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In Short

• By downfolding to effective low-energy models
with linear electron-lattice coupling, we are ob-
taining the (thermo-)dynamics of charge-density
wave (CDW) materials via molecular-dynamics
(MD) simulations.

• Our model retains the accuracy of full first-
principles calculations, while reducing the com-
putational cost by several orders of magnitude.

• Our recent work utilizing this downfolding scheme
focused only on the control of the charge-density
wave order via doping of the system.

• Now we focus on the control of CDW order via
different degrees of freedom in select CDW materi-
als: influence of strain on CDW order in 1H-NbSe2
and simulation of external potentials in 1H-TaS2.

In solids, the coupling between electronic and nu-
clear degrees of freedom plays an important role in
the emergence of many-body instabilities, such as
charge-density waves (CDWs), often found in the
phase diagrams of low-dimensional materials. With
increasing supercell sizes needed to simulate real
materials, ab initio methods using density-functional
(perturbation) theory quickly become prohibitive. To
mitigate this, our group has developed a method
based on the concept of downfolding onto a mini-
mal lattice model with linear electron-lattice coupling.
Here, "minimal" refers to the dimension of the single-
particle Hilbert space. High-energy states of the

Figure 1: Ab initio vs. ab initio based downfolding approaches to
coupled electron-nuclear dynamics [1].

electronic system are integrated out, leaving an ef-
fective low-energy model. The concept of down-
folding is depicted in Fig. 1. With this model, we
are able to reproduce the strongly anharmonic free-
energy landscape of various CDW materials and
periodicities to a similar accuracy as full ab initio
calculations. Additionally, calculations of the free en-
ergy and forces done with our downfolding code are
about five orders of magnitude faster than compara-
ble calculations via full ab initio methods [1], allowing
us to study the thermodynamics of distorted phases
on large supercells. For this, the PYTHON-based
tight binding solver elphmod [2] was implemented
by our group, which delivers the displacement field
dependent forces and total free energies calculated
via downfolding to the i-PI (path integral) MD engine
used for the MD simulations [3].

Until now, our work utilizing this downfolding
scheme focused mostly on the control of the CDW or-
der via doping, such as the phase transition from the
commensurate 3 × 3 CDW into the incommensurate
phase (ICCDW) with a modulation close to 3 × 3 in
monolayer 1H-TaSe2 upon heating. With our model,
we could access the CDW phase diagram of 1H-
TaSe2 via the difference between binding energies
of the most favorable and second most favorable
(IC)CDW, see Fig. 2. Revealing a distinct strip of
ICCDW phase (blue) with a wave vector of 7/9ΓM
located between the 3 × 3 and 2 × 2 CDW, our analy-
sis is limited by the supercell size to approximate the
ICCDW, but shows the clear existence of an ICCDW
phase accessible via doping.

Figure 2: Phase diagram of 1H-TaSe2 visualizing the difference
between the binding energies of the most favorable and the sec-
ond most favorable (IC)CDW configuration via colorbars. A dis-
tinct strip of the ICCDW phase (blue) can be seen between the
3 × 3 CDW (pink) and the 2 × 2 CDW (orange).
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Figure 3: Classical MD simulations for 1H-TaSe2 dopings of n = 1 and n = 1.075, with the structure factors at different temperatures
on the left. The undoped case shows a clearly dominating peak at 2/3ΓM. For n = 1.075, the ICCDW peak at 7/9ΓM is visible at low
temperatures and surpasses the commensurate peak for higher temperatures. The competition between both peaks is visualized in
intensity plots on the right side.

To study the thermodynamics and stability of this
incommensurate CDW phase, we performed clas-
sical MD simulations for the undoped case n = 1
as well as for n = 1.075, where the ICCDW should
dominate, see Fig. 3. The structure factors as a
representation of the Fourier transform of the mean
atomic configurations at different temperatures show
a dominating peak at crystal momentum 2/3ΓM for
the undoped case, indicating a 3 × 3 CDW as ex-
pected. For the doped case, the ICCDW peak at
7/9ΓM is already visible at low temperatures, sur-
passing the 3 × 3 peak for higher temperatures until
the system transitions into the symmetric phase. The
direct competition between both peaks is visualized
in intensity plots for both dopings, showing the emer-
gence of the ICCDW accessible via doping. Closer
analysis shows a switching of the system between
the CDW and ICCDW configuration for the doped
case, resulting in the large errorbars.

During this project, we want to build on our expe-
rience gained from these results and analyze other
degrees of freedom to control the CDW order of two
select CDW materials:

1H-NbSe2: We want to describe the influence
of external strain on CDW order in monolayer 1H-
NbSe2 [4], focussing on the shift to the 2 × 2 CDW
symmetry due to impurity-induced strain in the sys-
tem. To analyze the thermodynamic stability of these
strain-induced phase transitions, we plan to do MD
simulations. Additionally, we want to study the size
of the CDW gap [5] in these strain-induced phases.

1H-TaS2: We will study the influence of spatially
varying external potentials on CDW order in mono-
layer 1H-TaS2 to simulate the hybridization effects
with an underlying (substrate) layer. With this, we

want to study misfit layer compounds of PbS and 1H-
TaS2 [6] with our model. Our focus will be comparing
the influence of substitution processes as well as
hybridization effects on the stability of the system
and the symmetry of the structure factor.
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