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Negative thermal expansion of the stars of David in a 17-NbSe,
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1T-NbSe, is a d' transition metal dichalcogenide, featuring a low-T /13 x +/13 commensurate charge-
density-wave (CCDW) phase with the formation of a star of David (SD) pattern. Here, we investigate the
temperature dependence of the lattice and electronic structures of the 17-NbSe, monolayer using ab initio
molecular dynamics simulations, which predicts that the CCDW phase transition can persist up to 350 K. Before
melting, an unprecedented enhancement of CCDW order is revealed at ~50 K, characterized by two order
parameters which respectively indicate the in-plane negative thermal expansion and out-of-plane buckling of the
SDs. Such lattice distortion takes place in each SD individually via a detailed balance kinetic process, and the
induced sharp variation of the charge gap size and the local density of states are consistent with recent scanning
tunneling microscopy observations. This unique phenomenon, which is absent in the more extensively studied
d' transition metal dichalcogenide 17°-Ta$S,, is explained by the delicate competition between lattice energy and

entropy.
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I. INTRODUCTION

The charge density wave (CDW) transitions in layered
d! transition metal dichalcogenides (TMDs), such as TaS,,
TaSe,, and NbSe,, have long been studied [1-14]. The inti-
mate connection between the CDW and Mott physics in the
1T polymorph of these materials endows them with rich and
tunable electronic phases, which is not only fundamentally
intriguing but also highly desirable for applications such as
ionic field-effect transistors [4] and ultrafast switches and
memories [15-17]. More importantly, these 17-TMDs have
recently received revived interest due to the prospect of host-
ing the exotic quantum spin-liquid (QSL) state [14,18-25],
which also relies on the Mott localization of the d' electron
in a star of David (SD) geometry subject to a commensurate
CDW (CCDW) order.

NbSe; in the natural bulk form was known to exist in the
2H phase only [26]. The low-energy physics of this phase
in the monolayer limit is governed by a single metallic d
band, whose interplay with phonons and spin-orbit coupling
gives rise to rich exotic quantum phenomena including CDW
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[27], Ising superconductivity [28], and magnetic instabil-
ity [29]. On the other hand, the 17 polymorph of NbSe,
had long been absent until the advances of molecular beam
epitaxial techniques enabled its controllable growth of the
monolayer [30]. Bearing close resemblance to 17-TaS; in
both crystal and electronic structures while exempted from
undesired stacking complexity, 17-NbSe, has drawn tremen-
dous interest [9,30-33]. In stark contrast with its metallic
2H counterpart, both scanning tunneling spectroscopy (STS)
and angle-resolved photoemission spectroscopy revealed an
insulating gap [9,30-33] in 17-NbSe, within the CCDW
regime, which can be unambiguously attributed to the d' Mott
physics. More interestingly, an obvious change of the scan-
ning tunneling microscopy (STM) topographic image was
observed at ~50 K [33], much lower than the CCDW melting
temperature, indicating an extra transition of the structural
or electronic phase. Under positive bias, the SDs undergo
a dark-to-bright transition when the temperature is elevated
from 4.4 to 77 K, accompanied with an emergent peak in the
high-temperature STS spectra [33]. With the aid of ab initio
molecular dynamics (AIMD) performed at 50 K, a unique
modulation to the low-temperature CCDW lattice structure,
featuring shrinkage of SDs, is identified, and the resultant
downward shift of upper Hubbard band consistently inter-
prets the observed lightening of SDs and onset of in-gap
states [33].
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FIG. 1. (a) Schematics of the phase transitions in the 17-NbSe, monolayer. For clarity, only the Nb atoms are shown from top view. The
coloring mappings in the left and central panels show the simulated scanning tunneling microscopy (STM) topography of low buckled structure
(LBS) and high buckled structure (HBS) at V;, = 0.36V, both in the commensurate charge density wave (CCDW) regime but contains dark
and bright stars of David (SDs), respectively (the High end of the color bar represents the bright region in topographies). Lattice distortion
associated with (b) the negative thermal expansion (NTE) phase transition across 7, (LBS-to-HBS) and (c) the CCDW transition across 77, with
the arrows indicating the atomic displacements. The LBS structure is obtained by the DFT + U relaxation, while the HBS and high-symmetric
phase structure are the ensemble-averaged equilibrium crystal structures from ab initio molecular dynamics (AIMD) simulations at ~50 and

400 K, respectively.

In this paper, the AIMD simulation is extended from a
single temperature point (50 K) to 16 temperature points
covering the range between 5 and 600 K. By closely trac-
ing the thermal evolution of the CCDW order parameter,
we construct the phase diagram of the 17-NbSe, monolayer
from first-principles calculations. Two distinct CCDW phases
differentiated by a first-order transition ~50 K are clearly re-
vealed. We show that this transition uniquely features negative
thermal expansion (NTE) of the SDs. The physical origin is
attributed to the competition between the internal energy and
lattice entropy.

II. METHODS

Our AIMD simulations and first-principles calculations
based on density functional theory (DFT) are performed by
using VASP [34-39], with most setups following our previ-
ous AIMD study on 17-TaS, [40]. The correlation effects
of Nb-4d electrons are treated by a simplified rotationally
invariant DFT 4 U correction which depends on a single
parameter Ugs = U — J. The on-site Coulomb repulsion U
has a value of ~3.0 eV as obtained via the linear response
approach in earlier works [7,41], while the Hund’s coupling
J is supposed to be smaller given the d' configuration of Nb.
We thereby use Ugr = 3.0 eV, which in the AIMD simulations
predicts NTE transition temperature falling into the interval
estimated from STS spectra variation [33]. Detailed testing
results quantifying the influence of U values on the lattice
structures are summarized in Table S1 in the Supplemental
Material [42]. It is also found that the 4+ U correction is crucial
for obtaining the correct spin-polarized electronic structure in
the CCDW phase (Fig. S1 in the Supplemental Material [42]).
We use the DFT + U linear response method implemented in
VASP to calculate the dynamic matrix and use the PHONOPY
package [43] to compute the phonon properties.

With the lattice constants fixed to the experimental value
[7,33], the in-plane stress tensors (XX or YY) for the

high-symmetric phase and the two CCDW phase (lower and
higher temperature) are calculated to be 15.5, 15.8, and 13.6
kBar, respectively. Such a small difference of stress tensor
suggests that the change of lattice constants should be rather
small across the NTE transition given that the strain has been
released by the local distortion of SDs. Indeed, our experi-
mental collaborators [33] did not observe visible change of
lattice constants when temperature varies across the dark-
to-bright transition point. Thus, we fixed lattice constants to
the experimental value through our simulations. We relax the
atomic positions from the high-symmetric phase [Fig. 1(a),
right panel] with standard DFT + U calculations within a
V13 x /13 supercell using a 4 x 4 x 1 I'-centered uniform
k-mesh, yielding a CCDW phase with one SD. An enlarged
2/13 x 24/13 supercell is then constructed for AIMD simu-
lations, with the folded Brillouin zone represented by a single
I point. To simulate the structure evolution of the monolayer
upon elevated temperature, the canonical ensemble is imple-
mented, with the thermal bath realized by a Nosé thermostat.
Starting from 5 K, we increase the temperature iteratively
and progressively, by using the final structure of low temper-
ature as the initial structure of the next higher temperature.
The thermal equilibrium of the lattice structure is carefully
ensured at each target temperature, which is asserted based
on two criteria: (a) according to the Boltzmann distribution,
the temperature fluctuation has been <4/(0.67xNyy) (N 1S
the number of atoms in the supercell), and (b) atoms have
vibrated periodically with constant amplitude. Based on care-
ful tests, a timestep of 2 fs and a total duration of 20 ps
are adopted for the AIMD simulation of each temperature, in
which the thermal equilibrium can been guaranteed during the
last 4 ps, and accordingly, the thermodynamic properties (e.g.,
the equilibrium crystal structure) are accessed by sampling
snapshot configurations. The capability of AIMD simulations
in predicting CDW transitions of layered materials has been
demonstrated in our earlier work on 17-TaS, [40] and some
works from other groups [44,45].
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II1. RESULTS
A. NTE phase transition before CCDW melting

The 17-NbSe, monolayer consists of a triangular lattice
of Nb atomic layer sandwiched by two Se layers. The label
T denotes a local NbSeq octahedral coordination, as com-
monly adopted in most layered TMDs to distinguish it from
the trigonal prismatic 2H phase. This high-symmetric phase
can only survive at high temperature, possessing a uniform
triangular Nb lattice [Fig. 1(a), right panel] with all Nb atoms
symmetrically equivalent and evenly spaced by dy ~ 3.46 A.
At low temperature, a +/13 x +/13 supercell spontaneously
forms, in which the 13 Nb atoms form a SD [Fig. 1(a), left
and central panels], like the well-studied CCDW phase of
1T-TaS,. Within a SD, the 13 Nb atoms can be grouped
into three inequivalent classes: one at the center of the SD
(Nb©), six nearest to the Nb® (NbN), and the remaining six
at the edge of the SD (NbE). The CCDW transition reduces
the NbC—NbN distance (dex) to ~3.26 A. We define Acpw =
dy — dcn, sketched in the top panels of Figs. 2(a) and 2(b), as
an order parameter, based on which the CCDW transition can
be closely tracked.

Figure 2(c) shows the evolution of Acpw corresponding
to one of the four SDs, as a function of temperature, which
clearly shows two kinks. This is quite different from our
previous AIMD study on 17-TaS,, wherein we observed
Acpw decreased gradually and mildly before collapsing at
the melting temperature [40]. In Fig. 2(c), the kink at 7} ~
350 K signifies the CCDW melting temperature. As a refer-
ence, the CCDW transition temperature of 17-TaS; has been
estimated to be ~300 K by using the same method [40],
nicely consistent with the experimental value. The kink at
T, ~ 50 K, however, is uniquely present in the Acpw-T pro-
file of 17-NbSe,. More interestingly, Acpw increases as the
temperature is elevated, namely, the SDs contract toward their
centers. On the other hand, 7; is quite close to the onset tem-
perature of the in-gap state in the experimental conductance
spectra. These facts indicate that the experimentally observed
dark-to-bright transition of SDs [33] essentially corresponds
to an unusual thermal enhancement of CCDW order.

To visualize the structure evolution across 7> and elucidate
the underlying mechanism of such a NTE phase transition,
we compare the thermally equilibrated atomic structures of
1T-NbSe; below and above 7,. As contrasted in Figs. 1(a)
and 1(b), the NTE of SDs mainly involves the NbN atoms
and the Se atoms nearest to NbC (Se;). The most signifi-
cant distortion takes place on the NbN atoms, which displace
inward along the in-plane NbN—NbC direction. Such a dis-
tortion in turn pushes Se; away from the Nb layer along
the out-of-plane direction, accompanied by a slight in-plane
displacement toward the center of the SD. Thus, the NTE
transition can also be characterized by the vertical height of
the Se; atoms relative to the central Nb plane, as illustrated
in the bottom panels of Figs. 2(a) and 2(b). The change of
this variable hcpw = hser — hg (hg ~ 1.71 A is the value of
hse1 in the high-temperature phase) can be defined as another
CCDW order parameter which, as is also plotted in Fig. 2(c),
consistently characterizes two transitions at 7; and 7. We
hereafter term the structure below 7, with smaller Acpw as the
low buckled structure (LBS) and the one between 7, and T}
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FIG. 2. (a) and (b) Definition of the commensurate charge den-
sity wave (CCDW) order parameter Acpw (Acpw = dp — den) and
hepw (hepw = hser — hg) in 17-NbSe,. (c) Temperature-dependent
Acpw and hcpyw of a representative star of David (SD) extracted from
ab initio molecular dynamics (AIMD) simulations. Horizontal and
vertical lines denote zeroes of the order parameters and the transition
temperature, respectively. (d) and (e) Evolution of SD-resolved hcpw
from two individual simulations at (d) 50 K and (e) 30 K, within a
supercell initially containing four low buckled structure (LBS) SDs.
Each colored curve represents a specific SD, and the abrupt increase
indicates its negative thermal expansion, namely, a local LBS-to-high
buckled structure (HBS) transition.

as the high buckled structure (HBS); the ensemble-averaged
atomic coordinates of both structures can be found in the
Supplemental Material Note B [42]. We also simulate their
STM images, as shown in Fig. 1(a), yielding nice agree-
ment with the experimentally observed distinct topographies
at 4.4 and 77 K, featured by dark and bright SDs respectively
[33]. Effects of NTE on the Mott physics can be found in
Supplemental Material Note C [42]; the electronic structure
changes are due to the strength varying of the hybridization
between the NbC-d_» and Se;-p orbitals. The p-d hybridization
is weaker/stronger in LBS/HBS state.
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FIG. 3. (a) Static total energy E of the low buckled structure
(LBS) and high buckled structure (HBS) as a function of lattice
constants a, obtained from DFT + U calculations. (b) Elastic con-
stant k obtaining by fitting the E-a curves. The dash line labels the
experimental lattice constant ay.

Going beyond the thermodynamics, we also trace the ki-
netics of the NTE transition. Figure 2(d) shows the temporal
evolution of the SD-resolved hcpw at T = 50 K starting from
the LBS configuration. During the simulated heating process,
a series of local LBS-to-HBS transitions takes place individu-
ally and consecutively in three SDs, while the last SD stays in
the LBS. If heated at a relatively lower temperature 7 = 30 K,
it takes longer to observe the first local LBS-to-HBS transi-
tion, and 3 of the 4 SDs stay in the LBS state for >20 ps
[Fig. 2(e)]. These simulation results are consistent with the
partial brightening of SDs observed experimentally [33] and
imply that the thermally driven structural distortion could
originate from competition and detailed balance between the
internal energy and lattice entropy rather than softening of
specific phonon mode. Combining Figs. 2(c)-2(e), one can
infer that the LBS-to-HBS transition for each individual SD
is locally of first-order feature, although the exact occurring
temperature can vary from one SD to another. Indeed, our
simulation indicates that a higher temperature of 70 K is
necessary to accomplish LBS-to-HBS transition of all four
SDs within the simulated duration of 20 ps. Due to the lim-
ited computational resources, it is impractical to simulate an
ultra-large supercell and perform statistical analysis on a con-
siderable number of SDs. Notwithstanding, we can arguably
suggest T, ~ 50 K as the characteristic temperature of the
LBS-to-HBS transition, given the consecutive local transitions
observed in our simulations and the quantitative consistency
with experiments.

B. Microscopic mechanism of the NTE transition

The thermally triggered LBS-to-HBS transition implies the
important role of lattice entropy. At finite temperature, the
relative stability of the LBS and HBS can be ascertained based
on the free energy AF = F(LBS) — F(HBS) = AE — TAS.
At T =0 K, it reduces to the first-principles total energy,
which is calculated to be AF = AE = —1.7 meV /atom < 0.
The total energy curves of both structures as a function of the
lattice constant a are shown in Fig. 3(a), where one can see
that AE < 0 in a wide range of a, indicating that the overall
binding is stronger in the LBS. The curves can be fitted by
using a cubic polynomial:

E(a) = A + Ba + Cd® + Da’, 1)

TABLE I. Parameters obtained by polynomial fitting [Eq. (1)] of
the total energy of the 17-NbSe, monolayer, with LBS and HBS,
respectively, using the lattice constant a as the single variable.

A B C D
LBS 14 884.4 —12124.7 3077.0 —257.1
HBS —6211.3 5852.9 —2029.1 227.6

where the cubic term accounts for some anharmonicity. The
coefficients from least-square fitting are listed in Table I.
Accordingly, the elastic constant k can be estimated by calcu-
lating the second-order derivative d> E /da®, which is plotted
in Fig. 3(b). Near the experimental lattice constant ag, the
HBS has an elastic constant slightly smaller than that of the
LBS, implying its weaker bond strength. Taking an analogy to
the Debye model, we can infer that the HBS possesses vibra-
tional modes with overall lower frequency w, and more modes
can be excited at the same temperature. This characteristic
typically leads to a larger lattice entropy [AS = S(LBS) —
S(HBS) < 0], namely, at finite temperature, more vibration
modes with smaller @ can be excited. Consequently, AF
has a chance to reverse its sign as the temperature increases
(AE < 0and —T AS > 0). As a crosscheck of our proposal,
we tentatively increase the lattice constant to @ = 3.55 A and
perform AIMD simulation at 50 K starting from the LBS.
In this case, the LBS has an elastic constant slightly smaller
than that of the HBS [Fig. 3(b)]; thus, AF has no chance to
reverse its sign (AE < 0 and —T AS < 0), and the NTE phase
transition is unlikely to occur. Within a simulated heating
duration of 20 ps, no LBS-to-HBS transition is observed in
the stretched lattice, verifying the soundness of our lattice
entropy argument. The local LBS-to-HBS transitions during
the AIMD at 30 and 50 K [Figs. 2(d) and 2(e)] can also be
viewed as a manifestation of the balance between AE and
T AS.

We further elaborate the mechanism of NTE transition
in 17-NbSe, by comparing its phononic properties with the
isostructural but more extensively studied 17-TaS,. Recall
that the NTE transition, when firstly revealed experimentally
via the dark-to-bright conversion of SDs, was originally at-
tributed to the strong couplings between electrons and two
low-energy phonon modes (2.68 and 3.67 THz) corresponding
to breathing of SDs [33]. However, our phonon calculations
indicate that 17-TaS, also possesses two long-wave breathing
modes with similar vibration and frequency (Fig. S3 in the
Supplemental Material [42]), yet reports of NTE transition
of SDs in its CCDW phase are lacking [40]. The key factor
giving rise to such a distinction may lie in a remarkable
difference in the vibration spectra of the two isostructural
compounds, namely, there is a large phonon gap from 4 to
6 THz in 17-TaS, [Fig. 4(a) vs 4(b)]. Without the phonon
gap, a large portion of low-energy modes in the 17-NbSe,
monolayer can be excited at 7, ~ 50 K, and the accumulated
entropy substantially alters the free energy surface, activat-
ing the NTE transition. In contrast, the large phonon gap in
1T-TaS, impedes excitations of most modes above the gap.
Consequently, competing phases with comparable free energy
do not exist, and a single phase dominates the whole CCDW
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FIG. 4. Calculated phonon spectra of (a) 17-NbSe, [low buckled structure (LBS) state] and (b) 17-TaS,. Phonon bands >8 THz are not
shown. (c) Entropy contribution 7S of 17-NbSe, and 17-TaS, to the free energy.

regime. Based on the phonon frequencies of 17-NbSe, and
17-TaS,, we calculate the entropy contribution TS to the free
energy as a function of temperature. As shown in Fig. 4(c),
the TS of 1T-NbSe;, becomes larger than that of 17-TaS, at
T ~ 50 K, and the difference increases with temperature, also
confirming our lattice entropy proposal.

IV. DISCUSSION AND CONCLUSIONS

Figure 5 schematically summarizes the phase diagram of
the 17-NbSe, monolayer under varying temperatures, with
some characteristic properties qualitatively indicated. When
heated from 0 K with progressively elevated temperature, a
unique phase transition takes place at 7, ~ 50 K, character-
ized by NTE of SDs (Acpw), namely, the SDs tend to shrink
and partially enhance the CCDW order. This phase transition
arising from the competition between the lattice energy and

T, T,

Larger k  Smaller k

ACDW

E s===

High symmetric

LBS HBS
phase
Weaker Stronger
p-d p-d

Charge transfer insulator

FIG. 5. Schematic phase diagram of 17-NbSe, characterized by
both the commensurate charge density wave (CCDW) parameter
(Acpw), and band gap size (E,). The region colored by blue (red)
corresponds to the dark (bright) stars of David (SDs) observed in ex-
periments. The yellow region represents the high-temperature phase
after the CCDW melting.

vibrational entropy distorts the SDs, converting them from
LBS to HBS (hcpw), and modulates the Mottness via enhanc-
ing the hybridization between the Nb¢-d.> and Se;-p orbitals,
giving rise to a reduced charge-transfer gap (see Supplemen-
tal Material Note C [42] for a detailed discussion) which
persists until the HBS-CCDW phase melts at 77 ~ 350 K.
The enriched phases in the CCDW regime uniquely present
in 17-NbSe, make this 4' TMD a compelling platform to
study the interplay between lattice and charge degrees of
freedom. Surrounding the intriguing NTE transition, some
open questions could be of general interest to the commu-
nity. For example, it remains unexplored how the spin state
evolves across the transition. At the single-particle level, we
have demonstrated in 17-TaS, that the electron hoppings and
band flatness can be efficiently tuned via altering the CDW
order strength [46]. In the interacting regime, in this paper,
we further reveal the CCDW order enhancement and the ac-
companied adjustment of correlation strength. Note that the
ratio of on-site Coulomb repulsion over the kinetic energy
U/t has been elucidated as a key factor in the Hubbard model
to mediate rich QSL phases [47]. Some definitive manifes-
tations of such theoretical predictions could be achieved in
the 17-NbSe, monolayer. Given the local nature of NTE
transition, bright and dark SDs may coexist near 75, and it
would be intriguing to investigate the local morphology and
electronic structure of the domain wall separating the LBS and
HBS regions with distinct degrees of Mott localization.

In conclusion, we have systematically studied the evolution
of the CCDW order of the 17-NbSe, monolayer in a wide
temperature range. By performing extensive AIMD simula-
tions and first-principles calculations, we establish renewed
understanding on the recently discovered thermally induced
dark-to-bright transition. It is found that the transition is of
structural origin, and two order parameters are proposed to co-
herently capture the local distortion: Acpw indicates the NTE
of SDs, while hcpw depicts the buckling near the SD center.
Thermodynamic and kinetic analyses on the AIMD results
reveal the local and stochastic feature of the NTE transition,
pointing the likely underlying mechanism to the entropic ef-
fect. When the temperature is raised to 7, ~ 50 K, the effect
of lattice entropy swaps the free energy sequence of LBS and
HBS, and the NTE phase transition in the CCDW regime
is triggered by thermal perturbation. Noting the remarkable
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difference in the vibration spectra between the isostructural
1T-NbSe; and 17-TaS,, our entropy-based argument may
also account for the unique presence of NTE in the former
compound. These results collectively highlight the important
role of lattice entropy and suggest a practical platform to deli-
cately manipulate the electron correlation and study the exotic
d' physics by engineering of phase(s) and temperature. The
methods and insights in this paper may also be instrumental
and transferrable to understand multiple CCDW phases in
some other 17-TMD materials containing more d electrons
[48].
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