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Charge density wave collapse of NbSe, in the (LaSe), 14(NbSe;), misfit layer compound
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Misfit layer compounds, heterostructures composed of a regular alternating stacking of rocksalt monochalco-
genide bilayers and few-layer transition-metal dichalcogenides, are an emergent platform to investigate highly
doped transition-metal dichalcogenides. Among them, (LaSe); ;4(NbSe;), displays Ising superconductivity,
while the presence of a charge density wave (CDW) in the material is still under debate. Here, by using polarized
Raman spectroscopy and first-principles calculations, we show that NbSe, undergoes a doping-driven collapse
of the CDW ordering within the misfit, and no signature of the CDW is detected down to 8 K. We provide a
complete experimental and theoretical description of the lattice dynamics of this misfit compound. We show
that the vibrational properties are obtained from those of the two subunits, namely, the LaSe unit and the NbSe,
bilayer, in the presence of a suitable field-effect doping, and then highlight the two-dimensional nature of the
lattice dynamics of NbSe, within the (LaSe); ;4(NbSe, ), three-dimensional structure.

DOI: 10.1103/PhysRevB.110.075430

I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) are a wide
family of layered materials possessing fascinating physi-
cal phenomena [1-4]. Among these, bulk NbSe, displays
competition between the charge density wave (CDW) and su-
perconducting order. An incommensurate CDW transition at
33 K occurs in bulk 2H-NbSe, [5-7]. Superconductivity (SC)
emerges below 7.2 K and coexists with the CDW state [8].
Recent experiments [9,10] demonstrate that CDW survives in
the two-dimensional (2D) limit for NbSe; bilayers and single
layers.

Achieving complete control of the CDW order in these
systems could lead to a better understanding of the inter-
play between SC and CDW. To this aim, external parameters
that can be tuned are doping, pressure, strain, and sample
thickness. However, each one of these control knobs leads
to different effects. For example, applying pressure to bulk
NbSe,; leads to a suppression of the CDW at ~4.4 GPa and
an increase of the superconducting 7. [11], but no change
in the ordering vector occurs. In the bulk, electron doping
can be achieved via chemical intercalation [12], paving the
way to a tunability of the ordering vector. Exfoliation of 2D
TMDs and ionic-liquid-based field-effect transistors has led
to the possibility of setting the doping electrochemically by
tuning the voltage drop at the capacitor plates to generate an
electrical double layer in the proximity of the 2D dichalco-
genide [13]. Experiments show that the CDW phase in bilayer
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NbSe, is weakened by electron doping [14]. This suggests
that it could be possible to observe a CDW collapse at high
voltages. Unfortunately, the amount of doping required to
observe a collapse of the CDW phase exceeds the largest
carrier chargings that are accessible via field-effect gating
(n. ~ 3 x 10'* e~ cm™2). Other approaches are thus needed
to achieve higher doping.

Misfit layer compounds (MLCs) are an intriguing alterna-
tive for achieving nearly perfectly integrated 2D TMDs with
massive doping [15-18]. These heterostructures are formed
by few-layer TMDs alternated with rocksalt units along the
stacking direction. The rocksalt units are electron donors
and act as ultraefficient parallel plate capacitors [18] with a
substantially boosted voltage drop at the rocksalt/TMD in-
terface, much larger than the one achievable via conventional
or electrical double-layer field-effect transistors. This leads to
a massive electron charge transfer from the rocksalt to the
TMDs.

We focus here on the misfit layer compound
(LaSe);.14(NbSe; ), that is composed of two subsystems,
namely, bilayers NbSe, (subsystem 1) and LaSe rocksalt
subunits (subsystem 2) with different symmetries and
periodicity [19]. The lattice parameter’s mismatch along one
of the in-plane directions of ratio |az|/|a;| = 6/3.437 (=~ 7/4)
makes (LaSe); 14(NbSe;); an incommensurate compound.
Quasiparticle interference measurements (QPIs) and
angle-resolved photoemission spectroscopy (ARPES) show
that each monolayer of NbSe, inside the (LaSe); 14(NbSe; )
MLC is strongly electron doped with a large Fermi level
shift of 40.3 eV, (corresponding to n, ~ 6 x 10 e~ cm™2)
[17]. Furthermore, scanning tunneling microscopy (STM)
and magnetotransport measurements demonstrate that bulk
(LaSe);.14(NbSe;); is superconducting at 5.7 K with a critical

©2024 American Physical Society


https://orcid.org/0000-0001-8347-5658
https://orcid.org/0009-0000-0136-3397
https://orcid.org/0000-0002-6345-489X
https://orcid.org/0000-0001-7105-4098
https://orcid.org/0000-0002-1196-5903
https://orcid.org/0009-0001-2365-837X
https://orcid.org/0000-0001-8358-1629
https://orcid.org/0000-0001-5720-4395
https://orcid.org/0000-0003-2619-0925
https://orcid.org/0000-0003-1505-2535
https://orcid.org/0000-0002-6495-7376
https://ror.org/05trd4x28
https://ror.org/02en5vm52
https://ror.org/03t2f0a12
https://ror.org/02rx3b187
https://ror.org/04dbzz632
https://ror.org/03gnr7b55
https://ror.org/00cqpd580
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.075430&domain=pdf&date_stamp=2024-08-28
https://doi.org/10.1103/PhysRevB.110.075430

LUDOVICA ZULLO et al.

PHYSICAL REVIEW B 110, 075430 (2024)

field in the TMD plane that strongly violates the Pauli limit
due to an efficient Ising protection, as in the monolayer
case [20].

Although superconductivity in (LaSe); 4(NbSe,), has
been clearly demonstrated, the occurrence of CDW is
still under debate. STM topography detected the pres-
ence of a short-range 2 x 2 modulation disappearing above
105 K [17]. However, the 2 x 2 modulation observed in
(LaSe);.14(NbSe, ), by STM could be ascribed to a nonuni-
form doping on the cleaved surface. No bulk sensitive probes
have demonstrated the presence or absence of a CDW in
(LaSe);.14(NbSe; ), up to now.

In this work, by performing Raman measurements
and first-principles electronic structure calculations, we
demonstrate a CDW collapse in the NbSe, bilayers of
(LaSe);.14(NbSe, ), and ascribe it to the large electron transfer
from the rocksalt to the TMD layers. We assign the most
intense Raman peaks to either of the MLC subunits (rock-
salt or TMD) by comparing experimental Raman data and
calculations. Finally, we show that as it happens for the elec-
tronic structure [18], the vibrational properties of MLC can
be efficiently modeled by using a simple field-effect transistor
scheme where each subunit can be seen as the gate of a parallel
plate capacitor. Our work sets a reference scheme for the
interpretation of vibrational and structural properties of misfit
layer compounds that can be extended to other compounds of
the same family.

The paper is structured as follows: in Sec. II, we describe
the system and give the technical details of our experiment
and first-principles calculations. In Sec. III, we examine the
theoretical rationale for the CDW stability of NbSe, inside
the misfit. In Sec. IV, we discuss the collapse of CDW order-
ing in (LaSe); 14(NbSe;),. In Sec. V, we present the Raman
response of (LaSe);.14(NbSe, ), and discuss the mode attribu-
tion in comparison with the theory, and, finally, in Sec. VI, we
draw our conclusions.

II. METHODS

A. Experiment

Two single crystals of (LaSe);4(NbSe;), were pre-
pared by vapor transport using I, as detailed in Ref. [17].
X-ray powder-diffraction experiments confirmed the so-called
1Q2H structure [17], namely, an alternated stacking of LaSe
bilayers (NaCl structure) with TMD bilayers of NbSe, (poly-
type 2H), as shown in Fig. 1. Samples were freshly cleaved
perpendicular to the [001] axis just before performing Raman
experiments in vacuum. Polarized Raman scattering has been
performed in quasibackscattering geometry with an incident
laser line at 532 nm from a solid-state laser. The laser heating
rate is evaluated at 1 K/mW. We used a closed-cycle “*He
cryostat for the measurements from 8 to 300 K. The scattered
light was analyzed by a Jobin Yvon T64000 triple subtractive
grating spectrometer equipped with a cooled CCD detector.
By keeping the optical setup identical during the measure-
ments, the Raman signal is quantitative. In particular, the
comparison of the intensity of the spectra between different
temperatures is meaningful and no normalization has been
applied. The contribution of the Bose factor has been removed
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FIG. 1. Crystal structure of (LaSe); 4(NbSe,), (center) com-
posed of LaSe bilayers (red and yellow) and NbSe, bilayers (blue
and yellow). Each LaSe bilayer donates ~0.6 electrons/Nb to each
NbSe, layer. The NbSe, bilayer is modeled in a field-effect transistor
setup (right), in which each LaSe bilayer is replaced by a charged
plate having a positive charge of 0.6 electrons per Nb atom. The
LaSe bilayer is modeled in a field-effect transistor setup, replacing
each NbSe, bilayer by a negatively charged plate of 0.6 electrons per
Nb. To confine the atoms in the region in between the charged plates,
positive potential barriers are added (black lines).

from all spectra, with the temperatures corrected from the
laser heating.

B. Theory
1. Crystal structure

Given the incommensurability of the misfit layer com-
pounds along one of the in-plane directions, a (3 4+ 1)D
superspace group could be adopted to label the crystal struc-
tures [16]. However, the commensurate approximant of the
(LaSe);.14(NbSe;), compound crystallizes in the P1 space
group. The number of expected phonons is large, virtually
infinite due to the incommensurability. From the symmetry
analysis derived from the P1 symmetry, all modes are both
Raman (R) and Infrared (IR) active. However, many of the
potentially Raman active modes have very low intensity as
(i) the symmetry of the subunits closely resembles the one of
the isolated counterparts and (ii) the P1 group arises from the
need to match the rocksalt and TMD space groups.

In order to gain a better understanding of the Raman active
phonon modes, we first consider the two substructures as
separated, namely, a rocksalt bilayer of LaSe and a bilayer
of 2H-NbSe, (2L-NbSe,). Along the ¢ axis, one bilayer of
NbSe; corresponds to one unit cell of 2H-NbSe;.

In the presence of mirror symmetry with respect to the Nb
plane (i.e., isolated NbSe; bilayer in the absence of an external
electric field), the 2L-NbSe, substructure belongs to the space
group P3ml (no. 164, Dg , point group). Each bilayer has six
atoms per unit cell. The Wyckoff positions of the two Nb
atoms are 2¢ (with z = 3.13 A), while the four Se are in 2d
(with z = 1.47 A) and 2d (with z = 4.84 f\), respectively.

Bulk LaSe crystallizes in the Fm3m (no. 225) space
group with two atoms per cell. However, we choose to label
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the atomic positions of the isolated LaSe bilayer by using
the Cmm?2 space group (no. 35, C,, point group), which is
suitable for the orthorhombic lattice of LaSe within the misfit.
The LaSe bilayer is an alternation of La and Se with a total
of eight atoms per unit cell. The four atoms composing the
first layer have Wyckoff positions 2a (with z = —0.077 A)
for Se and 2b (with z = —0.076 A) for La. The four atoms
composing the second layer have Wyckoff positions 2a (with
7 =0.076 A) for La and 2b (with z = 0.077 A) for Se.

In our calculations, the in-plane lattice parameter of all the
considered structures is fixed as the one of each subsystem in
the bulk (LaSe); 14(NbSe;),, namely, a; = 3.437 A and a =
6 A [17].

2. Modeling of the bulk misfit

Bulk (LaSe); 14(NbSe;), is a periodic arrangement of
LaSe and NbSe, subunits along the stacking direction. The
lattice parameter mismatch in one of the in-plane directions
makes the misfit cell incommensurate. It is possible to sim-
ulate an approximate commensurate cell [17] by considering
the ratio |az|/|a;| = 6/3.437 (= 7/4), and thus m = 7]|a;| =
4|az|. This periodic approximant has been used to calculate
the electronic structure [17], however, it is still formed by too
many atoms for the calculation of the vibrational properties.
In order to reduce the computational effort, we approximate
the 7/4 mismatch ratio by 8/4, corresponding to a 2/1 ratio.
This is done by applying 14.6% tensile strain to the rocksalt
subunit, increasing the lattice parameter to a, = 6.875 A. The
NbSe; in-plane parameter is, on the contrary, kept the same as
in the misfit (a; = 3.437 10%).

Consequently, the two subunit cells in the 2 x 1 periodic
approximant of bulk (LaSe); 4(NbSe;), are listed below.
The NbSe, sublattice has an orthorhombic cell with in-plane
lattice vectors a; = 3.437 A and by =6 A, while the LaSe
sublattice has an orthorhombic cell with in-plane lattice vec-
tors a; = 6.875 A and b, = 6 A.

The resulting misfit crystal has an orthorhombic cell
with lattice parameters a = |by| = |b2| =6 A, b=2ay| ~
1laz] = 6.875 A, and ¢ = 18.25 A. The structure has a P1
symmetry and includes 32 atoms in the cell (atomic posi-
tions are reported in Table I of the Supplemental Material
(SM) [21]).

We calculate the vibrational properties of bulk
(LaSe); 14(NbSe;), by means of density functional
perturbation theory (DFPT) as implemented in the QUANTUM
ESPRESSO (QE) code [22,23]. We choose to employ the
optimized ultrasoft pseudopotentials from pslibrary [24] to
reduce the computational effort. The kinetic energy cutoff is
set to 40 Ry and the Brillouin-zone (BZ) integration is carried
out over a 4 x 4 x 2 electron-momentum Monkhorst-Pack
grid and by using a Gaussian smearing of 0.01 Ry.
The Perdew-Burke-Ernzerhof (PBE) [25] exchange and
correlation functional is used in the calculations.

The atomic positions are fully optimized by means of
the Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm,
with a convergence threshold of 10~* Ry on the total energy
difference between consecutive structural optimization steps
and of 10~3 Ry/Bohr on all forces components. During the
relaxation procedure, we use the van der Waals corrections

Grimme-D3 [26] to reproduce the interaction among adjacent
NbSe, layers.

We compute the dynamical matrix of bulk
(LaSe);.14(NbSe;), at the I' point. The phonon density
of states (PHDOS) is obtained by Fourier interpolation over a
10 x 10 x 1 phonon-momentum grid and by using a Gaussian
smearing of 3 cm~!. We note that in our calculations, the
shearing mode along the axis with the lattice mismatch
among the NbSe, and LaSe units goes slightly imaginary;
nevertheless, this is an artifact caused by the tensile strain
applied to the LaSe subunit.

3. Modeling of the bulk misfit as a collection
of field-effect transistors

Inside the misfit, the LaSe subunit acts as a donor, losing
~1.2 electrons and donating ~0.6 electrons per Nb atom
to each monolayer of the NbSe, bilayer subunit [17]. By
means of the field-effect transistor (FET) setup developed in
Refs. [27,28], it is then possible to model the effect of the
misfit structure onto the NbSe, bilayer by using a bilayer
TMD sandwiched between two uniformly positive charged
gates (see Fig. 1). Each charged gate replaces the rocksalt (RS)
subunit and has a positive charge per Nb corresponding to 0.6
times the modulus of the electronic charge. This approach
was efficiently carried out to estimate the misfit electronic
structure in Ref. [18].

The field-effect scheme can also be employed by con-
sidering an RS subunit sandwiched between two uniformly
negative-charged gates (see Fig. 1). In this case, the goal is
to determine the effect of the misfit structure onto the LaSe
bilayer subunit so that the charged plates are now negatively
charged.

The field-effect modeling is carried out by using density
functional theory (DFT) as implemented in the QUANTUM
ESPRESSO (QE) [22] package using the PBE exchange and
correlation functional [25]. We employ ultrasoft pseudopoten-
tials from the Vanderbilt distribution for La and Nb, including
semicore states for Nb atoms [29], while for Se, we use
norm-conserving pseudopotentials with empty d states in the
valence. The kinetic energy cutoff for the plane-wave basis
set of NbSe, (LaSe) is set to 50 (48) Ry. The Brillouin-zone
(BZ) integration is performed with a Monkhorst-Pack grid of
21 x 21 x 1 (14 x 14 x 1) k points and a Gaussian smearing
of 0.01 (0.015) Ry. The smearing value of 0.01 Ry is proven
to ensure the convergence of the phonon frequencies of NbSe;
within 1 cm™".

A Coulomb long-range interaction cutoff is placed at
Zewt = ¢/2, with ¢ the unit-cell size in the direction perpen-
dicular to the plane: ¢ is set opportunely for each of the
different systems to 20 A for LaSe and 25 A for NbSe,.
Each of the two subsystems is centered around z = 0. For 2L-
NbSe, (LaSe), we use a double-gate configuration, with two
charged plates at zpoy = —0.266¢ (zpor = —0.221¢) and zop =
+0.266¢ (zip = +0.221c), each with a charge of p=+0.6
(p = —0.6) times the modulus of the electronic charge, such
that p;r = P21 + oot + Prop = 0. For each system, a poten-
tial barrier V of height 2.5 Ry is placed before the gates at
2v = Zbot + 0.1 (zv = Ziop — 0.1) in order to confine the atoms
between the gate electrodes.
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(a) 2L-NbSez2 Isolated

(b) 2L-NbSe2 Field Effect Configuration
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FIG. 2. Calculated phonon dispersion along the I'-M-K-I" path of (a) an isolated 2L-NbSe, and (b) a field-effect doped 2L-NbSe;. In (b),
the charge density wave instability is clearly removed by electron doping.

The Raman active phonon frequencies are calculated using
density functional perturbation theory (DFPT) in the linear
response regime [23]. In order to fulfill the 7/4 lattice mis-
match ratio of the best periodic approximant, the dynamical
matrices are calculated on uniform 7 x 7 x 1 and 4 x 4 x 1
phonon-momentum grids and then Fourier interpolated in the
full Brillouin zone. For the DOS at zone center in Fig. 4(b), we
use only the phonon frequencies obtained from the dynamical
matrices on a4 x 1 x 1 phonon-momentum grid.

The individual phonon densities of states (PHDOS) in
Fig. 5 are obtained by Fourier interpolation over a 40 x
40 x 1 and 70 x 70 x 1 phonon-momentum grid for LaSe
and NbSe,, respectively, and by using a Gaussian smearing
of 3cm™!.

Vibrational properties of isolated neutral 2L-NbSe, are
calculated using DFPT in the linear response regime on
uniform 8 x 8 x 1 phonon-momentum grids. The Brillouin-
zone integration is performed with a Monkhorst-Pack grid of
30 x 30 x 1 k points and a Methfessel-Paxton smearing of
0.005 Ry.

III. CDW STABILITY IN THE MISFIT STRUCTURE

In Fig. 2, we calculate the harmonic phonon dispersion
of an isolated neutral NbSe, bilayer [Fig. 2(a)] and of a
NbSe, bilayer in a field-effect configuration with a charging
corresponding to 0.6 electrons per niobium atom [Fig. 2(b)].
The charge density wave instability occurring in the isolated
NbSe, bilayer is showcased by the presence of an imaginary
phonon band with the most imaginary value at q =~ 2/3I'M.
Anharmonic effects do not qualitatively alter this since the
instability is reduced, but its wave vector is preserved [30]. In
the FET-charged NbSe, bilayer [Fig. 2(b)], the CDW instabil-
ity is completely removed for charge transfers similar to those
in the misfit. We thus expect that the CDW should collapse
once the NbSe, subunit is inserted in the misfit. We will see
that this prediction is confirmed by Raman data.

We believe that our FET simulation can accurately recreate
CDW behavior as a function of misfit doping level. Indeed,
in the first place, it has been demonstrated that the misfit
generally behaves as a periodic arrangement of tunable field-

effect transistors [18]. In addition, in the specific case of
(LaSe);.14(NbSe,),, the electronic band structure of the misfit
can be assimilated as that of a rigidly doped NbSe, single
layer [17]. Second, because the CDW in NbSe, originates
from the in-plane modes, FET modeling is appropriate for
characterizing its physics. Our FET approach is able to cor-
rectly capture the charge-transfer-induced CDW melting in
good agreement with the experimental results, despite missing
the possible electron-phonon coupling modifications due to
the interface, whose inclusion would require linear response
calculations on a large supercell of 232 atoms.

Finally, we conclude by noting that if the charged plates
mimicking the charge transfer by the LaSe subunits are
removed and the FET charging is replaced by a uniform back-
ground doping, the results are completely different as they
show an instability at the M point, in qualitative disagree-
ment with experiments (see, for example, the supplemental
materials of Ref. [17]). The reason is that in the misfit, as
in a field-effect transistor, the charge transfer to the NbSe,
bilayer is not uniformly distributed along the ¢ axis. For
this reason, the uniform background doping approximation is
inappropriate.

IV. CHARGE-TRANSFER-DRIVEN CHARGE DENSITY
WAVE COLLAPSE

Raman spectroscopy offers a direct probe of charge density
wave signatures in the bulk [31,32] and in few-layer systems
[9]. Two types of new Raman active modes arise as a fin-
gerprint of the CDW. The first one is a soft phonon called
the amplitude mode, that gradually hardens when cooling
down and that arises from the phonon branch which softens
at the CDW wave vector. This mode has been detected in bulk
2H-NbSe, at ~40 cm~! [triangle in Fig. 3(c)] [33,34]. The
second type of new peaks are zone-folded modes that arise
from other phonon bands at the CDW wave vector. These
modes are folded into I" by the effect of the CDW modulation
and are therefore detectable [stars in Fig. 3(c)].

Figures 3(a) and 3(b) show the Raman response of
(LaSe);.14(NbSe;), in crossed and parallel polarizations for
temperatures ranging from 8 to 200 K. In both polarizations,
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FIG. 3. Temperature dependence of the Raman response of
(LaSe); 14(NbSe,), with the (ab)-plane (a) crossed and (b) paral-
lel polarization configurations. Inset: Large energy-range electronic
Raman response. (c) Raman response of bulk 2H-NbSe, and isolated
2L.-NbSe, [37] at 300 and ~5 K, in the CDW state. The stars and
triangles stands for the Brillouin-zone folded phonons and ampli-
tudons, respectively. The arrows indicate the double phonon modes
related to the soft phonon branches of the CDW. (d) Raman active
phonons energies from experiments and from theory.

a substantial increase of the overall intensity is measured
when cooling down. Narrow phonon modes are reported up to

350 cm~!. The modes above 350 cm~! are broader and are
most likely due to double phonon excitations.

Globally, the phonon modes harden when cooling down,
as generally expected from anharmonic effect. No new modes
appear at low temperatures, either across the temperature
range where STM detected small patches with short range
2 x 2 modulation (100 K) [17] or across the temperature
range at which the CDW is detected in bulk samples (35 K).
The large-range electronic response does not present any sig-
nature of electronic gap opening that is sometimes measured
in the CDW state [35,36].

The last possible fingerprint of the presence of a CDW is
a two-phonon Raman feature from the soft phonon branch
at Qcpw, i.e., the phonon momentum related to the CDW
instability. In bulk 2H-NbSe,, it is visible in Fig. 3(c), as
indicated by the arrow. The only candidate for this experi-
mental Raman feature is the broad mode in the low-energy
range around 100 cm ™!, which is detected in both polarization
configurations. However, the temperature dependence of this
mode is peculiar and in stark contradiction with the behavior
of the double phonon mode in NbSe,. Indeed, as shown in
Fig. 3(c), in bulk 2H-NbSe, the double phonon feature loses
intensity in both the Aj, and E;, symmetries and softens
with decreasing temperature. Conversely, in the case of our
(LaSe);.14(NbSe;),, the large spectral weight bump always
remains in the same energy range, and its intensity largely
grows when cooling down, as shown in Fig. 3. So even if
this part of the spectra could be partially due to two-phonon
scattering, it does not evidence a softening of the branch and,
thus, it is not related to a CDW. A comparison with DFT calcu-
lations suggests that the nature of the broad mode in the misfit
can be attributed to the presence of a dense population of LaSe
modes that overlap with a few low-energy NbSe; frequencies.
Overall, these measurements suggest that no amplitude modes
or CDW related modes occur down to 8 K.

We comment here on the CDW signatures observed by
STM at the cleaved (LaSe); 14(NbSe;), surface, while no
signature in the bulk could be detected by Raman spec-
troscopy. Investigation of the Raman response of 2H-NbSe,; as
a function of quality of the samples, as stated by the residual
resistivity ratio (RRR = 50 for good samples and = 6 for the
worst samples), clearly shows that the main CDW signature
observed by Raman spectroscopy, namely, the amplitudon,
has extremely weak intensity in low-quality samples [38]. A
first hypothesis would be that the CDW would exist in the
bulk, but with a very short coherence length of ~2 nm, as
suggested by the STM experiment. In this case, the situation
would be somehow analogous to the one observed in the nor-
mal state of 2H-NbSe,, where it is reported that short-range
CDW modulations are observed by STM near the defects
much above the bulk CDW critical temperature [39—41], while
no Raman signatures are detected in this temperature regime.
A second hypothesis would be that a surface peculiar behav-
ior would stabilize and enhance a surface CDW, while its
bulk counterpart would develop at much lower temperature
and with lower amplitude and coherence length, or even not
form at all. There have been reports of such complicated and
different surface versus bulk CDW properties in well-known
quasi-one-dimensional materials such as NbSe; or the blue
bronze [42-44].
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FIG. 4. (a) Raman spectra of (LaSe);;4(NbSe;), at 8 K in
crossed and parallel polarizations in the (ab) plane. (b),(c) Theo-
retical calculations of Raman active modes of (LaSe); 14(NbSe,),
obtained from those of the two subsystems, namely, (b) LaSe and
(c) NbSe,, electron doped by means of the FET setup. The original
modes from I" of the 1 x 1 cell (long bars) and their subsequent BZ
folding (short bars) modes are indicated (see text). Original modes
from I" of the 1 x 1 cell are classified by symmetries. The phonon
density of states of LaSe is shown in the upper part of (b). (d) Com-
parison between experimental [37] and theoretical zone center modes
of isolated 2L.-NbSe,. Here, the NbSe, lattice parameter is the one in
the misfit, namely, a = 3.437 A.

V. RAMAN SCATTERING AND MODE ATTRIBUTION

In Fig. 4, we show the Raman spectra of (LaSe); 4
(NbSe, ), at 8 K in both parallel and crossed polarizations.
There is a substantial difference among the two spectra, sup-
porting a strong dependence of the signal on the symmetry
of the modes. In Table I, we report the most intense modes
together with their Raman active channels.

By comparing with the experimental Raman spectra in the
bulk and in the 2L-NbSe, in Figs. 3(c) and 3(d), we notice
a striking resemblance on the symmetry of the most intense
modes, especially at high energy. Notably, in the 2L system,
in addition to the expected three modes of the bulk 2H-NbSe;,
namely, one E(,), interlayer mode at ~30 cm~!, and one A, <
and one E(3), mode at ~250 cm™!, Lin er al. [37] report one
additional mode due to the few-layer structures, namely, an

Ajg mode at high-energy 310 cm™'. A mode at ~155 cm™!
is possibly measured by Lin et al., but would require some
confirmation. Importantly, these modes, even if measured at
low temperature, are not due to the CDW ordering. As shown
in Fig. 3(d), the energy and symmetry of the modes are
well reproduced by our calculations for both systems, with
a general tendency to underestimate their energy compared to
the experimental results. As a straightforward interpretation
of the spectra, we then tentatively assigned the most intense
modes in the misfit to the modes of the same symmetry in the
two-layer structure. As shown in Table I, there is a good corre-
spondence with four modes, in terms of energy and symmetry.

In order to further corroborate our analysis and perform
a full assignment of the modes, we consider here the two
subunits of the compounds, namely, LaSe and NbSe,, as well
as their interplay. As the space group of the bulk misfit com-
pound is Pj, all vibrational modes are Raman active. Thus,
in the absence of a charge density wave instability, besides
the zone center modes related to the LaSe and NbSe, sub-
unit cells, one expects (i) NbSe, modes at in-plane phonon
momenta that are not at zone center in the NbSe, bilayer
Brillouin zone, but are backfolded at the zone center in the
misfit Brillouin zone due to the 7 x 1 NbSe, periodicity oc-
curring in (LaSe); 14(NbSe;),; (ii) LaSe modes at in-plane
phonon momenta that are not at the zone center in the LaSe
bilayer Brillouin zone, but are backfolded at the zone center in
the misfit Brillouin zone due to the the 4 x 1 LaSe periodicity
occurring in (LaSe); 14(NbSe;),; (iii) modes arising from the
presence of two inequivalent (LaSe); 14(NbSe;), units along
the ¢ axis of the misfit unit cell (see Fig. 1); and, finally,
(iv) modes that cannot be interpreted as pure LaSe or NbSe,
modes.

As we will see later from PHDOS calculations of the whole
misfit, practically all modes can be interpreted as modes of
the two separated subunits. Thus, the occurrence of phonon
modes that are mixed modes of the LaSe and NbSe, subunits
can be excluded, and point (iv) can be neglected. The splitting
of phonon frequencies due to the presence of two inequivalent
(LaSe);.14(NbSe; ), units along the ¢ axis, i.e., point (iii), is
also expected to be negligible as the (LaSe); 14(NbSe; ), units
are weakly interacting along the ¢ axis. It then follows that
an attempt to interpret the Raman response in terms of the
backfolded modes of the NbSe, and LaSe subunits should
lead to a clear understanding of the Raman spectra. Thus,
we proceed to a more detailed analysis based on the Raman
activity of the isolated and charged LaSe and NbSe, bilayers.

The LaSe rocksalt subunit (no. 35, C,, point group) has
24 I'-point frequencies,

INase = 8A1 + 8B + 8B;.

From symmetry, we expect the B; and B, modes to be Raman
active since there is no inversion center. Even so, the B and
B, modes are not expected to be measured in the configura-
tion of measurement (with the Poynting vector along the ¢
axis). On the contrary, the 8 A} modes are Raman active and
mainly in the parallel configuration since they have a (a — b)?
response in crossed polarization, leading to small intensi-
ties. To summarize, the only modes that can be identified in
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TABLE I. Intense Raman active modes measured in (LaSe); ;4(NbSe,), at 8 K with polarizations in the (ab) plane. The labels L and
|| stand for crossed and parallel polarizations, respectively. The third column reports the experimental data in an isolated 2L-NbSe, [37].
Calculated phonon modes in the misfit structure originating from the I" point of the unfolded Brillouin zone and from subunits of NbSe, and
LaSe are given in the fourth and sixth columns, respectively. In the fifth column, the splitted E, modes of the 8/4 misfit cell are given, which
correspond to the former E, of the NbSe, subunit (italicized numbers). The label X marks the single intense mode that we could not assign

from the two subunits (see text).

Intense modes Raman activity Experimental Calculated modes Calculated modes Calculated modes
of (LaSe); 14(NbSe;), Lor| modes in energy/symmetry from splitted E, energy/symmetry
(cm™h) 2L NbSe, (cm™!)  from 2L-NbSe, at I'" (cm™!) in misfit cm™')  from LaSe at " (cm™)
42.6 L 21/E, 17.3/E,

99.0 I 77.2/A, or 120.1/4,
148 I 148.9/A,
153 L 154° 148.5/E,

229 I 232/A;, 231.2/A,,

258 i 251.5/E, 259.7/E, 251.5/E,

267 I X X

269 €1 258.7/E,

320 I 310.5/A,, 320.9/A4,

aX. Xi (private communication): This mode at 154 cm~! may require experimental confirmation.

parallel polarization, expected from the pure rocksalt subsys-
tem, have A| symmetry.

For the NbSe, bilayer having P3m1 space group (no. 164,
Dg , point group), the behavior of the modes is the following.
We have 18 I'-point frequencies as

I'Nbse, = 3A1g + 3E, + 3A, + 3E,.

The three completely symmetric A, modes are all Raman
active only in parallel polarization. The three doubly degen-
erate £, modes can be detected in both crossed and parallel
polarizations. Finally, the A,, and E, are not Raman active.
The symmetry of the I' modes, as well as their activity in
different polarization configurations, are reported in Table I,
in the fourth and sixth columns.

In the table, we assign the calculated I" frequencies to the
most intense mode in the Raman spectra. As it can be seen,
only one of the most intense modes can be ascribed to LaSe.
A second one at 99 cm~! could be either assigned to LaSe
or NbSe; since both subunits present a parallel-active mode
in this range of energy. The other peaks are all derived from
the 2L-NbSe, subsystem. The physics of the Raman spectra
at 8 K reveals that the lattice dynamics of (LaSe); 14(NbSe; ),
can be described in terms of that of its individual constituents.

To strengthen this statement, we can look at the PHDOS
calculation on the 8/4 = 2/1 periodic approximant of the full
misfit, shown in Fig. 5. The results are compared in Fig. 5
with the phonon density of states of the two separated subunits
as well as with their sum in the presence of a field-effect
charging mimicking the charge transfer among the LaSe and
NbSe, subunits. As depicted in Fig. 5, almost all features in
the misfit PHDOS are fairly well explained in terms of the
sum of the PHDOS of the two (field-effect charged) separated
subunits. The only feature present in the misfit PHDOS, but
not in the PHDOS of the two subunits, is a peak at ~150 cm .
This peak is at slightly higher energies ~165-170 cm ™! in the
LaSe subunit. The difference is due to the strain applied to the
LaSe subunit inside the misfit to obtain the 2/1 periodic ap-
proximant (14% strain), while the field-effect transistor (FET)
charged LaSe bilayer is unstrained and has the same lattice

parameters as in the bulk misfit. Overall, we can state that the
vibrational properties of the (LaSe); 14(NbSe,), are entirely
determined by those of the two separated subunits with an
appropriate amount of charging.

From Fig. 5, it is also clear that due to the heavy La mass,
the phonon modes of the RS subunit are mostly concentrated
in the low-energy part of the spectrum (below 175 cm™1),
while those of the NbSe, bilayer occur at all energies.

As summarized in Table I, only two of the most intense
Raman peaks, namely, the one at 269 cm~! in crossed polar-
ization and 267 cm™! in parallel polarization, are not directly
deducible from the modes of 2L-NbSe,. We are able to assign
the highly intense mode at 269 cm~! in crossed polariza-
tion to the former double-degenerate high-energy E, mode of
21-NbSe; at 259 cm ™! that splits in the misfit.

In order to perform this assignment, we consider the full
misfit calculation employing the 8/4 = 2/1 periodic approxi-
mant (5), where the two distinct peaks can be clearly identified
in this energy range. In order to check if these peaks originate

1.2
771_1 — Misfit
£ 1.0 Sum subsytems
1%
=~0.9{ ——- LaSe
8 0.8{ --- NbSe;
&0.7

: ]
o1 /\_‘,,4’/
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350
w [cm™1]

FIG. 5. Phonon density of states (PHDOS) per misfit formula
unit of bulk (LaSe); 14(NbSe;), (black solid line). Comparison with
the PHDOS of the individual subsystems: LaSe subunit doped of 1.2
electrons per unit cell in the FET setup (red dashed line), NbSe,
bilayer doped of 0.6 electrons per Nb atom in the FET setup (blue
dashed line), respectively, and with their sum (orange solid line).
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from the E, mode of the isolated FET-doped 2L-NbSe,, we
project all the full misfit phonon eigenvectors onto the ones
corresponding to the doubly degenerate E, mode at 259 cm ™!
in the isolated FET-doped 2L-NbSe,. We find that the highest
E, character is present in two modes at 251.5 and 258.7 cm™!
(see Table I, fifth column).

Note that we also evaluated the effect of the slight non-
hexagonality of 2L-NbSe, within the misfit [17], which is just
a very small, ~1 cm™!, splitting that cannot account for our
experimental results (see the SM [21]).

Finally, only the intense mode at 267 cm™" in parallel
polarization is not captured by our DFT calculations. This one
is most probably a hybrid mode of the system as a whole,
caused by the bonding between the TMD and the RS subunits
that we neglected in our calculations.

1

VI. CONCLUSIONS

By using polarized Raman spectroscopy and first-
principles calculations, we provide a complete description
of the vibrational properties of the misfit layer compound
(LaSe);.14(NbSe; ),. We identify all the main phonon modes
and their symmetry and demonstrate that similarly to what
happens for the electronic properties, the vibrational prop-
erties can be understood in terms of the two subunits (LaSe
and NbSe, bilayers) in a field-effect configuration, where the
charging of the gates is directly determined by the charge

transfer in the misfit structure. Notably, the lattice dynamics
of the TMD has a strong 2D character in this 3D misfit
structure. Finally, our theoretical understanding is supported
by the Raman results, particularly by the charge density wave
collapse in the misfit due to the large charge transfer from
the LaSe subunit. Our work is relevant beyond the case of
(LaSe); 14(NbSe;), as it sets a road map for the investiga-
tion of the large class of materials composed of misfit layer
compounds.
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