 w3, Twi(d, T) wi+y’® (®)

5(31, w)cent =
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is a narrow Lorentzian of width v’ =y(w?/w?) cen-
tered about w=0 and

kaT T,
7 [02@, 7) - w*P+T3

S(a, w)side = (7)
is the familiar damped-harmonic-oscillator re-
sponse with characteristic frequencies + w,(q, 7).
By integrating (6) and (7) we see how they contrib-
ute separately to the sum rule (5):

fs(aa w)dw: fs((i’ w)cent dw+ fs((i’ w)slde dw )

1 52(T) ®)

1
W05@ 1) G DwE@ D T WE@ D
1t is easy to see from Eq. (8) how such a spectral
response would modify the usual soft-mode picture
of a lattice instability. As the instability is ap-
proached from higher temperatures w? (ﬁ, T) de-
creases with a corresponding increase in the inten-
sity of the “phononlike” sidebands [~1/w2(g, T)].
But the intensity in the central component increases
even more rapidly [~1/w%(@, T) for w2 > 6*], and
the divergent fluctuations (critical scattering) which
characterize the instability occur in this central
component. Furthermore, the lattice instability
occurs when w0, 7,)- 0, not when w.(0, 7,)- 0.
Thus at T,, wZ(0, T,)=6%T,) and is nonzero pro-
vided 6%(7,) is nonzero. We shall see that SrTiOs
and KMnF; display behavior of this type.
In fluids the existence of a central component
in the density fluctuations has been discussed in
very similar terms by Mountain.!® In this case
the extra-low-frequency decay channel is provided
by internal degrees of freedom of the fluid and in-
troduced into Mountain’s equations as a frequency-
dependent viscosity of the form similar to Eq. (2).
Cowley pointed out that in a solid the qualitative
structure which we postulate in the phonon self-
energy might arise from the difference between
collision-free and collision-dominated response.!?
For long-wavelength acoustic phonons the collision-
dominated response is concerned essentially with
the proper evaluation of the scattering diagram
shown in Fig. 1(a), taking care to include the finite
lifetime 'y‘T1 of the pairs of thermal phonons with
which the long-wavelength mode may interact.'®
With certain simplifying assumptions this leads to
a self-energy of the form given by Eq. (2) with y
=vr. Shirane and Axe have used this as the basis
of their discussion of the central peak which arises
in conjunction with the acoustic instability in
Nb,Sn.'” Simple momentum-conservation argu-
ments suggest that the appropriate scattering pro-
cess to study for a zone-boundary phonon mode is
that shown in Fig. 1(b). It is not immediately ob-
vious that the structure centered around w=0 will
be introduced by the self-energy contribution from
this process, but Silberglitt has argued that this is
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FIG. 1. Schematic representation of contribution to
self-energy for (a) long-wavelength (g =~0) phonons, (b)
soft zone-boundary ¢gp phonons.

indeed the case if one introduces the intermediate
phonon states in a self-consistent manner.'®

Feder!® has pointed out that a central component
would also be expected if there is a difference be-
tween adiabatic and isothermal response of the
soft mode. The presence of a (temperature-depen-
dent) condensed phonon mode guarantees such a
difference below T,, but Feder argues that such a
difference exists above T,, as well, if fluctuations
are treated properly. In this model, y would be
some appropriate thermal diffusivity.

1II. EXPERIMENTAL

The neutron-scattering measurements were
made on a triple-axis spectrometer at the Brook-
haven high-flux-beam reactor. The monochroma-
tor was a bent pyrolytic graphite (PG) crystal and
the analyzer was a flat PG crystal. Soller slit
systems with 20" horizontal divergence were used
to define the neutron path. The vertical diver-
gence, determined by the natural collimator heights
and the size of the crystal, was approximately 2°.
The incident neutron energies E, used were 13.5
and 4.9 meV. Higher-order contamination was
reduced to a negligible level by a PG filter®® at
the higher energy and a polycrystalline beryllium
filter?! at the lower energy. The contribution from
the incoherent scattering was measured and sub-
tracted from all the data. The spectrometer could
be operated in a constant-Q (scanning-w) or a con-
stant-w (scanning-@) mode. The bulk of the data
was obtained for constant-@ scans. The crystals
were mounted in a nitrogen Dewar and tempera-
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tures were controlled to better than 0.02 °K.
The KMnF; crystal was grown from a melt by

means of a modified Czochralski method. The

crystal was used in previous measurements and

had a volume of 1 cm® and a 0. 07° mosaic spread.?

The transition temperature was measured by moni-
toring the intensity of the £ 3 superlattice point

as the temperature is lowered. At the transition
temperature the intensity changes abruptly due to
the first-order nature of the phase transition. 7,
determined in this manner is (186.1+0.5)°K. A
hysteresis of less than 1 °K was observed between
the cooling and heating curves of the intensity of
the superlattice point.

Two crystals of SrTiO; were studied. One crys-
tal supplied by National Lead Company® was grown
by conventional flamed-fusion method and had a
mosaic spread of 0.12°. It was cylindrical in
shape, approximately 2 cm in diameter and 4.0 cm
in length, with the cylindrical axis nearly parallel
to [110]. The other crystal, supplied by Sanders
Associates,® was grown by a top-seeded method
and yielded essentially a strain-free crystal with
a mosaic spread of only 0.03°. It was approxi-
mately cubic in shape-with volume ~1 cm3. The
Sanders crystal had a brownish color whose origin
has not yet been determined.

For SrTiO, the measurement of T, proved to be
difficult because of the narrow g and energy width
of the critical scattering. Values of 7, were ob-
tained by setting the spectrometer at a superlattice
point and offsetting the energy by a small amount
Aw from w=0. The intensity of the scattered neu-
trons was then monitored as a function of tempera-
ture. Measuring the maximum of this curve for
several Aw and extrapolating to w =0 yielded values
of the transition temperature. 7, for the National
Lead Crystal is (105.0+0.5) °K, which agrees well
with recent EPR measurements on another crystal
from the same supplier.?® T, as determined above
for the nearly perfect Sanders crystal is (99.5
+0.3)°K. This value was also obtained by moni-
toring the intensity of the 222 Bragg point as the
temperature was changed. Very near T, there is
a relief of extinction due to the formation of do-
mains with a resultant increase in Bragg intensity.
The result of these measurements is shown in
Fig. 2. It is readily noted that T, for the Sanders
crystal is 5 °K lower than that measured for the
National Lead crystal. This is not completely un-
derstood at present but might be attributed to the
strain-free nature of the crystal. The majority of
the SrTiO; measurements were made on the San-
ders crystal because the extremely narrow sample
mosaic simplified the resolution corrections.

Measurements were made on the crystals
mounted in two different zones: [310] and [110].
These two zones enable us to measure the disper-

sion of the three lowest phonon branches relative
to the R point.

IV. RESULTS

Energy scans at the R point of the Brillouin zone
were made on SrTiO; and KMnF, to reveal both the
phonon and the central peak. Figure 3 shows the
results of these measurements for SrTiOz and
KMnF; for T—-7,=15.2 and 17.9 °K, respectively,
with incident energy 4.9 meV. This figure re-
veals several important features. It shows un-
ambiguously the existence of the central peak in
KMnF; as well as in SrTiO;. In the latter, the
phonon peak (dotted line) is underdamped, whereas
in KMnF; the phonon is well overdamped at this
AT and appears as a broad line centered around
w=0. Sitting on top of this broad line is the nar-
row central peak. It also appears, rather qualita-
tively, that the central peak in SrTiO; is stronger
than the central peak in KMnF3. In addition, the
linewidth of the central peak in both systems is that
of the instrumental resolution. This sets an upper
limit on the value of the energy linewidth of the
central component: ¥<0.02 meV (=0. 16 cm™!
=4.8x10° Hz).

Representative temperature-dependent spectra
for SrTiO; are shown in Fig. 4. The left-hand
side of the figure shows how the frequency of the
soft mode decreases and eventually merges into a
broad peak centered around w =0 for T very close
to T,. The right-hand side shows only the diver-
gent central component. It is obvious that the in-
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FIG. 2. Determination of the transition temperature of
the Sanders SrTiOjz crystal by monitoring the intensity of
the neutrons elastically scattered from the (222) Bragg
peak. The increase in intensity at T, is due to relief of
extinction as domains are created.
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tensity of the central component is diverging quite
rapidly as 7— 7,. The temperature-dependent
spectra of KMnF; in Fig. 5 show the narrow cen-
tral component superimposed upon the broader
overdamped phonon. As T- T,, the overdamped
phonon peak becomes narrower in energy and the
intensity of the central component diverges. Be-
cause the phonon and the central-component con-~
tributions to the observed intensities are not clear-
ly separated, the data analysis for KMnF; is great-
ly complicated. Thus in the remainder of the paper

we refer mainly to the SrTiO; data.

Figures 3 and 4 also show that the relative line-
widths of the phonon and the central peak are dra-
matically different. Since we are concerned with
the total observed intensity [S(, @)eene +S@, @)sqe]
resolution-function corrections are required. The
importance of these corrections can be visualized
with the aid of Fig. 6, which schematically shows
a cross section corresponding to a phonon disper-
sion surface, some additional cross section around
w =0, and the resolution ellipse drawn to scale

| [
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E 600 Tc=99.5 $0.3°K — 3000
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E 500} —2500
E FIG. 4. Scattered-neutron spec-
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- 300~ - 1500 non; the right-hand side shows the
2 divergence of the central peak.
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(6}
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for 5 meV, with 20’ horizontal collimation. A con-
stant-@ scan moves the resolution function parallel
to the energy axis through the dispersion surfaces
and the cross section at w=0. For a particular
setting of the spectrometer (q,, w,) the observed
neutron intensity I(q,, w,) is proportional to the
convolution of the scattering cross section with the
resolution function of the apparatus:

I(q()’ “’o [f de R(a‘ao;w"wo)dadw ’
9)

where
dzo

ddw & IF“’(Q |2 5@, ©)

and R(3 -y, @ — w,) is the four-dimensional reso-
lution function for a triple-axis spectrometer which
has been discussed in detail by Cooper and
Nathans.?® The quantity A is a normalization con-
stant containing instrumental parameters, %; and
ks are the initial and final values of the wave vec-
tor of the neutrons, and Fy,(Q) is the 1ne1astlc
structure factor for a particular mode at Q q
+277 @ = reciprocal lattice vector).

Since the phonon dispersion surfaces are con-
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-0 -0.8 -0.6 -0.4 -0.2 o] 0.2 0.4
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FIG. 5. Scattered-neutron spectra for KMnF; at

several temperatures showing the narrow central peak
superimposed upon the broader overdamped-phonon com-
ponent. The dotted line represents the level of the room
background. Note that the intensity scale is logarithmic.
The curves are drawn as an aid to the eye.
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FIG. 6. w-q plane schematically representing the pho-
non dispersion surface with an additional scattering cross
section at w=0. The resolution ellipse is drawn to scale
for 5-meV incident neutron energy, 20’ horizontal collima-
tion.

tinuous in ¢ within the Brillouin zone, they will
completely fill the resolution function. But, since
the additional cross section around w =0 has a lim-
ited ¢ extension, it will only fill a portion of the
resolution function. Thus the weight factors de-
termined by the resolution function are different
for the phonon part and for the central component,
and a comparison of the observed respective inten-
sity components can lead to erroneous conclusions.
In order to perform the proper resolution correc-
tions, the full § dependence of S(J, w) has to be
known. Since the phonon linewidth has almost no
q dependence, we assume I'y is independent of g.
The assumption of y being ¢ independent will not
affect our results. Because of the lack of any
theoretical guide, we shall also assume 5% to be
independent of ¢. If this is shown not to be the
case, the results presented below will have to be
modified. On the basis of the above assumptions,
the entire ¢ dependence of S(q, w) is included in
the phonon frequency w%(q, T). The resolution cor-
rections are made at each temperature by analyti-
cally performing the convolution in Eq. (9) and then
doing a least-squares refinement of the parameters
in S(q, w) to obtain the best fit to the data.

w2 (@) can be calculated by the method outlined
in Ref. 8, where a truncated dynamical matrix is
calculated for the three modes corresponding to
rotations of the oxygen tetrahedra about the x, y,
and z axes. As an approximation we neglect the
smaller off-diagonal elements and obtain the fol-
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lowing dispersion relations for the soft modes near
qr:

w2 (@, T), = w2 (0, )+ X 1g2 + 25(g2+ ¢2) , (10a)
wi(@, T),= wZ(0, )+ X1q2 + A5(g%+ 2) , (10b)
wi(d, 7),=w2(0, T)+Xg2 + N2+ 42) , (10c)

where ¢, g,, and g, are the components of q mea-
sured from qg.

Two sets of values of A; and 2, were tried in or-
der to obtain the best fit to the data. The mea-
sured values of A, and X, along [001] and [110] are
300 and 3200 meV2A2 respectively. Because of
the approximate nature of Eq. (10), A,= 500 meV? A
and X, = 1000 meV2 A? gave a better fit to the
zone-boundary -phonon profiles at high tempera-
tures and were used in subsequent data analysis.
The frequencies and intensities of the sidebands
and the central peak far from T, are relatively in-
sensitive to the values of A; and A,. However,
close to T, the intensities are sensitive to A, and
X, and this sets a limit to the accuracy of our cal-
culated parametess.

Included in the inelastic structure factor are the
displacement vectors of the atoms. These are the
eigenvectors associated with Eq. (10) and corre-
spond to rotations of the oxygen tetrahedra about
the x, 9, and z axes, respectively.

Since the observed linewidth of the central peak
was always resolution limited we chose a nominal
value of ¥’ [=y(w%/w?)] to be such that it was al-
ways smaller than the energy resolution of the
spectrometer. After a good fit was obtained y’
was allowed to vary. The fit was insensitive to y’
provided it was smaller than the instrumental
resolution and larger than the mesh size required
for the numerical folding.

The mesh size was such that the resolution func-
tion was divided into ten units from the center to
1/¢% intensity level along each of the four axes.
Close to the transition temperature the results
were checked by halving the size of the mesh in
order to ascertain that there was little change in
the deduced parameters and in the fit.

Once the parameters A;, 2;, and y were fixed
the data were reduced in the following manner. In
SrTiOg at T — T,> 6 °K, the phonon is underdamped.
One can neglect the center peak and fit only the
phonon portion of the spectrum to obtain the con-
stant A and the phonon parameters w,(0, T) and
T'y. These three parameters are then held fixed
and the central peak is fitted by adjusting 6. When
the phonon becomes overdamped and the sidebands
merge into an additional central component, we are
able to keep A fixed and obtain wZ(0) and T, by fit-
ting to the phononlike wings of the central peaks.
Again, once 4, w%(0), and T’y are known, § is cal-
culated from the central part of the peak alone.
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Figure 7 shows the spectrum of SrTiO; at 110
°K. The circles represent the observed data and
the solid line is the computer fit to the data via
Eq. (9). The final values of the parameters for
this fit are I';=0.88+0.1 meV, 6%2=0.63+0.1
meV? y<0.02 meV, wZ(0)=1.27+0.1 meV% The
dotted line is a plot of S(g, w) given in Eq. (4) with
an arbitrary normalization constant.

We see the importance of the resolution correc-
tions by comparing the peak intensities of the “de-
convolved” curve with the observed intensity. The
phonon intensities are comparable but the intensity
of the central peak for the deconvolved curve is
over five times the observed peak intensity!

This method of treating the data proved reliable
for SrTiO; because the phonon is underdamped to
within 6 °K of T,, enabling us to obtain the nor-
malization parameter A. For KMnF; the phonon
is overdamped for T - T, <40 °K and we cannot ob-
tain a reliable value for the normalization param-
eter enabling us to find unique values of the re-
maining quantities. However, for large I'; the
cross section of Eq. (3) does produce a narrow
central peak superimposed upon the broader pho-
non component. If we go to higher temperatures
the phonon does become underdamped, but with the
high resolution necessary to separate out the cen-
tral peak there is too little intensity in the phonon
peaks. However, we do observe the narrow cen-
tral component superimposed upon the broader
overdamped phonon component (Figs. 3 and 5). A
rough estimate of the parameters from a trial fit
to the data based upon the frequencies measured in
Ref. 8 yields 62=0.27+0.1 meV? and w%(0)=2.64
+0.4 meV? for T=210°K. For AT>15°K, the
central component in KMnF; exhibits the same
temperature dependence as observed in SrTiO,
(Igns ~ Tw2*~ Twi?).

Figure 8 shows the temperature dependence of
52, w2(0), and wi(0) for SrTiO; deduced from the
observed neutron spectra by the method outlined
above. These data are a combinationofdata taken
at 4.9- and 13.5-meV incident energy. 62 is es-
sentially constant ~0.9 meVZ, for 7>125°K
(T - T,>25.5 °K), and w3(0) and w%(0) havea linear
behavior for 7T - 7,> 15 °K. The linear portion of
the w%(0) curve extrapolates to zero frequency at
T,~103 °K, which is more than 3 °K above the in-
dependently measured T,.

Figure 9 shows the temperature dependence of
the three quantities on an expanded scale for tem-
peratures near T,. We observe that it is indeed
the quantity w2(0) which approaches zero as T— T,
and explains the diverging intensity. The quanti-
ties w? and 62 decrease to finite and equal values
at T,: w2(T,)=6%(7,)=0.30+0.10 meV.

Several constant w =0 scans were made about the
R point to measure the g width of the central peak.
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FIG. 7. Scattered-neutron spec-
trum of SrTiO; at T=110°K. The
circles are the observed data, the
full line represents the fit of the
data with Eq. (9); T(=0.88+0.1
meV, 62=0.63+ 0.1 meV?, w’
=1.27+ 0.1 meV?, A;=500 meV2A?
A2=1000 meV? A2, The dashed
curve is a plot of S(g, w) with the
above parameters.

We observe, for the same A7, a linewidth of 0.02
+0.01 A™! prior to resolution corrections. This
can be compared with a value for Agq;,, estimated
from the expression for the integrated intensity of
the central component [Eq. (8)] reasonably far

from T,:
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Ao 2[w? (0)wi(0)]
ql//z~>\”z[wi(0)+wg(0)] s

where we have used the assumption that 5% is q in-
dependent and X is a combination of A; and A, given
in Eq. (10). Knowing the expansion of w%(g) and
using the calculated value 6% we find Ag,,,~0. 03
A for T—-T,~9 °K, which is in good agreement
with our observed value.

In KMnF; the branch from the R-M point in the
Brillouin zone has a very low frequency (A ~10
meV?A?), and a large anisotropy in the ¢ width of
the central component is expected. Preliminary
observations revealed this anisotropy, although
data were not corrected for the effects of the reso-
lution function. A more detailed discussion of the
q dependence of the central peak will be presented
in a future publication.

Measurements were also made on the less per-
fect SrTiO; crystals obtained from the National
Lead Company, and the observed neutron spectra
exhibited a temperature-dependent behavior simi-
lar to that of the Sanders crystal. w? shows al-
most identical temperature-dependent behavior
when the differences in 7, are considered, but the
value of 5% is more difficult to deduce from the ob-
served neutron intensities because of the difficulty
in treating the sample mosaic. We do find that 52
is 35% lower in the National Lead crystal at AT
=15 °K, which, provided we have correctly con-
sidered the sample mosaic in the fitting procedure,
is outside of experimental error.

V. DISCUSSION

In Fig. 8 we observe that w?(7) is linear with
temperature for 65 °K> 7 — 7,> 10 °K. This is in
agreement with the previous neutron study of the
soft mode in SrTiO;.%%%29 In fact, if we consider
our measurements of the soft mode in the National
Lead crystal the temperature dependence of the
frequency can be written

w2(0, T)=a(T - T,)

in the temperature range 10 °K< 7 — Ty< 180 °K
with ¢=0.19 meV? and Ty=107.1°K, which is in
close agreement with the values obtained in Refs.
4, 28, and 29. By an independent method we mea-
sured the transition temperature 7,=105.0+0.5
°K, which is in agreement with 7, measured by
other experimenters on crystals from the same
supplier.%?® This value of T, is over 2 °K lower
than 7,. Likewise, in the Sanders crystal the
phonon frequency can be fit by the same formula
with ¢=0.18 meV? and T,=103.5 °K, although 7,
=99.5°K. It is thus obvious that w2(0, T) deviates
from a linear temperature behavior for (7 - T,)
<10°K. The existing theory®® which treats the
temperature dependence of the soft mode for T

o

> T, considers a model Hamiltonian within the
framework of the mean-field theory and predicts
a linear temperature dependence of w2(T) for
T-T,<100 °K. This is consistent with the data
for 100 °K> T — T,> 10 °K but fails to explain the
deviation from mean-field behavior observed for
T-7T,<10°K.

The temperature dependence of 52 also shows an
interesting behavior. For T - T,> 25 °K, 62 has a
constant value ~0.9 meV. At lower temperatures
6% decreases but then levels off to a limiting value
at T,. The behavior is clearly not monotonic with
temperature and is influenced by the temperature
dependence of the soft mode.

Since the intensity of the central component di-
verges at T,, w3(T,)=w?(T,)-08%(T,) is expected
to go to zero, implying that w?(T,)=5%(T,). This
is observed in Fig. 9, where it is seen that wZ(7,)
=6%(T,)=0.3+0.1 meV2 In Silberglitt’s discussion
of the self-energy corrections for SrTiO; he esti-
mated a value w?(T,)=6%T,)=0.1 meV? whichisin
remarkably close agreement to our observed val-
ues.®

Since wi(g, T) is proportional to the inverse
static susceptibility the exponent governing the
temperature behavior of w3(0, 7) is the critical ex-
ponent®! y: wi~(T-T,Y. However, a single expo-
nent does not satisfactorily fit our results over the
entire temperature range studied. Because of the
uncertainty in 7, and the difficulty in performing
resolution corrections close to T,, our measure-
ments of w? are valid for T~ 7,>1.3 °K. This does
not provide sufficient temperature range close to
T, to justifiably set a value for y. We can speak
in a semiquantitative manner and say that, for
1.3°K< T-T,<10°K, y has a value between 1.5
and 2.5, which is larger than the mean-field pre-
diction of y=1.3!

In light of the present results on KmnF; we may
now reinterpret the anomalous soft-mode linewidth
results reported by Gesi ef al.® Because this study
was carried out with low resolution no separation
of the broad sideband and narrow central compo-
nent was evident. The observed line shape was
represented in a reasonable fashion by the over-
damped-harmonic-oscillator form, Eq. (7), alone.
They found, contrary to the simplest theoretical
expectations, that the resulting I'y was strongly
temperature dependent. The present higher-reso-
lution study has made clear that the unexpected
behavior results not from a temperature-depen-
dent I'y(7), but rather from a frequency dependence
of the soft-mode damping. In fact, the normal
(high-frequency) part of the damping is indeed
relatively temperature independent, in agreement
with theoretical estimates.

It would be most interesting to study the behav-
jor of the critical scattering below T,. However,
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because of the extremely narrow ¢ width and be-
cause the zone boundary becomes the zone center
in the tetragonal phase, it is difficult to separate
the critical scattering from the elastic Bragg scat-
tering. It is hoped that the high energy and the
high-g resolution associated with inelastic light
and x-ray scattering can further clarify the nature
of the critical scattering below T..
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