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a b s t r a c t

This paper reports the first experimental observation of phonons and their softening on single crystalline
LaPt2Si2 via inelastic neutron scattering. From the temperature dependence of the phonon frequency in
close proximity to the charge density wave (CDW) q-vector, we obtain a CDW transition temperature of
TCDW ¼ 230 K and a critical exponent b ¼ 0.28 ± 0.03. This value is suggestive of a non-conventional
critical behavior for the CDW phase transition in LaPt2Si2, compatible with a scenario of CDW dis-
commensuration (DC). The DC would be caused by the existence of two CDWs in this material, propa-
gating separately in the non equivalent (Si1ePt2eSi1) and (Pt1eSi2ePt1) layers, respectively, with
transition temperatures TCDW�1 ¼ 230 K and TCDW�2 ¼ 110 K. A strong q-dependence of the electron-
phonon coupling has been identified as the driving mechanism for the CDW transition at
TCDW�1 ¼ 230 K while a CDW with 3-dimensional character, and Fermi surface quasi-nesting as a driving
mechanism, is suggested for the transition at TCDW�2 ¼ 110 K. Our results clarify some aspects of the CDW
transition in LaPt2Si2 which have been so far misinterpreted by both theoretical predictions and
experimental observations and give direct insight into its actual temperature dependence.

© 2023 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
ocerino), condmat@kth.se

onal University, Hanoi.

i. Published by Elsevier B.V. This is a
1. Introduction

The concept of charge density wave (CDW) is associated with
the periodic spatial modulation of electron density in metallic
systems, where the symmetry of the otherwise highly uniform
charge density is broken due to the instabilities of the Fermi Surface
[1]. In CDWmaterials, structural modifications of the crystal lattice,
such as superlattice distortions and modifications of the crystal
n open access article under the CC BY license (http://creativecommons.org/licenses/
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symmetry, usually occur as a consequence of the charge displace-
ment to lower the energy of the system. Introduced for the first
time in the 1950's [2], CDWs were more recently brought back to
the headlines since evidence of incommensurate charge ordering
phenomena was found in several unconventional superconductors
[3e5]. For this reason, the interplay between CDW and supercon-
ductivity (SC) is believed to be a key factor in understanding the
mechanism behind unconventional superconductivity, which is
one of the major unresolved questions in modern condensed
matter physics. LaPt2Si2 is a layered Pt-based rare earth interme-
tallic material which exhibits strong interplay between CDWand SC
[6,7] and, therefore, represents a very interesting study case in this
framework. The room temperature crystal structure of LaPt2Si2 is a
CaBe2Ge2-type tetragonal structure with space group P4/nmm,
where two alternating (Si1ePt2eSi1) and (Pt1eSi2ePt1) layers,
separated by lanthanum atoms, are stacked along the c-axis [8]
(Fig. 1).

According to theoretical calculations [6,9], the Fermi surface of
LaPt2Si2 is expected to be of two-dimensional nature with electron-
like pockets around the M-point. These pockets are quasi-nested
with a q-vector qCDW close to (1/3, 0, 0). The quasi-nesting is due
to the predominant contribution of the Pt1 atommatrix element to
the calculated projected susceptibility, which implies dominant
role of the Pt1 atoms in the CDW transition, and partial gapping of
the Fermi surface at q-values close to the nesting vector. Phonon
dispersion calculations were also performed to account for the role
of electron-phonon coupling in the CDW transition [6]. Here,
phonon-softening instabilities leading to structural instabilities,
mainly due to the Pt1 atoms, were predicted to occur in corre-
spondence to qCDW ¼ (1/3, 0, 0). An estimation of the electron-
phonon coupling constant lp is also provided, and found to be
consistent with a moderately strong coupling (lp ¼ 0.73). It was
concluded that the CDW in LaPt2Si2 is 2-dimensional and likely
originates from q-dependent electron-phonon coupling with quasi-
nesting of the Fermi surface. The CDWwas claimed to propagate in
the Pt1 layer, within which it would co-exist with superconducti-
vity [6].

Experimentally, indications of the occurrence of the CDW
transition in this material were observedwith several experimental
techniques in both powder samples and single crystals [10e14].
From these investigations, it was established that the CDW transi-
tion temperature should be around 85 K for single crystalline
LaPt2Si2 or 110 K for polycrystalline LaPt2Si2, in correspondence
with sharp anomalies observed in magnetic susceptibility, re-
sistivity and specific heat data, as well as in the temperature
Fig. 1. Brillouin zone of the tetragonal P4/nmm symmetry group, with the related symmetry
reciprocal cells are depicted with the same orientation of the axes. The room temperature u

2

dependence of the Knight shift and NMR relaxation rate extracted
from 195Pt-NMR measurements. The appearance of super-lattice
satellite Bragg reflections in the diffraction patterns of both single
crystal and powder LaPt2Si2 [12,13] with propagation vectors q01 ¼
(0.36, 0, 0) and q001 ¼ (0, 0.36, 0), provided an additional indication
of the occurrence of a CDW state. In single crystals, the satellites
appear around 175 K, have their maximum intensity at 85 K and
disappear below 80 K. For this reason, the CDW transition tem-
perature was associated with the temperature at which the satel-
lites have their maximum intensity (i.e., TCDW ¼ 85 K). Later on, a
second set of satellites appearing around 85 Kwas identified, with a
periodicity q02 ¼ (0.18, 0.18, 0.5), q002¼ (0.18, �0.18, 0.5) that can be
expressed as a linear combination of the q1 satellites propagation
vectors:

q02 ¼ q01þ q001þ ð001Þ
2

; (1)

q002 ¼ q01� q001þ ð001Þ
2

: (2)

This finding seems to indicate that multiple CDW transitions
take place in LaPt2Si2 and casted some doubts on the previous re-
sults, as well as on the actual temperature dependence of the CDW
transition [15]. Indeed, the reported TCDW ¼ 85 K appears to be
associated to the q2 satellites, while the q1 are probably related to a
higher TCDW (the authors of reference [15] suggest TCDW(q2) ¼ 85 K
and TCDW(q1) ¼ 175 K). Our very recent high-resolution synchro-
tron XRD study, carried out within our collaboration, clarified the
complex temperature dependent structural evolution of LaPt2Si2
[8], which was found to undergo a series of structural transitions.
Namely, on cooling, tetragonal P4/nmm / incommensurate
tetragonal / orthorhombic Pmmn / tetragonal P4/nmm. The
onset of the charge ordering that leads to the CDW transition was
found to be well above room temperature and the first CDW
transition was identified at T1 ¼ 230 K, in correspondence to the
formation of the q1 satellites, while a second CDW transition was
identified at T2 ¼ 110 K, in correspondence to the formation of the
higher order q2 satellites [8]. The T1 transition was not considered
earlier because the previous results were determined in a too
narrow temperature range or with in-house experimental equip-
ment, which did not have the necessary resolution to clearly
identify the weak anomalies in their signals at T1.

To unambiguously determine whether the observed phenom-
ena are really due to a CDW transition, and what its actual
points and axes, along with the room temperature unit cell of LaPt2Si2. The direct and
nit cell oriented along the a-axis is also shown for clarity of display of the PteSi layers.
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temperature dependence is, a measurement of the phonon
dispersion curves in LaPt2Si2 is needed. This enables to verify the
presence of a phonon softening, which is predicted theoretically to
occur above TCDW, to assist the CDW instability. In this work we
present a direct observation of the phonon softening and TCDW
determination in LaPt2Si2, measured with inelastic neutron scat-
tering (INS).

2. Methods

LaPt2Si2 single crystals were prepared using the Czochralski
method, starting from high purity La, Pt and Si at TIFR, Mumbai.
Further details about the sample growth can be found in reference
[8]. The phonon spectra were collected at the triple-axis inelastic
neutron scattering (TAS-INS) instrument EIGER at the Paul Scherrer
Institut (Switzerland) [16] in the temperature range from 100 K to
470 K with a closed cycle cryo-furnace. The experiment at EIGER
was carried out using a double focusing pyrolytic graphite mono-
chromator and a horizontal focusing analyzer at a fixed energy
Ef ¼ 14.68 meV. The room temperature unit cell of LaPt2Si2, refined
from synchrotron X-ray diffraction data, was used for the mapping
of the reciprocal space and for defining the momentum transfer
Q ¼ ha*þkb*þlc*, which is expressed in reciprocal lattice units
(r.l.u.) as (qh, qk, ql). The crystal was aligned with the hk0-plane in
the scattering plane. A low temperature overview of the phonon
spectra was collected at the time-of-flight spectrometer (TOF-INS)
HRC at JPARC (Japan) at the temperatures 3 K (here not shown),
85 K and 220 K with a Gifford McMahon (GM) bottom loading
cryostat.
Fig. 2. a) Temperature dependence of the intensity of the [2 0 0] Bragg reflection. b) Temp
intensity of the q1 satellite [2e0.36 0]. d) Temperature dependence of the integrated inten
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The measurements in EIGER were performed in inverse ge-
ometry while in HRC in direct geometry. All images involving
crystal structures were made with the VESTA software [17], the
TOF-INS data reduction was carried out with the software Hana,
the q-E slices in the TOF-INS data were produced with the soft-
ware Dave [18], the data plots were produced with the software
IgorPro [19].

3. Results

The present study was conducted on two samples, a large single
crystal with mass z 4g and a smaller crystal with mass z 1g. Due
to its large mass, the big sample allowed the collection of INS scans
with lower counting time with respect to the small sample,
resulting in faster measurements with a better signal to noise ratio,
and a consequent outline of the phonon dispersion relation with
higher density of points. However, a twinning of about 8� in the
large sample, with inequivalent contributions from the different
twins, caused a systematic shift of the momentum transfer axis for
the different energy transfer scans. The shift was estimated to be
about 0.05 r.l.u. along qk, from calculations of the center of mass of
the twin system and by direct comparison with the small, non
twinned, sample. The behavior of the two crystals is in very good
agreement, modulo a 0.05 r.l.u. shift of the qk axis. Therefore, from
now on we will refer to the measurements performed on the small
non-twinned sample, while the plots collected for the large twin-
ned sample (displayed in Appendix A) will be used as a qualitative
term of comparison to facilitate the observation of the critical
behavior in LaPt2Si2. It should be noted that the twinning in the
erature dependence of the q1 satellite [2e0.36 0]. c) Temperature dependence of the
sity of the q1 satellite [2e0.36 0].
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large crystal could not be detected with surface characterization
methods (i.e., X-ray Laue diffraction).

A preliminary inspection of the zero energy transfer region of
the spectrum (i.e., the elastic line), for alignment purposes on the
Bragg reflection (2 0 0), gave us the opportunity to follow the
temperature dependence of such peak, as well as of the q1 satellite
(2e0.36 0). Since, unlike X-rays, neutrons scatter with the atomic
nuclei rather than with the surrounding electronic clouds, this
measurement allows to investigate the temperature evolution of
the lattice distortions without the charge ordering contribution.
The outcome of this investigation can be therefore compared with
the structural characterization presented in reference [8], to
discriminate the effects of charge ordering and structural distor-
tions on the diffraction data. Fig. 2(a) displays the temperature
dependent (2 0 0) structural Bragg peak intensity between 75 K and
200 K, whose behavior is in very good agreement with the findings
of ref. [8]. In fact, on cooling, a smooth increase of the peak intensity
is observed in correspondence to the incommensurate distortion in
the ab-plane. Then, two clear first order modulations of the peak
intensity occur, one at ~ 115 K, in proximity of the T2 ¼ 110 K
structural transition, and one at ~ 90 K, in proximity of the strong
Fig. 3. (aec) TAS-INS energy scans with model fits, taken at qk ¼ 0.35 for different tempera
(dee) TAS-INS energy scans with model fits, taken at different q points showing the q-depe
energy at qk ¼ 0.35. The solid blue line is a fit to the power law EfðTTc � 1Þb. The grey lines in
expected to fall with a probability �95%.
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fluctuations in the b � a difference, that precede the structural
transition at T3 ¼ 60 K (here out of the investigated T-range) [8].
Fig. 2(bed) show the temperature dependence of the intensity and
of the integrated intensity of the (2e0.36 0) satellite. Also in this
case, these parameters follow the trend outlined in reference [8].
Here it can be seen that the intensity of the q1 satellite is
completely suppressed at 250 K, suggesting that the diffuse scat-
tering observed in the XRD above this temperature is purely due to
charge ordering.

Concerning the inelastic part of the spectrum, by following the
transverse acoustic phonon branch of the (2 0 0) reflection along
the G � X direction (Fig. 1), the phonon dispersion relation for
different temperature points was reconstructed with constant q
and constant energy transfer scans. In order to follow the dynam-
ical behavior of the phonon frequency as a function of the wave-
vector qk for different temperatures, the inelastic part of the q and
energy scans were fitted to Lorentzian lineshapes, which are
conventionally used to approximate phonon lineshapes to damped
harmonic oscillators [20], while the elastic part was modeled with
Gaussian lineshapes. Fig. 3(aec) display the temperature depen-
dence of the soft phonon mode at the q point (2 0.35 0), in close
tures showing the collapse of the phonon mode in the beginning of the critical region.
ndence of the soft phonon mode at 200 K. (f) Temperature dependence of the phonon
the plot represent the confidence bands within which the calculated model points are



Fig. 4. TAS-INS phonon dispersion curves for different temperature points. The scatter
plot (solid symbols) shows the experimental data, the grey lines represent the lower
energy part of the phonon dispersion calculated in reference [6] and the magenta line
outlines the calculated soft mode.
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proximity to qCDW ¼ 0.36 (r.l.u.). Fig. 3(d and e) shows the q-
dependence of the soft phonon mode below the CDW transition at
T ¼ 200 K, outside and inside the critically damped region. The
phonon is well shaped as a Lorentzian peak outside the critical
region for qk ¼ 0.2 (r.l.u.). At qCDW the phonon appears very broad
already at T ¼ 450 K [Fig. 3(a)] and at T ¼ 200 K additional
broadening and shift in frequency result in a collapse of the mode
on the elastic line [Fig. 3(c)]. The clear dramatic change in the
phonon position and broadening made it unnecessary for us to
deconvolute the instrumental resolution function from the Lor-
entzian fit function, since the phonon linewidths were much larger
than the instrumental resolution at EIGER (< 1 meV in the energy
transfer region of interest [16]).

Additional temperature points were collected to observe the
temperature dependence of the value of the phonon frequency at
the q point (2 0.35 0) [Fig. 3(f)], which follows a power law of the

type EfðTTc � 1Þb. Fitting the temperature dependence of the
phonon frequency to the power law, the critical exponent was
found to be b¼ 0.29 ± 0.21, which implies critical behavior not well
described by amean-field theory approach, foreseeing an exponent
b ¼ 1

2. This value is consistent with the value b ¼ 0.28 ± 0.03
extracted from the data on the twinned sample in qk ¼ 0.4 (r.l.u.)
[see Fig. A.7(f)], which could be estimated with higher confidence
due to the larger number of experimental points in proximity of the
phase transition. The fit also provides the transition temperature to
the CDW state, TCDW ¼ (225 ± 3) K, while the value estimated from
the twinned sample is TCDW ¼ (237 ± 4) K. These temperatures are
reasonably close to each other and they are both in very good
agreement with the transition temperature T1 ¼ 230 K suggested in
reference [8], as well as with the temperature dependence of the
(2e0.36 0) satellite displayed in Fig. 2. In order to test the possible
involvement of quantum critical fluctuations in the observed
phonon softening, we performed a E/T-scaling analysis on LaPt2Si2,
in analogy with the analysis carried out in reference [21]. The
phonon spectra chosen for the test were the ones at qk ¼ 0.35
(r.l.u.). Here, it was not possible to identify any specific equivalence
class for the measured spectra. Indeed, the scaled scattered in-
tensities of the softened phonon modes for different temperatures
did not overlap despite the wide range of scaling exponents
adopted. This suggests that no quantum critical scaling is involved
in the observed phonon softening. Fig. 4 displays the phonon
dispersion curves reconstructed through the Lorentzian fitting for
different temperature points.

The experimental data are overlapped with the phonon
dispersion previously calculated [6], showing a very good agree-
ment with the theoretical curves. Indeed, themeasured onset of the
softening is aligned with its counterpart in the calculated soft
phonon mode. The q-dependent damping of the phonon mode is
strongly pronounced already at 450 K, with a valley in the value of
the phonon frequency around the q point corresponding to qCDW
(Fig. 4). The extent of the valley can be better appreciated looking at
the phonon dispersion curves for the twinned sample (see
Fig. A.7(g) in Appendix A). Here, the dispersion curve at T ¼ 470 K
shows a pronounced anomaly in a broad q region, from qk ¼ 0.3
(r.l.u.) to qk ¼ 0.6 (r.l.u.). Higher temperatures were not accessible
with our setup, however the anomaly in the phonon dispersion
observed at T ¼ 470 K implies that the onset of the CDW transition
in this material occurs well above room temperature, confirming
the indications of the synchrotron XRD results [8]. On cooling from
450 K, the anomaly is more andmore pronounced until the collapse
of the phonon. Below 200 K the value for the phonon frequency in
5

the critical region increases slowly on cooling (see. Fig. A.7 f in
Appendix A). In q regions above q> 0.4 (r.l.u.) the phonon frequency
increases with increasing q, recapturing the regular transverse
phonon profile. However, the shape of the phonon is not
completely recovered and a very broad lineshape persists also
outside of the critical region together with a dramatic intensity
drop (Fig. 5). One of the possible mechanisms that might justify
such a damping of the phonon could be anharmonicity, as a direct
consequence of the structural instability induced by the CDW
transition.

4. Discussion

With the observed renormalization of the phonon dispersion,
over a wide range of wavevectors, and the broad critically damped
region, which extends for an interval of wavevectors Dqk ¼ 0.075
(r.l.u.), LaPt2Si2 exhibits a behavior that cannot be explained within
the realm of the Peierls' picture. Indeed, the latter foresees a sharp
cusp-like deep in the phonon dispersion (i.e., a sharp Kohn
anomaly) [22] in correspondence to the Fermi surface nesting (FSN)
vector. A similar phenomenology, with the broad Kohn-like
anomaly in the phonon dispersion, occurs in the prototypical 2-
dimensional CDW material 2HeNbSe2 [23]. Here, the phonon
softening instability was motivated uniquely by a strong q-depen-
dence of the electron phonon coupling, since no indication of FSN
was found. Indeed, looking at the temperature dependence of the
resistivity in LaPt2Si2 [8] and 2HeNbSe2 [24], no sharp metal to
insulator transition (typical of the FSN-driven CDW) can be
observed at their respective CDW transition temperatures (namely
230 K and 33.5 K). Their resistivity only shows a deviation from
linearity, with a downwards bending, which can be explained with
the presence of CDW induced small anisotropic energy gaps which
hardly affect the transport properties in these materials [25].
However, the two systems present two major differences between



Fig. 5. (aec) q-dependence of the soft phonon mode at T ¼ 450 K well outside the critical region. (d) q-dependence of the damping ratio for the phonon mode at T ¼ 450 K. The red
dashed line is a guide to the eye and the black dashed horizontal line marks the overdamping condition threshold. Data taken by TAS-INS.
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their dispersion relations. The first is that 2HeNbSe2 does not
present anharmonicity and the shape of the phonon is recovered at
higher q after the anomaly. The second difference is that, unlike
2HeNbSe2, LaPt2Si2 shows on cooling an abrupt increase in its re-
sistivity, and a sharp drop in its magnetic susceptibility tempera-
ture dependency occurs at T2 ¼ 110 K, in correspondence to the
appearance of the q2 satellites and the first order structural tran-
sition ICtetragonal / orthorhombic Pmmn [8]. While these sharp
anomalies suggest a resemblance to a Peierls' transition, they do
not bring about a complete metal to insulator transition, as the
system retains its metallic properties below such transition.
Therefore, they are compatible with partial anisotropic gaps
opening at the Fermi surface, with a phenomenology similar to the
quasi-1-dimensional system NbSe3 [26,27], whose resistivity curve
displays two temperature dependent anomalies. Here, the anom-
alies were explained with partial gaps opening at the Fermi surface,
which were attributed to an imperfect Fermi surface nesting.
Nevertheless, unlike NbSe3 in which the transitions in the elec-
tronic states are of second order, in LaPt2Si2 such transitions exhibit
a hysteresis, which is signature of a first order transition. Since in
regular 1D and 2D systems the CDW transition is usually of second
order [28], in reference [8] it is suggested that the abrupt changes in
the resistivity and magnetic susceptibility for LaPt2Si2 are associ-
ated to the structural transition-induced changes in its electronic
states.
6

A plausible origin for the transition at T2 ¼ 110 K with
propagation vectors q02 ¼ (0.18, 0.18, 0.5), q002 ¼ (0.18, �0.18, 0.5)
is that a second CDW is established in LaPt2Si2, which has a
different nature with respect to the one found at TCDW ¼ 230 K.
Indeed, the first order transitions in the electronic states
accompanied by a first order restructuring of the atomic lattice
with long-range ordering in the out-of-plane c � direction and
strong inter-planar coupling [8], might be consistent with a CDW
transition with a 3-dimensional character and a quasi-nesting
feature of the Fermi surface, which is indeed foreseen in the
theoretical work of Kim et al. [6]. 3-dimensional CDW systems
similar to LaPt2Si2, with 2D planar structures containing 5d
transition metal ions with partially filled electronic levels (e.g.,
IrTe2 [29]), exhibit an analogous behavior of their transport
properties within the CDW transition. Such systems belong to a
class of structurally quasi 1D and quasi 2D materials, in which
strong inter-chain and inter-planar couplings as well as
spineorbit coupling are believed to be related to the CDW
transition [30]. For this reason, they are called “strong coupling
CDW” materials or “3D-CDW” materials. In reference [8] LaPt2Si2
was associated with the 3D-CDW compound 2HeTaSe2, due to
the striking similarity between the behaviors of their structural
evolution across the CDW phase transition [31]. Since dis-
commensuration of the CDW was directly observed in 2HeTaSe2
[32], by virtue of their similarities, it was suggested that the CDW
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in LaPt2Si2 also undergoes discommensuration, with large
commensurate domains separated by incommensurate narrow
domain walls [33]. Remarkably, the determination of the critical
exponent in 2HeTaSe2 [34] provided a value b ¼ 1

3, which implies
a non conventional critical behavior for the CDW transition in
2HeTaSe2 and is close, within the error bars, to the critical
exponent estimated in this work for LaPt2Si2 b ¼ 0.28 ± 0.03. In
qualitative agreement with 2HeTaSe2, the non conventionality of
the critical behavior of the CDW in LaPt2Si2 might be motivated
by discommensuration, hereby endorsing the conjecture of
reference [8]. In LaPt2Si2 the 2 non-equivalent Pt1 and Pt2 sites
give different contributions to the electronic density of states at
the Fermi level, according to first principle calculations [6,9].
Additionally, experimental NMR measurements, acquired in a
temperature range below 200 K, show that the Pt1 layer is the
only responsible for the occurrence of the CDW state in LaPt2Si2
[14]. In this regard, it is reasonable to believe that the proposed
two CDW transitions at TCDW�1 ¼ 230 K and TCDW�2 ¼ 110 K have
separate origins in the respective Pt planes, as also conjectured in
reference [8]. In brief, based on the arguments here in agreement
with the published theoretical calculations [6] as well as with
experimental evidences [8], and in qualitative agreement with
the phenomenology of analogous systems [23,24,29,31], we
suggest that the CDW formation in LaPt2Si2 is driven by two
distinct mechanisms.

1. a q-dependent electron-phonon coupling driven CDW transi-
tion, with a 2D character, which affects the Pt2 plane with
transition temperature TCDW�1 ¼ 230 K,
Fig. 6. Overview of the phonon modes for the Bragg point (0e2 0). (a) Longitudinal phonon
mode at T ¼ 220 K. (d) Transverse phonon mode at T ¼ 220 K. Data taken by ToF-INS.

7

2. a Fermi surface quasi-nesting driven CDW transition, with a 3D
character, which affects the Pt1 layer with TCDW�2 ¼ 110 K.

This scenario foresees interaction between the two CDW
mechanisms and is consistent with the suggested dis-
commensuration scenario.

The softening of the phonon dispersion in LaPt2Si2 can be
attributed to a strong wavevector dependence of the electron
phonon coupling. As a side remark, it is interesting to notice that
a q-dependent overdamping of the phonon is already in place at
450 K. Fig. 5 displays the ratio between the linewidth of the
phonon G, extracted from the Lorentzian fit, and the phonon
frequency as a function of the wavevector for T ¼ 450 K. From the
plot it is evident that the overdamping condition G

Zu>1 (as
described in ref. [35]) is satisfied in a broad range of wavevectors
already at this high temperature. Since the electron-phonon
coupling is believed to be the only mechanism involved in the
first CDW transition at TCDW�1 ¼ 230 K observed through the
phonon softening, it can be considered also the only responsible
for such a dramatic enhancement of the phonon linewidth. Such
a clear influence of the electron phonon coupling in LaPt2Si2 at a
temperature as high as 450 K might have significant implications
on the mechanism of superconductivity in LaPt2Si2, which is
currently debated [36,37]. Superconductivity in this material is
not the subject of the current investigation, nevertheless doping
dependent studies aimed at the suppression of the CDW transi-
tion might clarify this aspect.

An alternative explanation for the origin of the phonon broad-
ening at high temperature might be the strong interaction between
mode at T ¼ 85 K. (b) Transverse phonon mode at T ¼ 85 K. (c) Longitudinal phonon
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the phonons and the CDW. Indeed, phonon scattering due to charge
fluctuations, which are inevitably present as precursors of the CDW,
might be in place already at T ¼ 450 K. Since these fluctuations
disturb the periodicity of the lattice, they could act as scattering
centers. This might be responsible for a very short lifetime of the
phonons, evident from the observed broad linewidths [38].

This interpretation would also be consistent with the strong
CDW-induced structural instability of the LaPt2Si2 lattice [8]. An
overview of the dispersion relation at 220 K and 85 K for the q point
(0e2 0), provided by the TOF-INS HRC measurements, is shown in
Fig. 6. The dashed lines represent an attempt to determine the
dispersion curves. However, the evident broadening and weak in-
tensity of all the phonons in this material makes the reliability of
this approach questionable. In the figure we can see that the
phonon dispersion profile appears very blurred, with overlapping
of the acoustic modes and a relatively low intensity. Such a feature
for the phonon spectra evidences the anharmonic character of the
vibrational modes in this material [39].

Phonon anharmonicity was found to be related to ultralow
thermal conductivity in several thermoelectric materials [40e42].
Under the light of this fact, the apparent phonon anharmonicity
observed in the measured dispersion of single crystalline LaPt2Si2,
is consistent with the value of thermal conductivity measured on
a polycrystal sample of LaPt2Si2, k ¼ 2.7 W

mK, with an estimated

lattice-only thermal conductivity kLz0:1 W
mK at room temperature

[43]. This value is remarkably low compared to the values of
thermal conductivity commonly found in other electrically con-
ducting materials (e.g., stainless steel has k ¼ 15 W

mK). Due to its
effect on kL, the phonon anharmonicity is considered to be a key
factor in increasing the efficiency of thermoelectric materials,
which are known to be extremely promising for efficient clean
energy conversion [44]. Therefore, due to its thermal transport
properties and vibrational landscape, LaPt2Si2 seems to constitute
also an interesting study case for the development of thermo-
electric devices.

5. Conclusion

In this work, we have observed the predicted phonon softening
in the CDW superconductor LaPt2Si2. Following its temperature
dependence, we could determine TCDW¼ 230 K. Indeed, the power
law fit to the temperature dependence of the phonon frequency in
the reciprocal lattice point q ¼ (2 0.35 0), in close proximity to
qCDW, confirmed the findings of reference [8], posing the CDW
transition temperature at TCDW¼ 230 K. From the same power law,
the critical exponent of the phase transition was extracted as
b ¼ 0.28, suggesting an unconventional critical behavior for the
CDW in LaPt2Si2 and endorsing the conjecture that this material
manifests CDW discommensuration. We propose strong q-
dependence of the electron-phonon coupling as the driving
mechanism for the CDW transition at TCDW�1 ¼ 230 K in LaPt2Si2
and conjecture the possibility of a second CDW transition at
TCDW�2 ¼ 110 K, related to the first one, with a 3-dimensional
nature and Fermi surface quasi-nesting as a driving mechanism.
The two CDWs should propagate separately in the non equivalent
Pt2 and Pt1 layers, respectively. While a strong hint of the exis-
tence of the first mechanism is found in this work, additional
studies would be necessary to prove also the second mechanism.
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Namely, angle resolved photoemission spectroscopy (ARPES) for
direct observation of the Fermi contour and electronic band
structure, to confirm the Fermi surface nesting and probe the spin
orbit coupling, as well as additional neutron spectroscopy studies,
to identify eventual phonon softening associated to the second
transition.
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Appendix A. The twinned sample

Here we also show the data collected on the twinned sample
[Fig. A.7].



Fig. A.7. Data from Twinned Sample: (a-c) TAS-INS energy scans with model fits, taken at qk ¼ 0.4 for different temperatures showing the collapse of the phonon mode in the
beginning of the critical region. (d-e) TAS-INS energy scans, taken at different q points showing the q-dependence of the soft phonon mode at 470 K and 210 K, the solid lines are
guides to the eye for clarity of display. (f) Temperature dependence of the phonon energy at qk ¼ 0.45. The solid blue line in (f) is a fit to the power law Efð TTc � 1Þb. The grey lines in
the plot represent the confidence bands within which the calculated model points are expected to fall with a probability �95%. (g) TAS-INS phonon dispersion curves for different
temperature points. The scatter plot (solid symbols) shows the experimental data collected on the twinned sample, the grey plot is the lower energy part of the phonon dispersion
calculated in reference [6] and the magenta solid line is the calculated soft mode.
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The energy scans at different q points can be compared directly
with the non twinned sample, modulo a shift of 0.05 (r.l.u.). The
higher density of points in the dispersion relation and in the power
law, facilitates the observation of the critical behavior in LaPt2Si2.
Also in this case, the inelastic part of the q and energy scans were
fitted to Lorentzian lineshapes while the elastic part was modeled
with Gaussian lineshapes [Fig. A.7(a-c)]. Figure A.7(d-e) shows the
raw energy scans normalized to the monitor counts at different q
points across the critical region. From these plots it is possible to
follow both the T � dependence [Fig. A.7(f)] as well as the
q � dependence of the soft phonon mode at the highest accessible
temperature 470 K and below the CDW transition 210 K
[Fig. A.7(g)]. The mode undergoes a remarkable q-dependent
damping already at 470 K, with a minimum in the value of the
phonon frequency at qk ¼ 0.45 (r.l.u.). At T ¼ 210 K the phonon
shows a q-dependent damping and shifting in frequency until
partial collapse on the elastic line. The fit of the temperature

dependence of the phonon frequency to the power law EfðTTc � 1Þb
[Fig. A.7(f)] provides a critical exponent equal to b ¼ 0.28 ± 0.03,
which implies a phase transition with a non conventional critical
behavior [34]. This fit provides also a transition temperature to the
CDW state equal to TCDW ¼ (237 ± 4)K.
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