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Abstract. The quasi-one-dimensional charge-density-wave (CDW) compo(iraa).l, the

blue bronze K3Mo03; and the platinum chain compound KCP(Br) show a strong deviation
from a Debye behaviour of the specific hgap at temperatures of several degrees Kelvin.

To determine the origin of this specific heat ‘anomaly’ in the case @§Mo0O3z, we have
performed time-of-flight neutron scattering measurements and extracted a generalized phonon
density of states (PDOS). The excess over a Debye behaviour at low energies in the generalized
PDOS lies at the origin of the observed anomalous specific heat. We have used a simplified
dispersion model based on experimental phonon dispersion curves to calculate the low-energy
PDOS of the system. The model succeeds in reproducing the observed specific heat anomaly
and establishes its lattice phonon origin. Similar calculations of the low-energy PDOS based on
available phonon dispersion data for KCP allow us to state that the anomalous behaviour of the
specific heat for this compound also has a phonon origin.

1. Introduction

Many quasi-one-dimensional compounds like NHS€TaSq).l, Ko3MoOs, and KCP
(K2[Pt(CN)}]X0.3-3.2 H,0, X = Br, Cl) undergo a Peierls transition into a state of modulated
electron density, the charge-density wave (CDW), and a periodic distortion of the parent
lattice. The corresponding modulation wavenumbey; is= 2kr, wherekr is the Fermi
wavenumber [1, 2]. A characteristic feature of CDW systems is the very pronounced
phonon softening (Kohn anomaly) at around the modulation wave vectdhis has been
observed in K3MoOj3 [3, 4] and KCP [5], whereas no Kohn anomaly has been observed
in (TaSe).l [6].

For some of the CDW compounds, (Take [7], Ao3MoOs; (A = K, Rb) [8, 9] and
KCP [10], measurements of the specific h€at have revealed a pronounced deviation
from a Debye-like behaviour, observable as a bumg ini T3 centred around temperatures
between 1.8 K and about 12 K for (Tagg and Ky3MoOj3, respectively. The anomalous
behaviour which has been observed in (Tg8e(see figure 1), was firstly ascribed to
excitations of pinned phason modes of the CDW. This interpretation was suggested by the
fact that this specific heat behaviour is observed in the CDW system fpaSeut not
in the structurally relatedponCDW system (NbSgsl [7]. In addition, the energy range
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Figure 1. The low-temperature specific heat of (Taz& The data are taken from [7].

(TaSe). I

4’2
2 v v LS LJ v hJ L] LS I;T LIRS L v Ls L] ' L L L '-
THz [ ]
1.5t o . .
i 00 ]
1 [Poe® 0800 ]
[ 004 R
0.5[ ]
[ ]
[ ° )
® .

0 Nl L 1 X! 1t L l L 1 1 i 1 1 L A l 4

0.5 0 0.5 1 0.5 0
Xeeo)T 0o Z (¢o00) T

Figure 2. The low-frequency phonon branches of (Tage (This figure is taken from [18].)
Modes polarized parallel to the chain direction are shown as full symbols, modes perpendicular
to the chains as open symbols. The corresponding sound velocities are indicated as lines.

of the pinned phasons in (Tagd, 0.2-1.1 meV (1 me\= 0.242 THz = 8.065 cnT?),
deduced from ac-conductivity [11, 12] and neutron scattering experiments [13], corresponds
well to the temperature (1.8 K) of this specific heat ‘anomaly’.

The phason interpretation was later questioned as a resut édxperiments on Nb-
doped (TaSg.l samples [14] indicating a persisting anomalous specific heat behaviour
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Figure 3. The sheet-like structure of ggMoOs: planes of Mo@ octahedra separated by the
potassium ions. The projection is along the chain directiarl,[0]. The potassium ions are
positioned at two levelsy = 0 (hatched circles) and = % (full circles). (This figure is taken
from [20].)

with the maximum of the bump at the same temperature as for the pure compound. As
ac-conductivity measurements on the Nb-doped compounds [15] show a shift of the pinned
phason mode to higher frequencies, the interpretation of the anomaly in terms of phason
excitations is questionable. Furthermore, similar behaviour of the specific heat is not
observed for other CDW systems such as Nb@é] and Ta3 [17].

Lorenzoet al [18] have recently related the specific heat anomaly at 1.8 K of @)alSe
to an excess of the low-energy phonon density of states (PDOS) at energies around 0.7 meV.
This excess in the PDOS originates from the particular, one-dimensional character of the
low-energy phonon branches, especially from a nearly dispersionless transverse acoustic
phonon branch polarized along the chains and propagating in the plane perpendicular to the
guasi-one-dimensional direction (see figure 2).

The specific heat ‘anomalies’ of the compoundszMoO; and KCP appear at rather
high temperatures (arourfd = 12 K for the blue bronze and around 7.5 K for the platinum
compound), corresponding to energies of about 6 meV and 3.5 meV, respectively. It seems
unlikely that the phason interpretation holds in these cases, since the energies related to
the pinned phasons are in a range below 2 meV: fpgNM0O3; Degiorgi et al [19] have
found by ac-conductivity measurements that the phason gap is at about 0.4 meV; for KCP
the Kohn anomaly has been observed in neutron scattering experiments at energies down
to below 1.5 meV [5] (compare figure 11, later).

In fact, the anomalous specific heat of the blue bronze compound has been ascribed
to a phonon origin by Konate [8]. It is interpreted as coming from an Einstein mode at
an energyw ~ 4.3 meV (35 cm?) and related to optical vibrations of the K ions in the
compound. This interpretation is unlikely to hold, since comparison with the dispersion
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curves now available (reference [3]; see figure 9, later) does not reveal an Einstein-like
mode at this low energy, and the lowest optic mode has been observed at about 8 meV.
The purpose of the present study is to discover the origin of the low-temperature specific
heat, deviating from a simpl&3-behaviour, of the blue bronzeykMoO3 and the platinum
chain compound KCP.
The monoclinic system blue bronze, ¥MoO; (space groupgC2/m) shows a structure
in the form of infinite sheets of Mo octahedra separated by potassium ions, as shown
in figure 3. It undergoes a Peierls transition at a transition temperd@jure 183 K and
develops an incommensurate lattice modulation with wave védt@k g, 0.5), with b* the
chain direction [21]. The specific heat curge (T) of Ko3MoO3 has been measured up to
25 K by Odinet al [9]. It reveals a very broad deviation of the specific heat from a Debye
behaviour, with a maximum of » /T2 at 12 K (figure 4).

0.0025

0.002

T &
4
>
>
>
>
>

R

0.0015

>
L |

0.001

C,/T® [mJ/g/K*]

0.0005-

\\Jl‘\\\l

‘ L 1 1 l L L 1 L ‘ 1 1 | L

0 5 10 15 20 25 30
TIK]

Figure 4. The specific hean/T3 of Kp3MoO;3 for temperatures between 0.5 K and 25 K,
showing a large bump with a maximum at around 12 K. The data are taken from [9].

We have carried out time-of-flight neutron scattering measurements, from which a
generalized phonon density of states was deduced in order to study the phonon contribution
to the specific heat below 25 K. On the basis of phonon dispersion curves measured by
Pougetet al [3] (figure 9—see later), we have constructed a simplified dispersion model
(see section 3.2) and calculated the low-energy PDOS. Comparison of the experimental and
the calculated PDOS, and the calculation of the corresponding specific heat have allowed
us to relate the observed specific heat behaviour to particular phonon branches.

The platinum chain compound KCP shows a tetragonal structure (space Bfoup)
made up of infinite chains of Pt(CINgroups separated by the potassium cations and the
halogen (Br, Cl) anions (figure 5). For KCP bromide (KCP(Br)) the Peierls temperature
is about 100 K and the incommensurate modulation wave vecto%aié ga*, 2kr) with
2kr ~ 0.3c* and withc* along the chain direction [22]. For deuterated KCP(Br), Oelin
al [10] have measured the specific heat curve betweentabd&land 30 K, revealing a
deviation from a simple3-law with a maximum at around 7.5 K (figure 6). To determine
the origin of this specific heat behaviour, we have used low-energy phonon dispersion curves
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Figure 5. The crystal structure of deuterated KCP(Brp[Rt(CN)]Bro.3-3.2 D2O). Upper part:
projection along the tetragonat-axis. Lower part: projection along org-axis. (This figure
is from [23].)

measured by Carneiret al [5] to calculate the low-energy PDOS in an approach similar to
that used for I§3MoO:s.

2. Experimental procedure

The experiment was performed on the time-of-flight spectrometer IN6 at the Institut Laue—
Langevin (Grenoble, France). The instrument was operated in the neutron energy-gain mode
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Figure 6. The low-temperature specific he@p /T3 of KCP(Br) showing the deviation from a
T3-behaviour with the maximum at about 7 K. The data are taken from [10].

(‘up-scattering’) using an incident neutron energy of 3.12 meV (93\)12At the elastic line,
the instrument offers an energy resolution of 0.1 meV. The scattered neutrons are detected
with in total 337 detectors covering a range of scattering angie$r@m 10 up to 115.
Measurements were carried out at several temperatures between 100 K and 450 K on
a powdered sample contained in a flat, thin-walled aluminium cell. To allow us to correct
the scattered signal from the sample container and the background, the runs were repeated
with empty cells.
From the measured time-of-flight spectra, one calculates the scattering fusicBo)
using the equation

%0 t*
(0, 0) = ——— g /2T 1)
0 0t 215
wherer denotes the neutron time of flight, andhe time of flight of the elastically scattered
neutrons. The neutron energy gdin = E(t) — Ep, the momentum transfe® and the
scattering angle @ are related through

0? = A(2Eg + hw — 2,/ E2 + hwE( cog20)) 2)

with A = 0.482 meV A2 Eq and E(¢) are the incident and the final neutron energy,
respectively. Using the reduced variabtes- h2Q2%/(2MkzT) (with M the average atomic
mass) an@3 = hw/kzT one defines the spectral distributidh(c, B8):

P, B) = 28 sinh<é> S@F). 3)
2 o

The Debye—Waller and the multiphonon corrections are performed selfconsistently on
P(a, p).

At this stage one has to take into account that the compound under study is a nearly
purely coherent scatterer. In this case, to calculate the phonon density of states one has to
use the incoherent approximation [24], which means that the spectral distritRitiarns)
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has to be averaged over the momentum trangfeil he validity of this method rests on the
assumption that th€-averaged coherent cross section approximates the incoherent cross
section. At large energy transfers this should be the case, since the related momentum
transfers are also large (see equation (2)). In this case the combined effects of powder
averaging and detector (@-) averaging guarantees the validity of this approximation.

For low energy transfers th@-volume to average is quite sensitive to the incident
neutron energyEy and the angular range of the detectors. The ratio between the averaging
Q-volume and the volume of the Brillouin zone of the sample determines the applicability
of the incoherent approximation. In our experiment, with a sample unit-cell volume well in
the range of 19A3, the number of Brillouin zones over which it is averaged is in the range
of several hundreds. This should ensure a sufficient statistical averaging of the coherent
scattering cross section.

For the phonon density of statéqw) obtained through the procedure described above,
we have finally also to take into account that in a polyatomic system the scattered signal of
each kindi of atom (with atomic mass:;) depends not only on their chemical proportion
¢; in the compound but also on the respective scattering cross segtiofio in fact we
obtained a generalized or neutron-weighted phonon density of states, defined as

G() = (Z(c,-o,-/m»g,- (w)) [ (/) (4
i=1

wheren is the number of different kinds of atom in the compound.and M are the
molecular scattering cross section and the molecular mass, respectively, (bhere the

partial densities of states corresponding to the spéecigdfie weighting factors for the blue
bronze kg3MoOs are illustrated in the table 1. They show that more than 90% of the
measured density of states originates from the oxygen atoms due to their relative abundance
and the favourable ratiey /mg.

Table 1. The coherent scattering cross sectiepsatomic masses;, scattering weights; /m;
and relative scattering weight factors of K, Mo and O.

oi (b) m; (Au) oi/m; ] ci(oi/m;)

K 1.73 39.1 0.044 25 6.98%  0.0031 1.52%
Mo 6.07 95.94 0.06327 23.26%  0.0147 7.27%
O 4235 16.0 0.2647 69.77% 0.1847 91.21%

3. Results and discussion

3.1. Ky3MoOs: the experimental phonon density of states and low-temperature specific heat

Figure 7 shows the generalized phonon density of states resulting from the data analysis
described above for several temperatures above and below the phase transition temperature.
The PDOS profiles reveal a large number of features with changes in amplitude but no
variation of the energy for the different temperatures. This may arise from an anisotropic
Debye—Waller factor, changing its anisotropy with temperature. During the data treatment
the Debye—Waller factor is taken to be isotropic, a simplification for rather two-dimensional
structures like the blue bronze (see figure 3). This leads to an artificial enhancement or
depression of phonon branches depending on their polarization.
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Figure 7. The experimental (generalized) phonon density of states (PDOS) of the blue bronze
Ko.3MoOj3 at several temperatures. (a) The energy spectrum up to the catfb(meV, taken

from reflectivity data from [19]); (b) the low-energy part. Each of the PDOSs is normalized to
unit area.

The PDOS data are used to calculate the specific Gigat

Cp(T) = 3n£ XZLP(X)
M (exp(x) — 1)2
with x = hw/kzT and R = 8.314 J mol'* K~1 the molar gas constantG(w) is the
PDOS, normalized to unit area ViRG(w) dw = 1. M is the molar mass of a unit cell
and n the number of atoms per unit celM( = 1557 g mot!, n = 43 for Ky3MoOs
and M = 465 g molt, n = 21 for deuterated KCP(Br)). In this equation no adjustable
parameter is involved.

G(w) do (5)
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Figure 8. (a) The low-energy generalized PDOS of 4003 at 7 = 100 K. The dashed line
extrapolates a Debye law fitted to the generalized PDOS (full line) below 3 meV to show the
excess of the PDOS over a Debye behaviour. (b) The specifiatheat? (full line) calculated

from the generalized PDOS. The experimental specific heat data are plotted as symbols.

Since phonon contributions at energies higher than 15 meV contribute only negligibly
to the specific heat at temperatures up to 12 K, we will concentrate the discussion on this
low-energy range (see figures 7(b) and 8(a)). The principal features of the low-energy PDOS
are the following:

(1) a Debye-like behaviour up to about 3 meV; and
(2) when extrapolating a parabolic fits? (for the Debye part) to higher energies, the
PDOS between 4 meV and about 7 meV exceeds a Debye behaviour (figure 8(a)).

When calculating the specific heat from the generalized PDOS, one obtains a behaviour



8648 H Requardt et al

of Cp/T® as shown in figure 8(b). It reveals qualitatively the same behaviour as the
measured specific heat:

(1) a flat part, the ‘Debye plateau’, below about 4 K, corresponding to a pure Debye
behaviour in this temperature range, which means a Debye behaviour in the lowest few
meV of the PDOS; and

(2) a bump inCp /T2 for temperature§d’ > 4 K with a maximum at around 11 K
revealing non-Debye behaviour. The temperature of this maximum corresponds to an energy
of about 5-6 meV in the PDOS, i.e. to the energy range of the excess over a Debye law in
the generalized PDOS.

This qualitative agreement suggests that the anomalous specific heat behaviour observed
experimentally at around 12 K originates from the PDOS exceeding a Debye-like behaviour
(similar to the case of (Tagpl; see [18]).

The difference in absolute value from the experimental data from @dai [9] may
be explained by the influence of the neutron weightm; for each atomi (see table 1)
included in the generalized PDOS (see equation (4)), enhancing some features in the PDOS,
and depressing others. Secondly, the difference is due to the fact that the specific heat curve
for the lower temperature is very sensitive to the precise shape of the experimental PDOS,
which is least reliable in the lowest 1 or 2 meV due to, in particular, uncorrected multiple-
scattering processes.

3.2. K33Mo0s: phonon dispersion and the low-temperature specific heat

Figure 9 shows the low-energy phonon dispersion curves measured by RowddB].
They observed several acoustic and low-energy optic phonon branches along the two
main directions of the system, the chain direction[@] (within the MoQ; sheets) and
the direction [20, 1] (perpendicular to the Mo@layers), and along the corresponding
boundaries of the Brillouin zone. The acoustic branches follow a sine-like dispersion
except for the branch labelled ‘LAthat anti-crosses a low-lying optic branch (between
6 and 8.5 meV). For easier calculation we suppose this acoustic branch to be of sine-
shaped dispersion (up to about 13.6 meV). The optic branch is approximated by the relation
»(q) = wo — aq®.

Since the experimental dispersion data (figure 9) are available fortwnlglirections of
the system, the low-energy PDOS is calculated for a model of cylindrical symmetry using
the corresponding Christoffel equations. This simplification seems reasonable because of
the sheet-like structure of the compoung:Kl0O3; (compare figure 3). In this model the
potassium atoms play the role of atoms intercalated between two planes of. Md@
Kohn anomaly, also shown in figure 9, is omitted in the model calculation in order to
include only phonon contributions to the PDOS coming from the ‘normal’ lattice dynamics,
independently of the dynamics due to the Peierls transition.

Based on the symmetry of a system, the Christoffel equations relate the strain$ensor
to the stress tensor for acoustic lattice vibrations with small amplitude—that is, within
the limit of Hooke’s law. For a system of cylindrical symmetry this leads to the following
equations [25]:

c11k? + Ceekg + cask? (c12 + cep)kiky (c13 + caa)kyk;, Uy
(c12 + cep)kyky ceok? + C11k_3 + caak? (c13 + can)kyk, vy
(c13 + caa)kyk, (c13+ caa)kyk, caak? + C44k§ + cagk? Uz
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Figure 9. The dispersion of some low-energy phonon branches of the blue bra?ddOs at
a temperature of 230 K. The arrow indicates the Kohn anomaly. (This figure is taken from [3].)

= pw? vy (6)

with the additional condition:

1
Cep = E(Cn —C12).

The vectorv = (v,, vy, v;) denotes the polarization direction of the lattice vibration having
the wave vectok = (k., k,, k). When solving this vector equation one obtains a set of
three equations of the type

w = A(c11, €12, €13, €33, Caa)k (7)
including the different polarization directions, which describe the behaviour of the acoustic
phonon branches in the reciprocal space. The five independent coeffigjeotsitained in
these equations can be extracted from the sound velocities of the acoustic phonon branches.

To introduce the sine-like phonon dispersion into the linear equation% (g)replaced by
the expression

. (JT k )
qzpSIN| ——
2qzp

with ¢gzp being the wavenumber at the zone boundary.
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Figure 10. (a) The low-energy PDOS of ¢gMoOs calculated from the simplified phonon
dispersion model (see the text) (full line). The model PDOS is not convoluted with an
instrumental energy-resolution function. The dashed line extrapolates the Debye law (see the
text) to show the excess over a Debye behaviour. (b) The specific heat calculated from the
model PDOS (full line). The model PDOS contains an adjustable factor, chosen to match the
Debye parts of the calculated and the measured specific heat (see the text). The symbols show
the experimental specific heat.

Figure 10(a) shows the low-energy PDOS, obtained from the simplified model described
above. The PDOS is normalized so that when calculating the specific heat, the Debye
plateau for the lowest few degrees Kelvin of the calculafgd T3 matches that of the
experimental specific heat data. This normalization offersotiilg adjustable factor in the
whole calculation and, being only a scaling factor, does not quantitatively affect the excess
of the PDOS over a Debye behaviour. The corresponding Debyedgn={ 31.8 meV)
is extrapolated to show the excess over a Debye behaviour of this calculated PDOS in an
energy range between 4 meV and 8 meV. This excess is due to the PDOS contributions
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Figure 11. Phonon dispersion relations for deuterated KCP(Br) measured at the temperatures
T =80 K, 160 K and 240 K. The inset shows the irreducible part of the Brillouin zone and the
assignments of the modes, where the symbasd L refer to the polarization being parallel or
perpendicular to the chain axis, [0, 0, 1]. The shaded areas correspond te= 2kr, where

the wave-vector dependence of the scattering cannot be resolved. The cross-hatched areas show

the position of the weak scattering that may correspond to an optic phonon. (This figure was
taken from [5].)

from the longitudinal acoustic (LA) and transverse acoustic (TA) phonon branches, labelled
‘TA, and ‘LA3’, ‘“TA 3’ (see figure 9) together with the contribution from the low-lying optic
phonon branch. The acoustic branches are flat at the zone boundary, therefore enhancing the
phonon density of states between about 4 meV and 6.5 meV. The particular dispersion of
the branch ‘LA’ with its anti-crossing with the low» optic branch covers twice the energy
range between 6 meV and 8.5 meV adding a strong contribution to the phonon density of
states in this small energy range.

The specific heat calculated from the model PDOS is shown in figure 10(b). Despite
the simplifications of the phonon dispersion introduced into the PDOS calculations, the
model PDOS succeeds in reproducing very well the bump in the specific (het®
up to a temperature of about 15 K. The width of this bump is not reproduced because
of the limited energy range (up to 9 meV) of the model containing only the acoustic
branches and a contribution of the lowest optic phonon branch. Features at higher energies,
like the structures visible in the generalized PDOS in figure 7, would contribute to the
deviation of the specific heat from a Debye behaviour at temperatures above 15 K.
In the model PDOS these features should certainly arise on considering further optic
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Figure 12. (a) The low-energy PDOS (full line) of deuterated KCP(Br) calculated from the
phonon dispersion curves (see figure 11), including a low-lying optic branch at around 6 meV
(see the text). The corresponding Debye law (dashed line) illustrates the excess of the PDOS
over a Debye behaviour. (b) The specific h€at/72 (full line) calculated from the low-energy

PDOS. The model PDOS contains an adjustable factor, chosen to match the Debye parts of the
calculated and the measured specific heat (see the text). The experimental specific heat data are
shown as symbols.

phonon branches and lead to an appropriate broadening of the deviation in the calculated

Cp/T3.
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3.3. KCP: phonon dispersion and the low-temperature specific heat

On the basis of the available phonon dispersion curves measured for deuterated KCP(Br)
[5] we have performed calculations of the low-energy PDOS,; this is similar to the approach
that is used for K3MoOs. Figure 11 shows the low-energy phonon branches, observed
along the three principal directions [1, 0, 0], [1, 1, 0] and [0, O, 1] of the tetragonal system.
Several acoustic branches show a basically sinusoidal dispersion, such as the LA branch
propagating along [1, 0, 0] and the TA branches along [1, 1, 0], whereas others behave
rather linearly, like the TA branch along [1, 0, 0]. The acoustic branches propagating along
[0, O, 1] can be taken as sinusoidal in an extended zone scheme along the chain direction
c*. As for the blue bronze, the Kohn anomaly at arourt0is omitted for the calculation

of the PDOS.

Like the branch ‘LA’ of K¢ 3MoOs (see figure 9), the longitudinal acoustic branch along
[1, 1, O] for KCP deviates significantly from a simple sinusoidal or linear dispersion. This
deviation suggests an anti-crossing with a low-energy optic phonon branch (lying between
about 5 and 7 meV). In fact, the observed phonon dispersion of KCP(Br) (figure 11) shows
parts of an optic phonon branch at around 6-6.5 meV observed close o bt and
to the M point of the Brillouin zone. To include this optic branch in the calculation of the
PDOS these two branches are approximated as an acoustic branch with sine-like dispersion
crossing an optic branch estimated again to be of the &/@® = wo — aq®.

The calculation of the low-energy PDOS of KCP(Br), up to an energy of about 7 meV,
is performed using the Christoffel equations for the symmetry class 4see Auld [25]).

These equations are based also on equation (6) but with no additional condition for the
coefficientcgs. Similarly to the case of the blue bronze, the independent coefficignts
(c11, c12, €13, €33, cas @Nd ceg) Of the Christoffel equations are determined from the sound
velocities of the different acoustic phonon branches.

Figure 12 shows the calculated low-energy PDOS, normalized so that the slope of the
Debye part (up to about 1 meV) leads to a matching between the Debye plateaus of the
calculated and the experimental specific heat. In the figure the corresponding Debye law
(with wp = 19.9 meV) is extrapolated to show the excess of the PDOS over a Debye
behaviour between about 2.5 meV and 6 meV.

From the calculation, the excess at energies up to about 4 meV is due to the PDOS
contribution of the TA branches polarized perpendicularly to the direction of the platinum
chains, [0, 0, 1], and among them mainly the TA branch propagating along [1, 1, 0]. The
excess at around 5-6 meV originates from the contribution of the estimated low-energy
optic branch. As for the case ofpKkM0Os3, the slope of the Debye law is used as the (only)
adjustable parameter to match the Debye part of the calculated and the experimental specific
heat data.

Calculating the specific heat from the model PDOS obtained for KCP reveals a bump
in Cp/T? centred at around = 7.5 K in very good agreement with the experimental data
up to a temperature of about 13 K, as shown in figure 12. As fMoOO;3, the deviation
of the calculated from the experimental values for the higher temperatures is due to the
limited energy range of the calculated model PDOS (up to about 7 meV).

4. Conclusion

We have studied the origin of the deviation of the specific heat from a Debye behaviour, the
Cp-‘anomaly’, observed in the blue bronzg,,, = 12 K) and KCP(Br) Cunom = 7.5 K)
by extracting the generalized PDOS (for the blue bronze) from time-of-flight measurements
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and by a calculation of the low-energy PDOSs. The generalized PDOg:Md&O; reveals

an excess over a Debye behaviour, which leads to an ‘anomal¢ricentred at around

Tuwom (=12 K). From the results of the calculations presented in sections 3.2 and 3.3
for Ko3MoO3; and KCP, respectively, we have found a very good agreement between the
calculated and the experimental specific heat data. Since the model PDOSs are calculated by
omitting the dynamics related to the Peierls transition (Kohn anomaly, phasons), the model
PDOSs contaimnly contributions from ‘normal’ lattice phonons. With these results one can
establish a lattice phonon origin of the anomalous specific heat behaviour observed at around
12 K and 7.5 K for the blue bronzegkMoO3z; and KCP(Br), respectively, corresponding

to the basic idea of Konate [8].

As shown by the model calculations and differing from Konate's interpretation, the
observed ‘anomalies’ of the specific heat are built up partially from PDOS contributions
from flat sections ofacoustic branchesear the Brillouin-zone boundargs well asan
important contribution from dow-energy optic branch

In the particular case of (Tapel, the low-energy optic branch observed at around
4.2 meV does not play any role for the observed specific heat behaviour. If it did,
the corresponding contribution to the specific heat would be observable near about 9 K,
whereas the observed bumpdh /T2 is at around 1.8 K. Compared to the blue bronze and
KCP, the compound (Tagel appears to be somewhat unusual due to the existence of the
nearly dispersionless, very low-lying=0.7 meV), transverse acoustic branch propagating
perpendicularly to the chain direction. It is only this particularly flat acoustic branch which
gives rise to the specific heat behaviour of (Tgge This flat, low-lying branch shows a
low sound velocity leading to a steep slope of the Debye behaviour within the first 1 meV.

Since the anomalous specific heat behaviour observed in the three CDW systems
(TaSe).l, KCP and the blue bronze g¢MoOs; is not due to properties related to the
Peierls transition but to ‘normal’ lattice dynamics, it should be observable alswiin
CDW systems. In fact, similar specific heat ‘anomalies’ at temperatures around 10-20 K
have been observed for the quasi-one-dimensional superconducibtesBle; (M = TI,

In, Rb, Cs) by Bonjourt al [26]. TheseCp-‘anomalies’ have been related to Einstein-
like phonon modes corresponding to optical vibrations of the M atoms at energies between
6 meV and 10 meV contributing to the PDOS of these compounds ([26] and Brasetti

al [27]). So, for the compounds M1osSe; as well, a low-energy optic branch plays an
important—even the principal—role in the lattice phonon origin of the observed specific
heat behaviour, like for the compounds blue bronze and KCP studied here.

In contrast to these structurally rather complicated, (quasi-) low-dimensional systems,
similar specific heat ‘anomalies’ of lattice phonon origin have been found in diamond-type
semiconductors [28], like germanium [29], and in cristobalite [30]. For these systems the
specific heat behaviours have been related to flat transverse acoustic phonon branches.

A question not touched in this work concerns the relation between the phonon
branches giving rise to the specific heat behaviour and the kinds of atom and their
corresponding displacements. Here, further studies, e.g. following the scheme of the study
of the MpMogSe compounds (M= TI, In, Rb, Cs), are certainly required, combining
measurements of the specific heat, the phonon density of states and, additionally, the phonon
dispersion curves.
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