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Lattice dynamics of K2Pt(CN)4Brs &.3.2 D2G (KCP) studied by inelastic neutron scattering
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The lattice-dynamical properties of the "quasi-one-dimensional conductor" K2Pt(CN)4Br03. 3.2 D20 (KCP)
has been studied by neutron inelastic scattering at temperatures between 20 and 240 K with special attention

to the relation to the partial three-dimensional ordering at T —100 K. We have investigated the general lattice

dynamics by measuring the acoustic-phonon dispersion relations. Secondly, extensive measurements have been

carried out to clarify the nature of the excitations in the vicinity of the 2k„anomaly, which are restricted to
extremely narrow wave-vector regions. In these regions we present normalized intensity contours, which may

be directly compared with theoretical calculations. At all temperatures below 160 K we find a maximum in

the scattering at the 2kF anomaly with an energy of 2.5 meV, as has recently been found by Comes et al. At
lower temperatures the inelastic scattering becomes well separated in energy from the elastic scattering,

signifying a phonon gap. We find it plausible to ascribe the apparent disappearance of this gap at higher

temperatures to phonon lifetime effects, leading to the conclusion that the phonon frequency does not, at any

temperature, condense to 0) = 0. At all temperatures, we find the scattering in the 2kF anomaly to be

connected with the regular phonons. Furthermore, the inelastic scattering intensities at the 2kF anomaly is

found to vary slowly with the wave-vector component perpendicular to the Pt chains and does not seen to
reflect the buildup of the transverse, static correlations at lower temperatures. Our results extend previous

neutron inelastic studies in several ways, and are found to be in fair agreement with the recent infrared (ir)
and Raman scattering data.

I. INTRODUCTION

For the understanding of quasi-one-dimensional
electrical conductors, K~P t(CN}4Bro., ~ 3.2H30
(KCP) and its deuterated counterpart has proven to

be a fruitful system to study experimentally. ' Be-
cause of the availability of good quality single
crystals, this material has recently been studied

by a variety of experimental techniques, providing
challenging pieces of information to be compared
with proposed theories. In this paper, we present
inelastic neutron scattering studies of a single
crystal of K~Pt(CN), Bro,, ~ 3. 2DzO to further il-
luminate the lattice-dynamical properties.

Much of the interest in KCP has been devoted to

the aspects of the structural changes around T
=100 K. In addition to the normal Bragg reflec-
tions from the tetragonal crystal, Comes et al. ~'3

discovered in an x-ray study diffuse scattering
along certain reciprocal-lattice planes perpendic-
ular to the c axis at room temperature. These
scattering planes, to which we shall refer to as
2k' planes are located at Q, =l(2vlc}+2kr, where
l is an integer and k~ is the Fermi wave vector of
the one-dimensional (l-D) electron gas confined
to the Pt chains along the e axis. At low tempera-
tures, the scattering in the planes sharpens around
the satellite points

Q=((h+ —,')2v/a, (k+~)2v/a, l2v/c+2kr), (1)

h, k, and l being integers. These authors as-

sociated the change in the x-ray scattering with
the accomplishment of the Peierls transition, in
which the high-temperature 1-D phase trans-
formed into a 3-D low-temperature phase, in cor-
respondence with the observed electronic proper-
ties. ' Subsequent neutron scattering experiments
by Renker et al. showed that this transition is
incomplete, since long-range order perpendicular
to the Pt chains never builds up. They found the
linewidths of the satellites, after a rather rapid
decrease as the temperature was lowered through
T=100 K, to saturate at a finite value. The fact
that the transition is never fully accomplished
remains an intriguing problem in understanding
of the properties of KCP.

ith improved instrumental resolution, Lynn
&t al. ' were able to give a detailed description of
the line shapes of the elastic scattering, intro-
ducing a model for the Pt chains, in which the
Pt(CN)4 complexes respond as a unit in the insta-
bility, After their work the following consistent
picture of the statics around the incomplete struc-
tural ordering at T=100 K emerges. At all tem-
peratures below 300 K (the crystals tend to break
down at more elevated temperatures) the Pt-Pt
distances in the chain are subject to a sinusoidal
distortion caused by the electronic charge-density
wave (CDW) formed from the Pt d & electrons.
The correlation length, $„,along the chain is large
corresponding to more than 100 Pt-Pt distances.
This sinusoidal distortion is characterized by the
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wave vector 2k~ and the amplitude of the Pt dis-
placement A. At high temperatures, the correla-
tion between different chains is very weak, as
described by a transverse correlation length $,
=6 A. As the temperature is lowered A and f, in-
crease, until they reach their low-temperature
values of 0.025 and 80 A, respectively. e In view
of our results, as we shall discuss in Sec. V, it
is interesting to notice that whereas the satellite
Peak intensities vary rapidly around T =100 K,
the parameters A and )„deduced from the model
of Ref. 5, vary more gradually towards a satu-
rated value at T= 60 K. For experimental resolu-
tion reasons, only a lower limit on the parameter
$„hasso far been set, and we have not attempted
to improve this situation.

The mean positions of all the atoms in the tetrag-
onal unit cell have been determined from crystal-
lographic measurements. ' The structure is
found to be noncentrosymmetric (space group
P4mm). The Br iona appear to be randomly dis-
tributed, and perhaps also some of the water mol-
ecules; but some aspects of the positions of these
two components in the unit cell are not fully re-
solved.

The original x-ray work ' could not resolve
whether the 2k~ scattering was elastic, i.e. , stat-
ic in origin, or inelastic originating from phonons;
but in a neutron scattering study, Renker et al. '
showed that in addition to the elastic scattering
mentioned above, a contribution from a "giant
Kohn anomaly" was present in the 2k~ scattering.
However, whereas the structural aspects of KCP
are at present rather well resolved, the lattice-
dynamical aspects have proven more diffucult to
tackle. Infrared" (ir) and Raman'~ scattering ex-
periments have measured characteristic frequen-
cies of 2 and 5. 5 meV, respectively, but the com-
plexity of the system obscures to some extent the
conclusions that can be drawn from these experi-
ments alone. Although neutron scattering is in
principle excellently suited to measure lattice
dynamics, the rapid variation of the excitations
around the 2k„anomaly in KCP makes it impos-
sible to measure phonon dispersions in the ordi-
nary sense by this technique. This may indeed
be the reason why two previous inelastic neutron
scattering studies'" led to rather different con-
clusions about the excitations. In order to clarify
this, we show in Fig. 1 some of the inelastic re-
sults from these papers.

Based on constant energy scans, Lynn et al. '
derived maxima in the inelastic neutron scattering,
which at all temperatures above 80 K extended
down to zero energy transfer. They concluded
that no major changes occurred in the excitation
spectrum around T=100 K at the 2k~ anomaly,
and in the associated phonons; but they also found
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FIG. 1. Previous inelastic neutron scattering results,
obtained from KCP, for phonons with propagation vector
q= Pc*. The left-hand side shows the results of Lynn
et al. (Ref. 5), and the right-hand side those of Combs
et al. (Ref. 13), where the high-temperature data were
taken from the original work of Renker et al. (Ref. 10).
Circles indicate the distorted [001]LA phonon (A&), and
triangles show other observed maxima in the scattering.
Note the different energy scales.

evidence for a higher-lying optical mode, the ori-
gin of which was not entirely clear. This picture
is contrasted by that emerging from the work of
Comes et al. '3 They concluded that only at higher
temperatures did the phonon soften appreciably,
whereas at low temperatures the Kohn anomaly
had almost disappeared. The additional scattering
observed at low temperatures was then explained
as a lower-lying optical mode.

With this discrepancy in mind, we have per-
formed inelastic neutron scattering measurements
in the temperature regime between 20 and 240 K
with special emphasis below 160 K. We have
measured the acoustic phonons along high-sym-
metry directions to explore the general lattice dy-
namics of KCP. Near the 2k~ anomaly, where the
electron-phonon coupling seriously distorts the
regular phonons and the wave-vector dependence
is too rapid to be resolved, we have measured
intensity contours of the scattering and we show
how these can be compared with theoretical cal-
culations. By analyzing our results we can ex-
plain most of the apparent differences between
the previous neutron measurements, and also ob-
tain good agreement with optical data. This to-
gether with the new results reported here extends
our experimental knowledge about "quasi-one-di-
mensional" conductors as exemplified by KCP.

In comparing our results with ir and Raman ex-
periments, the following is of importance. Where-
as in neutron scattering, the major problem in the
interpretation of the data is the wave-vector de-
pendence of the scattering, in an optical experi-
ment the momentum transfer is limited to essen-
tially zero. Thus one might expect easily inter-
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pretable line shapes from these experiments.
However, in KCP there exist two incommensurate
periodicities, one of the tetragonal unit cells
(which we consider the basic}, and one of the CDW.
In an optical experiment one cannot determine in
which of the two lattices a measured excitation
occurs, i.e. , one is unable to distinguish a I'-
point phonon in the tetragonal lattice from an op-
tical excitation in the one-dimensional lattice of
the CDW. In the latter case, photons will probe
excitations, not at a particular point of the 2k~
plane, but over all of it. If therefore, the fre-
quencies vary within these planes, the optic spec-
trum will be broadened, owing not only to genuine
lifetimes, but also to dispersion within the 2k~
planes.

The paper is organized as follows. In Sec. II
we describe the experimental conditions, i.e. ,
details about the crystal and the instrumental set-
up. Section III contains the measured phonon dis-
persion relations, and here we also derive values
for the unperturbed phonon frequencies for the
branches which are affected by the electron-phonon
coupling. Section IV contains the scattering con-
nected to the inelastic 2k~ anomaly in terms of
normalized intensity contours, and the wave-vec-
tor dependence of the inelastic scattering along the
2k~ planes. In Sec. V we apply a simple model
and discuss the values of our parameters in the
context of the optical experiments and a few theo-
retical calculations. Qur main conclusions are
summarized in Sec. VI. In an appendix we de-
scribe the theory of neutron scattering, when ap-
plied to the special case of KCP.

II. EXPERIMENTAL

A. Crystal

a=9. 83+2.2x10 ~T, (2)

(3)c = 5. 69+2.9x10 'T,
where a and c are in A and the temperature T is
in K. The reciprocal-lattice unit cell is then de-
fined by a~ =2v/a and c~ =2v/c. Our values agree
well with those in Ref. 's 5, 8, and 9. Also in
agreement with earlier work we have found the
wave vector of the CDW to be 2k~ =1.70 c*. This
implies that in reduced units the 2k„planes are
characterized by q, =0. 30 c*.

The crystal was encapsuled in an aluminum

The crystal used in our experiments was grown
from solution by Ford Scientific Research Staff,
yielding a 0.68-cm3 single crystal with a mosaic
spread of 0. 5' full width at half maximum (FWHM),
and a density at room temperature of 2. 729 g/cm'.
The chemical unit is K2P t(CN)4Bro. , 3.2(D20), with
two such units in the tetragonal unit cell, charac-
terized by the lattice parameters

container together with a small amount of D&Q to
prevent loss of water. Over the two months of
experiments it was kept below T =240 K. We did
not detect any sign of deterioration of the crystal,
although we did see a small, time independent
scattering at (0, 0, 3.35) with an intensity of ap-
proximately 1% of the (004) diffraction peak. We
have investigated this scattering, first reported
by I ynn et al. ' in one of the crystals used in their
experiments. This crystal, which had been tem-
perature recycled many times and stored at room
temperature, developed a very strong reflection
at the above mentioned wave vector without any
noticeable chunge in the characteristics of the 2k~
scattering. From diffraction experiments we are
able to identify the formation of a layered struc-
ture, as responsible for this extra scattering.

By visual inspection of the crystal, we could
see a greenish yellow phase which had grown at
the expense of the copper colored normal KCP.
We associate the new phase with a very dehydrated
state, since dehydration normally shows up as a
light yellow phase. The growth of this extra phase
may be a surface effect, since it appeared mainly
around grain boundaries, and on the external sur-
face of the original crystal. As mentioned, the
effect remained small during the course of the
experiments reported here.

B. Instrumental

The experiments were performed at the neutron
triple-axis spectrometers at the HFBR reactor at
Brookhaven. In both the regular phonon measure-
ments, and when measuring the intensity contours,
several different setups were used to ensure that
multiple scattering effects did not play any role.
Constant-Q scans were made with both fixed in-
coming neutron energy ("fixed k~ "},and with fixed
outgoing neutron energy ("fixed kf"), where in the
former case, higher-order neutrons in the incom-
ing beam were filtered out by a 2-in. -thick pyro-
lytic graphite filter. The monochromator and
analyzer were in all cases pyrolytic graphite crys-
tals of mosaic spread 0. 4 FWHM. Further, the
scans were characterized by the horizontal col-
limation (FWHM) of the four Soller slit collimators
of the spectrometer, all with a vertical resolution
of approximately 1'.

In analyzing the intensities obtained from the
neutron scattering experiments, care has to be
taken with respect to resolution effects, together
with possible changes in the analyzer ref lectivity. '4

In a constant k~ scan, the integrated intensity r of
a narrow peak at (Q, e) is related to the neutron
scattering law S(Q, &u) through

7'(Q, &o}
-

%zan„cos8„$(Q,&o), (4)

where e„andg„arethe Bragg angle and the re-
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flectivity of the analyzer. In the case of a con-
stant k& scan we get

&(Q, ~} S(Q, ~), (5}

where (5) implies that a I/v monitor is used in the

incident beam, and data are taken at constant
monitor counts. The advantage of the direct rela-
tion between the scattering law and the measured
intensity in a constant kz scan is to some extent
counterbalanced by the lack of filtering of the in-
cident beam, so we felt that both types of scans
were to be used.

We have used the results (4} and (5) for the in
tegrated intensities to correct our data Point by

point when appropriate, using the numerical val-
ues for the correction factors in (4) measured by
Skalyo and Lurie. ' By this approximate proce-
dure, we have made the intensity corrections to
the measured scattering, but we have not cor-
rected for the finite wave vector and energy reso-
lution of the instrument. These latter corrections
can, however, only be made when one assumes a
specific form of S(Q, (d). The normalized inten-
sities f(Q, e} that we present in Sec. IV, where Q
and co are the settings of the instrument, thus cor-
respond to a convolution of S(Q, (d) with a resolu-
tion function R:

where

Jt R(Q, (d ) d Q d(d = 1 .

Because of the above intensity correction the nor-
malization (7) is valid. Consequently (6) and (7)
should be used in any detailed comparison between
a theory and our experimental results, where
R(Q- Q', &v —sr') can be taken as a Gaussian dis-
tribution function.

III. PHONON DISPERSION RELATIONS

In this section we present experimental phonon
dispersion relations for KCP, measured at tem-
peratures 80, 160, and 240 K. We have not in-
tended to give a complete picture of the general
lattice dynamics, but concentrated on the acoustic
phonon branches. We find that the regular phonons
in KCP are anisotropic, and that the temperature
dependence is not very pronounced. We also dis-
cuss why the scattering at the 2k~ anomaly cannot
experimentally be treated as regular phonons. The
more careful treatment of this is presented in
Sec. IV. Figure 2 shows some of the raw data of
the phonon measurements, and we associate the
observed maxima in the constant-Q scans with the
phonon frequencies of the modes. Based on scans
similar to those of Fig. 2 we plot in Fig. 3 the
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FIG. 2. Neutron groups, used to derive the phonon
dispersion relations in K2Pt(CN)4B10 3 3.2D20, shown
for the two-phonon branches propagating along the c* di-
rection. The scans are characterized by the phonon
propagation vector q= Pc*, the reciprocal lattice vector
v, and the fixed neutron wave vector (k; or k&). The
horizontal collimation (FWHM) is shown for the four
Soller slit collimators, starting with the one before the
monochromator crystal.

phonon dispersion relations along high-symmetry
directions. The only acoustic branch which was
not measured, is the TA„mode propagating along
the 100 direction (the A~ mode).

The first thing to notice is the strong anisotropy,
as seen by the much higher frequencies for the
phonons having a component of propagation paral-
lel to the c* axis, as compared to those propagating
in the basal plane of the Brillouin zone. This
shows that the predominantly metallic binding along
the Pt chains is strong with respect to the binding
between the chains. The crystallographic struc-
ture determinations suggest the latter binding to
be mainly ionic, and therefore the anisotropic
elastic properties'8 are not unexpected.

As mentioned above, we have not attempted a
complete lattice-dynamical study, since the as-
signments of the optic modes would probably be
extremely difficult. However, we have found some
evidence for a longitudinal-optic phonon at 5(d = 6

meV, both along A and V. The scattering, espe-
cially along A is weak, and we have so far not been
able to follow this mode throughout the zones, but
as we shall discuss in Sec. V, this particular pho-
non might have been observed in a recent Raman
scattering experiment. ~~

The temperature dependence of the phonon spec-
tra is on the whole rather small. This indicates
that the anharmonic effects, described by phonon-
phonon interactions are not very important. The
main change in the frequencies seemsto occurbe-
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sion relations in
K)Pt(CN) 4Bro 3

' 3.20)O
measured at temperatures
T=80, 160, and 24o K.
One inset shows the assign-
ments of the modes where
1l and j. refer to the po-
larization vector being
parallel or perpendicular
to the c* axis, respective-
ly. The other inset shows
the irreducible part of the
Brillouin zone. The lines
are intended only to con-
nect the data points. The
shaded areas correspond
to qg =2k~, where the wave-
vector dependence of the
scattering cannot be re-
solved. The cross-hatched
areas show the position of
the weak scattering that
may correspond to an optic
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vp(f) =&a ~sin(-,'vC), (8)

where ~ ~ is the maximum value of the unper-
turbed phonon. This maximum frequency does
not appear at the zone boundary but is reflected
into the zone center, since we measure & in units
of c*=2v/c, corresponding to the full unit cell.
The solid line in Fig. 4 represents such a disper-
sion relation drawn through the points away from
the 2k~ anomaly at T =80 K. Since we get good
agreement on both sides of f = 0.3, we believe this
procedure to give a reliable vp(g), yielding in par-

tween 80 and 160 K, where the incomplete struc-
tural ordering takes place. If phonon-phonon in-
teractions were dominant one would expect the
temperature dependence to progress with increas-
ing temperature.

We now focus our attention on the two phonon
branches which show the 2k„anomaly, indicated
as shaded areas in Fig. 3. In Fig. 4 we replot
the experimental results, the [001]LA (A, ) phonon
branch on the left-hand side, and on the right-hand
side the corresponding phonon with propagation
vector q=(—,', —,', 0), the V~ mode. First we try to
identify the unperturbed phonon frequency (dp($}
which is of interest for the theoretical discussion
of the electron-phonon coupling. If we assume
only nearest-neighbor interactions, and recall that
there are two Pt(CN}4 groups per unit cell, we get
for the [001]LA branch

ticular u&p(0, 0, 0. 30) =8. 1 meV. Similarly we de-
rive for the right-hand side of this figure the bare
phonon frequencies, and find ~p(—,', —,', 0. 30}=8.0
meV. The procedure applied here to find the un-
perturbed phonon frequency seems to work satis-
factorily. An alternative procedure would be to
measure phonons at very high temperatures, where
the Kohn anomaly had disappeared. This is not
feasible, in part because of the crystal deteriora-
tion at high temperature.

The observed frequencies &o(f) in Fig. 4 show
the following features. For g =0.3 the phonons
are softened with a temperature dependence, which
is most pronounced between T=80 and 160 K. Al-
though not displayed, at T = 160 and 240 K, we find
evidence of finite lifetimes for l ~ 0. 2 (measured
with an energy resolution of approximately 1 meV).
The temperature dependence of u(q) and the life-
times of the modes appear to be similar along A
and V. Although &up(q) is different in the two cases,
the renormalization ppp(q) —ru(q) seems to differ
little. At f =0. 30 on both sides of Fig. 4, the con-
stant-Q scans show an extra maximuxn at 5+ =2. 5
me V at the temperatures 80 and 160 K. This peak
was observed by Comes et al. "at the lower tem-
perature. We ascribe it to better experimental
circumstances that we are able to see it also at T
=160 K. However, in contrast to our findings,
they found the xnaximum to extend over an appre-
ciable wave-vector region, as shown on the right-
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served in constant-Q
scans. The left-hand side
shows the I001]LA phonon
branch with propagation
vector q=(0, 0, $) (A&), and
the right-hand side shows
that propagating with q
=(y, y, f) (V&). The solid
line corresponds to the
estimated unperturbed
phonon frequency (d p(f),
derived as described in
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shows the renormalization
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hand side of Fig. 1 by the triangles at & = 0. 2 and
at 0.4. This led them to ascribe the scattering at
energies of 2. 5 meV to the existence of a low-lying
optic mode. We observe the 2. 5-meV maximum
only at g =0.30, giving rise to the following prob-
lem. Since at &=0.30, we see more than one
maximum in the scattering from a constant-Q scan,
but only one at other wave vectors, we cannot un-
ambiguously combine points of maxima in the ur-q

plane to form a dispersion curve for the excitations.
This problem arises because we are unable to re-
solve the wave-vector dependence of the 2k~ scat-
tering. In this case neutron scattering is unable to
reveal the excitation spectrum with the certainty
that usually characterizes this method, when ap-
plied to lattice dynamics. We shall, therefore,
in Sec. IV, present the measured intensities in-
stead of only the observed maxima. This provides
better insight into the nature of the excitations,
and a better testground for comparison with theo-
retical calculations.

IV. INTENSITY MEASUREMENTS

We have measured the neutron scattering inten-
sities in the vicinity of the 2k+ anomaly, for the
phononspropagating with q=(0, 0, f), i. e. , along
the A line in the Brillouin zone, and q = (-„-,', 0),
i.e. , along the V line. We have normalized the
intensity using the prescription outlined in Sec.
III. In the first case data were taken at nine differ-
ent temperatures below 240 K, whereas in the lat-
ter case the measurements were performed at
fewer temperatures. All the data presented in this
section were taken in the region of reciprocal space
with Q, between 3. 5 and 4. 0, and Q, ( = Q„)between
0 and 0. 5. Typical raw data are shown in Fig. 5.
A combination of constant-Q scans and constant E
scans was used to reveal the characteristics of the
scattering. In order to deduce the coherent part
of the scattering one has to subtract incoherent-
elastic as well as incoherent-inelastic scattering,
together with "real" background not originating
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grounds. By this we hope to give an unbiased pre-
sentation of the results, thereby setting some
criteria, which any successful theory must satisfy.

The intensity in the 2k~ anomaly appears always
to be connected continuously to the regular phonon
branches. At energies less than 4. 5 meV no re-
solvable wave-vector widths are observed at tem-
peratures below 160 K. At T~ 80 K the scattering
also extends down to +=0, however with a pro-
nounced saddlepoint at k~= 1.25 meV at 80 K,
showing that a constant-E scan (horizontal in the
figures) would give a maximum at f =0. 3, where-
as a constant-Q scan (vertical in the figures) would
give a minimum. At 80 K the connection to the
regular phonons also goes through a saddle point
at Ace = 4. 5 me V, although less pronounced than
the lower one.

r
8

FIG. 5. Raw data, used in the measurements of the
neutron scattering intensity contours for K&Pt(CN)4Bro 3

3.2D&O, shown for the excitations of wave vector q
= pc*. The upper part shows a constant-Q scan at q,
=2k~, and the bottom part shows some constant-E scans
across the 2k& anomaly.
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from the sample. As explained in more detail in
the Appendix the elastic-incoherent scattering can
be identified as the g-independent part of the elas-
tic scattering. Subtracting this, we get the re-
maining coherent elastic scattering at f =0.30.
The inelastic background (incoherent and "real"
background) was taken to be the slowly varying
scattering away from the regular phonon and the
2k~ scattering. Having subtracted these contribu-
tions, we associated the remainiag scattering with

S(Q, ~) and corrected it as described in Sec. III,
yielding the normalized scattering I(Q, &u) to be in-
terpreted according to (6) and (7).

In Figs. 6-8 we present the contours of constant
scattering based on the measured I(Q, &o), shown
for selected temperatures. As support for the de-
scription of these figures, we show in Fig. 9 some
constant-Q scans at Q, = 3.70, which as we shall
see, contains all the information gained about the
excitations at energies below 4. 5 meV, when the
temperature is kept below 160 K. The primary
reason for producing Figs. 6-9 is that the nor-
malized intensities may be quantitatively compared
with any theoretical calculations of S(Q, &o), when
folded appropriately with the instrumental resolu-
tion (shown in each figure) according to (6) and (7).
Although the ultimate understanding of the nature
of the excitations is of course obtained via a theo-
ry that fits the data, we shall in the following
characterize the results on purely experimental
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Since lifetime effects might smear out, the ob-
served peaks, one cannot easily resolve whether
the dispersion relations for the excitations are
connected through the saddlepoints of the scatter-
ing. However our data at lower temperatures re-
veal the following. Below T=60 K we see zero
inelastic scattering in the region below A(d =1.75
meV. This is illustrated at T=40 K in Fig. 5,
where a constant-E scan at her = 1.25 meV did not
show a maximum. In the corrected intensities
from a constant-Q scan at /=0. 3, as shown in
Fig. 9, this is seen as zero scattering at lower
energies, separable from the resolution extended
elastic scattering. This feature, signifying the
existence of a phonon gap, is most clearly found
at $=(0, 0, 0. 30). Here, the elastic scattering is
relatively small compared to that at f= (-,', —,', 0. 30)
where it extends rather far out in energy, at low
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FIG. 8. Normalized intensity contours of the neutron
scattering from the excitations of wave vector q= pc*
at T =240 K, measured with an average resolution as in-
dicated. The elastic incoherent scattering and the
inelastic background has been subtracted. The intensity
unit counts/(2 min) is not to be taken as representative
of the actual counting time.

temperatures, as seen in the intensity contours.
The scattering at the saddle point at 5~=4. 5

meV does not go to zero as the temperature is
lowered to 20 K, but seems to saturate at 60 K.
In contrast to the results of Ref. 13 (of Fig. 1),
we do not find any wave-vector extension of the
scattering in 2k~ anomaly below 4. 5 meV. Thus
we are led to the conclusion that the excitations
responsible for this scattering are at all tempera-
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tures connected to the regular phonons.
The existence of an apparent phonon gap for

temperatures less than 60 K at f =0.3 is a new

experimental finding. The reason why this feature
was not found in previous studies is probably that
they were done with smaller crystals, so that the
inelastic scattering could not be extensively in-
vestigated below T=80 K. However, with this
new result in mind it still remains an important
question whether the extension of the scattering
at higher temperatures down to (d =0 is due to a
softening of ur (l' =0.30), the phonon frequency at
the 2k~ plane, or is due to an increased damping.
In order to illuminate this, we focus on the fol-
lowing. At temperatures less than 160 K as seen
in Figs. 6, 7, and 9 we always observe a maximum
at 0+=2. 5 meV, which naturally is associated
with the structure in the scattering around &u (f
=0.30). Also if this frequency was decreased,
the scattering would increase dramatically because
of the ~ ' term in the one-phonon cross section
(see Appendix) and not show the saddle point ob-
served around Av =1.25 meV. We find it there-
fore most natural to conclude that &u (f =0.30) does
not condense to zero for any temperature, but
rather stays at a finite value of Are=2. 5 meV, with
lifetimes responsible for the change in the scat-
tering. The rather structureless scattering in
the contour diagram obtained at T=240 K, shown
in Fig. 8, can be understood as resulting from
very short lifetimes at this temperature.

In all the intensity contours we also find a max-
imum in the scattering at g =0. 3 and S~= 6. 0 meV.
Since the scattering around this peak shows finite
wave-vector dependence it is tempting to associate
the points of maxima with a mell-defined disper-
sion relation, thus implying the existence of two

modes at & =0.3. This is certainly possible.
However, as we shall discuss in Sec. V, one may
with certain assumptions reproduce all the scat-
tering by assuming that only one branch exists.
But we disagree with the conclusion of Ref. 13
that only one branch exists at high temperatures
whereas two are present at T= 80 K.

As mentioned above, Lynn et al. reported an
extra mode, lying above the regular phonon branch
at wave vectors f &0. 3. From Figs. 6 and 8 it is
evident that a maxima will occur in a constant E
scan due to the finite energy width of the phonon,
at wave vectors 0.25~ &&0.3, in addition to the
maximum coming from the dispersion relation at
g~ 0. 3. Thus we conclude that the extra points
of maxima, do not represent the dispersion rela-
tion for a separate excitation.

Although we are able to explain most of the dif-
ferences in the conclusions in Hefs. 5 and 13, con-
cerning the phonon spectrum around the 2k~ anoma-
ly, we are left with two pieces of information,

complicating the interpretation of our data. One
originates from the scattering probably coming
from an optic phonon of energy 6 meV, as shown
in Fig. 3 (horizontal cross-hatched regions). This
frequency was not observable at the (004) I' point,
which corresponds to f =0 in the diagrams in Figs.
6 and 8, but only around (003). However, it was
clearly significant at the (-,

'
—,'4) M point, as seen

in Fig. 7, and here it appears as flowing into the
phonon associated with the 2k~ anomaly. This
may be a combination of resolution and varying
phonon structure factor, and we find it unlikely
that this mode influences the character of the 2k~
scattering. We would like to point out that although
we cannot at the present assign conclusively a par-
ticular rr.otion to this optic frequency, the inten-
sity as described here, follows what one would
expect if the mode originated from the two Pt(CN)4
complexes in the unit cell, moving with opposite
phases.

Another feature in the inelastic intensities, is
the appearance of a third peak at q=(0, 0, 0. 30)
which is not seen at q=(-,', —,', 0. 30). This peak
at k~ =3. 5 meV appears in the contour diagrams
of Fig. 6, and also in the left-hand side of Fig. 9.
At first sight it seems to obstruct the picture of the
scattering in 2k~ anomaly as being essentially in-
dependent of +. There are various possible ori-
gins of this peak. Since we find it in several scat-
tering geometries, it is unlikely to come from
multiple scattering. One could suspect that it is
an artifact from the finite instrumental resolution,
giving rise to an instrumental coupling to the
transverse phonon in a nominally longitudinal
scan. Then, however, the scattering would be un-
likely to peak in a narrow wavevector region as
we see it in Fig. 6. Also, this interpretation is
inconsistent with the fact that we do not see the
extra peak in Fig. 8. The enhanced scattering
observed at f = 0. 30 with q, = 0 occurs where the
transverse acoustic branch crosses the longitu-
dinal 2k„excitations, and consequently points to-
wards a real coupling between the two. We shall
discuss this in more detail in the next section,
and here only mention another experimental ob-
servation regarding this problem. One might ex-
pect that the observed increase in the intensity at
Ace =3. 5 meV in the "longitudinal" branch should
be reflected in a change of the intensity from the
"transverse" branch. Without being conclusive,
we do observe a small decrease in transverse in-
tensity at q = (0, 0, 0. 30), in support of our inter-
pretation. It should of course be kept in mind that
the reason why this coupling is not observed when

q =(~, ~, 0.30) is that the transverse mode crosses
the longitudinal just above the 2k~ anomaly as seen
in Fig. 3.

In order further to illuminate the nature of the
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scattering, we have complemented the contour
diagrams with intensity measurements in the 2k~
planes as a function of q, =(K, &, 0). In Fig, 10 we
show the intensities for the energies 0, 2. 5, and
3. 5 meV for the temperatures 80, 160, and 240 K.
The inelastic scattering varies rather little with

q, and the temperature, as opposed to the elastic
scattering where the perpendicular correlations
strongly enhance the scattering at f =0. 5, at lower
temperatures. This shows that the lower-lying
excitations in the 2kF anomaly are at all tempera-
tures weakly correlated perpendicular to the Pt
chains, consistent with a small dispersion per-
pendicular to the e axis. The similarity between
the low-energy inelastic data, and the high-tem-
perature elastic data, as seen in Fig. 10, suggests
that the inelastic scattering follows the structure
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factor F,(t) calculated by Lynn ef al. This is
further illustrated in Fig. 11, where we have mea-
sured the 5(d =2. 5 meV scattering in several dif-
ferent 2k~ planes. The apparent agreement be-
tween I F,(g)I and our measurements is a strong
indication that, as one might anticipate, only the
motion of the Pt(CN)4 complexes is responsible
for the scattering at q, =0.30 c . We find it rather
unlikely that an optic mode, as discussed in Ref.
13, would exhibit this characteristic dependence
perpendicular to c*.

V. DISCUSSION
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FIG. 10. Variation of the normalized intensity in the
[110] direction of a 2k~ plane, shown at temperatures
T =80, 160, and 240 K. The solid line is calculated from
the model of Lynn et al. Note that at all temperatures,
the inelastic scattering resembles the elastic at high
temperatures.

After having presented our data without assum-
ing any form of the excitation spectrum in Sec.
IV, we shall now give a more specific discussion
based on particular model for the dispersion for
the excitations in the 2k~ anomaly. In doing so,
we shall point out that, although the recent ir and
Raman experiments could be successfully inter-
preted within the framework of a one-dimensional
pinned CDW model, our results cannot be consis-
tently analyzed via this model. However, by com-
paring directly our results and the optical obser-
vations we find good agreement.

In Sec. IV we found that at energies her~4. 5

meV we could not resolve any intrinsic wave-vec-
tor width of the scattering in the 2k~ anomaly and
that the inelastic scattering was weakly dependent
on q, . Let us therefore consider a model for the
excitations that only includes the dependence on

q, . We neglect at first the variation of the one-
phonon structure factor F(Q) [we set F(Q) = I],
especially that related to the coupling between the
nominally longitudinal and transverse phonon
branches at q, =0. The model is shown in Fig.
12. It has a linear part of slope v, not necessari-
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ly pointing towards q,'=0, where q,' measures q,
with respect to a 2k~ plane. This linearly sloping
phonon is cut off by a flat part of frequency (d~,
which extends over a region hQ. We consider a
finite lifetime I' for the flat part, but not in the

sloping regime. (The scattering would only de-
pend weakly on a finite lifetime in the sloping
region. ) The qualitative form of the scattered in-
tensity is also shown in Fig. 12. Taking into ac-
count that the instrumental wave-vector resolution
is wider than the distance AB in Fig. 12, one sees
that the spectrometer integrates over q,'. We
show in the Appendix that the scattering from the
sloping regime becomes

K2Pt(CN)y8rp y3.202

1 t I I l l

(a) 0
0 0

o o

I 1 I i I I I I

I I I I I I I I

p —(b)
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Similarly, we get from the flat part

(9)

2
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By fitting the expressions (9}and (10}to the ob-
served scattering at a series of temperatures be-
low 160 K, we get the results as shown in Fig. 13.
For I~~ 2. 5 meV we interpret the energy depen-
dence of the scattering according to (10) which
determines both &dr and I'. Since hQ in (10}and
v ' in (9) appear as multiplying factors, an abso-
lute measurement of these quantities would re-
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FIG. 12. Model for the excitation spectrum in the 2k&
anomaly, used to analyze the neutron scattering intensi-
ties below ku =4.25 meV. The left-hand side shows the
expected neutron line shape.

quire an absolute measurement of intensity. How-

ever, their ratio is determined from our relative
intensity data. In order to estimate ng and v on
an absolute scale we make use of the fact that the
distance AB in Fig. 12 is less than our resolution,
setting an upper limit on AB of half our wave-vec-
tor resolution at all temperatures. Since both d'
and AQ are largest at T =160 K, the results at
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and

1=[e,(0)/aro(0)]3 = 0. 56 (12)

m*/m = ~(vrq,') /[a&, (q,') —&o~(0)] 5000, (13)

where 1 is the electron-phonon coupling and &uo(0)

is the unperturbed phonon frequency (8. 1 meV)
given in Sec. III. Also according to the theory
the following relation holds:

m~/m = 1+4m~/[xaFo(0)], (14)

where 2h is the electronic energy gap. Using the
above value for X and taking 6 =100 meV from the
ir measurements, we get m~/m =1.1x10' in fair
agreement with (13}, but not comparable with (11).
The different values for m~ derived from (11) and
(13) reflect the experimental finding that the pro-
posed phason mode is very steep, whereas the
amplitude mode appears well resolved. In the

gies higher than 4. 5 meV, a peak at 6 meV (see
Fig. 9) appears well resolved both in energy and
wave vector, indicating the existence of a higher-
lying separate mode. This was indeed concluded
by Comes &tat. from their low-temperature neu-
tron scattering results, and also by Steigmeier
et al. from Raman scattering. ' However, this
feature in the neutron scattering may also be ex-
plained as coming from the lower-energy mode,
modelled above, extending to higher energies with
a sudden decrease in the velocity, so that the scat-
tering according to (9) will give the maximum.

I.ee, Rice, and Anderson' have considered the-
oretically the excitations for a CDW below a
Peierls transition. In the purely one-dimensional
case, the transition occurs at T=O, but owing to
finite 3-D correlations, the transition temperature
becomes finite. It must however be emphasized
that their theory applies only below this transition
where 3-D long-range order is present, and it
remains a question whether such a theory is rele-
vant in the case of KCP, where the range of order
perpendicular to the 1-D electron gas never ex-
ceeds eight chain distances. Based on the recent
low-temperature ir and Raman experiments, one
might conclude that this theory has been experi-
mentally verified. Assuming the theory to be cor-
rect, we should associate our low-lying mode with
the phason excitations of the CDW. Using our
low-temperature data, we get for the effective
electronic mass with respect to the free-electron
value

m*/m = (vr/v)~ &30,

where vr is the free-electron Fermi velocity.
Second, associating the loci of maxima at Are

= 6 me V with the amplitude excitation u&,(q,') of
CDW, and also analyzing the curvature of this
mode around its minimum value at q,'=0 we get

theory the dispersions of the two modes are re-
stricted to be almost the same, in disagreement
with our result.

In the absence of the 3-D coupling, the Peierls
transition would occur at T=0. Horowitz et al. '
have considered the phonons in this case and found
several similarities with the results of Ref. 17.
Since the transition in KCP is never fully accom-
plished this approach seems conceptually more
satisfactory, and we find it of interest that in the
latter calculation the dispersion of the two ex-
citations considered in Ref. 17 differ consider-
ably, in agreement with our experimental results.
The two theories, however, have in common that
the electron-phonon coupling, as determined by
(12) was anticipated to be approximately half the
value we find.

These two theories both picture the transition
in an oversimplified way with respect to KCP,
either as well defined at a finite temperature in
the 3-D case, or at T=O in the 1-D case. Sham
and Patton'9 have given a model describing the
partial structural ordering observed in KCP, with
impurities responsible for the lack of long-range
order, even at T=O. Quantitatively they do not
however reproduce the large value for $, inferred
from experiments. For the excitatians, they get
one mode, the "giant Kohn anomaly" exhibiting an
impurity induced phonon gap. The numerical
calculations, regarding the dynamical properties
in their theory, have however not been published.

Returning now to the dispersion perpendicular
to F*, we concluded from the intensity measure-
ments that v~ did not depend strongly upon q, .
Although at g, =(-,', —,', 0) we cannot measure &ur ac-
curately, because of the strong elastic scattering,
it appears from Fig. 9 that a decrease in co~ of
about 0. 5 meV at this wave vector with respect of
q, =0 is in agreement with our data. The numeri-
cal values for v& were derived at q, =0. In the
case of the maximum at A&a =6 meV at q, =0 (at
low temperatures) we find a decrease of 0. 5 meV,
when measured at g, =(-,', —,', 0} and here we can also
resolve a significant decrease with increasing
temperature. As discussed above, we attribute
the extra peak at k~ =3. 5 meV at q, =0 to a cou-
pling to the transverse mode. Thus we expect
this feature to be reproduced by a theory, only if
it includes a calculation of the eigenvectors.

Our disagreement with the theory of Ref. 17 is
not related to differences between our results and
what has been found by the ir and Raman experi-
ments. Rather, our disagreement with the theory
originates from our measurements away from q,'
=0. Also the conclusions about the optic work
were based mainly on symmetry properties of the
excitations, which one might expect to be the same
for temperatures above a transition. When we
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compare our experimentally observed frequencies
with the ones measured by optic means, we ob-
tained as discussed below, satisfactory agreement.

BrGesch et a/. " found a resonance at leo =1.9
me& ( =15 cm '} from ir ref lectivity measure-
ments obtained with a rather big uncertainty, Our
values of h(d =2. 5 meV therefore agree reason-
ably well, but in the interpretation of the optic
measurements, it was not considered that +~
could vary along the 2k~ plane. As pointed out in
Sec. I, photons will probe excitations in the 2k~
anomaly of wave vectors q,' =0, and cannot distin-
guish between different perpendicular wave-vector
components. Thus in the ir spectrum a broaden-
ing will occur owing to the dependence of co~ on q, .
However, we get SI'=0. 4 meV at T=60 K in agree-
ment with the ir measurements, indicating that
co~ does not vary much along the 2k~ planes. Our
model parameters consequently correspond well
with the ir data with regard to both ~~ and I' be-
low T =160 K. At higher temperatures both their
spectra and ours are broad, so we have refrained
from fitting our data to a model of the kind dis-
cussed here.

To compare our data with the recent Raman
scattering data reported by Steigmeier et al. '
meets another complication. They observed a
mode at Av= 5 meV, which agrees fairly well with
both our weak optic mode at q =0 (I' point} as well
as the maximum that we observe at the 2k~ anoma-
ly. If we assume however, in accordance with the
authors, that the Raman scattering comes from the

q,' =0 mode, it has to be interpreted similarly to
the ir measurements, which also in this case im-
prove the agreement between the two experiments
at low temperatures. But at higher temperatures
the two measurements yield significantly different
results, so that at T=240 K we measure the peak
at Sv~ 5. 2 meV as opposed to the Raman value of
5+= 6 meV. In this case the maximum is still
well defined at the highest temperatures.

VI. CONCLUSIONS

Our inelastic neutron scattering measurements
on a single crystal of K,Pt(CN)4Bro. , 3.2D20
have given the following main results.

The acoustic and related phonon branches have
been measured at temperatures T=80, 160, and
240 K. They show an anisotropy reflecting that
the metallic binding along the Pt chains is strong
compared to the ionic binding perpendicular to
them. The temperature dependence is found to be
rather small. Qnly the longitudinal phonons prop-
agating along the chains are found to be significant-
ly distorted into the 2k~ anomaly, and in this case
we derived values for the unperturbed phonons.

The inelastic scattering in the 2k~ anomaly
shows an apparent phonon gap below T=60 K,

whereas at all temperatures the scattering is con-
nected continuously to the regular phonons. In
analyzing the inelastic line shapes, we are led to
the conclusion that the phonon frequency never
goes to zero; and we then ascribe the observed
low-energy scattering to lifetime effects at higher
temperatures. At temperatures T~ 160 K the
wave-vector dependence of the scattering below
5+ =4. 5 me V cannot be resolved, whereas at T
=240 K the effect of finite wave-vector width is
seen. The scattering displayed as constant inten-
sity contours provide a convenient test ground for
theory.

By assuming a specific form of the excitation
spectrum around the 2k~ anomaly, we can param-
eterize our results and compare to theoretical cal-
culations. Qwing to the narrowness of the observed
spectrum we are unable to give a quantitatively
consistent interpretation of the excitations, as
coming from a charge-density wave below a Peierls
transition. Qur results do however agree satis-
factorily with experimental results, obtained from
infrared and Raman scattering, which were suc-
cessfully interpreted within this picture, and we
find that the optic data can equally well be inter-
preted without assuming that the transition has
taken place. In taking the composite experimen-
tal evidence into account we consequently conclude
that in KCP, the transition is never fully accom-
plished.

At all temperatures we find relatively little
variation of the inelastic intensities in the 2k~
anomaly with respect to the propagation vector
component perpendicular to the Pt chains. It is
similar to the elastic scattering at higher tem-
peratures, but does not seem to reflect the in-
complete structural ordering occurring around T
=100 K. However, the dynamical parameters de-
rived from our model, vary similarly to the static
parameters, obtained from the elastic measure-
ments.

At present, there exist several conflicting theo-
ries of KCP, all explaining some features of the
observed properties correctly. It is our hope that
the experimental evidence presented here, will be
helpful in clarifying the physics responsible for the
behavior of this material, towards a more unified
and rigorous understanding.
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APPENDIX

We present here the theory for the interpretation
of the neutron scattering as appropriate for the
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FIG. 15. Components of the neutron scattering spec-
trum from KCP at a 2k& plane. (a) Incoherent elastic
scattering present at all wave vectors. (b) Coherent
elastic scattering present only at the 2k~ plane. (c)
Inelastic coherent scattering from lattice excitations.
The incoherent inelastic scattering appears as a smooth
background.

lattice dynamics of KCP. Let us first assume a
harmonic lattice and consider the coherent one-
phonon creation scattering law S(Q, &u},

20

S(Q, ~) = lF(Q)l'Z 5(~-~0(q)) 5(Q-T+q),

(A 1)
where

and

RQ = k(ky —lt()

k&u =(0 /2m„)(k, —k&~)

(A2)

(AS)

1 4(() I'{q)
v [~' —(a'(q)]'+ 4(d'r'(q) (A4)

We are therefore describing the interactions in
terms of a renormalized phonon frequency (()(q) and
a damping I'(q). Although (A4) represents a sim-
ple approach to quasiparticle interactions, we have
not pursued the interpretation of our data beyond
it, despite the fact that for systems exhibiting

are the momentum and energy, transferred to the
sample by a neutron. The incoming and outgoing
wave vectors are k, and k&, respectively. Since
we consider only phonon creation (neutron energy
loss), in (Al) n(&o) = [exp(k(d/ka T) —1] ' is the Bose
population factor. The unperturbed phonon fre-
quency is (()0(q), and r is a lattice vector. F(Q) is
is the inelastic structure factor, expressed in
terms of the eigenvectors together with the masses,
positions, and Debye-Wailer factors of the atoms
in the unit cell.

If the phonons cannot be regarded as free quasi-
particles, due to either phonon-phonon or phonon-
electron interactions, the formula (Al) must be
modified. These effects can be taken in account
if we replace the 5 function 5((() —&(),(q)) in (Al) by

(o(q, ) = &(q, —q, ), r =o, (A6)

where Qp is not necessarily chosen so that the dis-
persion curve goes through ~ =0 at a 2k~ plane.
This inserted into (Al) and (A5) yields

san ((d) = lF(O)l '[&(~)+I](») ', (A 7)

independent of Qp Next, we consider the case of
a flat branch with constant damping, extending
over a region 4Q;

(d(q,')=u&r and I'(q,')=I' for lq,'l —,'4Q, (A8)

where we have defined the propagation vector q,'
with respect to the 2k+ planes (see Fig. 12). In
this case we get

s-,~.. ((d) = lF(Q)l~[n((u)+1]

1 4l ~ I r~Q
8 )8 4+IrR (A9)

(A7) and (A9) show that if one assumes a certain

soft-mode behavior above a structural phase tran-
sition one often needs to consider the explicit fre-
quency dependence of I'. This creates, under
certain circumstances, a quasielastic central peak
in the one-phonon scattering law, in addition to
damped propagating modes. ~'

There are two reasons for confining our dis-
cussions to this simple picture. First, we find
that (A4) substituted into (A 1}adequately describes
our observations away from the quasielastic re-
gion, suggesting the sufficiency of our treatment.
Second, we are experimentally prevented from
observing the central peak which we illustrate in
Fig. 15. Because the soft phonon appears at Q,
=2k~ we are observing two rather strong elastic
contributions to the scattering, namely the in-
evitable incoherent scattering [Fig. 15(a}]together
with the elastic coherent scattering [Fig. 15(b)].
These two contributions, broadened by the instru-
mental resolution will overshadow a possible quasi-
elastic part of the one-phonon scattering [Fig.
15(c)].

Since, at the 2k~ anomaly the wave-vector vari-
ation in the z direction of the lower-energy part
of S(Q, (()) is so rapid, we cannot resolve it ex-
perimentally. We therefore consider the form of
the scattering, when S(Q, (d) is integrated over Q,
in the vicinity of a 2k~ plane, that is, we define

S., - (()„a) =f dQ, S((), a ), (A5)

where Q =Q, +QL, and the integration is performed
over a region of Q, much wider than the width 2k~
anomaly.

Two simple types of excitations are of interest
for the interpretation of our data in Sec. VI. Ne-
glecting for simplicity Q„let us first consider an
undamped branch of slope v:
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form of the excitation spectrum, the scattering
observed according to (A5} will contain directly

interpretable information about the parameters of
the modes, responsible for the scattering.
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