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Charge-order states of broken symmetry, such as charge density wave (CDW), are able to induce
exceptional physical properties, however, the precise understanding of the underlying physics is still
elusive. Here, we combine fluctuational electrodynamics and density functional theory to reveal an
unconventional thermophotonic effect in CDW-bearing TiSe,, referred to as thermophotonic-CDW
(tp-CDW). The interplay of plasmon polariton and CDW electron excitations give rise to an anomalous
negative temperature dependency in thermal photons transport, offering an intuitive fingerprint for a
transformation of the electron order. Additionally, the demonstrated nontrivial features of #p-CDW
transition hold promise for a controllable manipulation of heat flow, which could be extensively utilized in
various fields such as thermal science and electron dynamics, as well as in next-generation energy devices.
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Strongly correlated quantum systems can form intriguing
fundamental collective modes of broken symmetry, such as
charge density waves (CDW), characterized with a modu-
lation of the valence electron density and a corresponding
lattice distortions [1,2]. Microscopic origins of these
charge-order states are still actively debated, especially
for two-dimensional and bulk systems, where proposed
mechanisms [2,3] range from purely electron- [4] to purely
lattice-driven process [5]. For instance, the nature of
CDW in transition metal dichalcogenides (TMDs), such
as 17-TiSe,, is widely discussed in terms of excitonic
insulator scenario [6,7], aniostropic electron-phonon
mechanism [8], anharmonicity [5,9], or Mott-related elec-
tronic correlations [10]. In order to reach a consensus it is
important to achieve a microscopic visualization of CDW
states by using various complementary scattering tech-
niques and directly determine and comprehend the corre-
sponding fingerprints of structural and Fermi surface
modifications, such as periodic lattice distortions and
CDW gap openings [8,11-13].

The CDW states were found to induce some remarkable
electrodynamical features that are highly tunable with
temperature [14] and could be utilized in switchable
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optoelectronic devices, such as unconventional resistivity
change [6], anomalous plasmon renormalization [15] and
hybridization [16,17], as well as second-harmonic gener-
ation [18]. Furthermore, thermophotonics is ubiquitous
in nature, from gigantic galaxies to microscopic atomic
structures [19]. According to earlier studies, there is a
preference to concentrate on the energy characteristics
of thermal photons, for the purpose of enhancing the
energy intensity of thermal photons or developing novel
manipulation techniques [20-22]. However, this energy
characteristics of thermal photons may also hold the key
to our understanding of new physics, as in the case of
the light quantum hypothesis hidden in black body radi-
ation. It is worth pondering whether there is an apparent
energy fingerprint of thermal photons for the CDW
transition that can be used to identify its features and
provide valuable information on these collective modes.
Understanding the thermophotonic properties of CDWs
could also help advance our knowledge of how electron
order states and photons interact in condensed matter
systems and improve the efficiency of various thermal
technologies.

In this Letter, we reveal the influence of CDW on the
thermophotonic behavior for the TiSe, single layer, which
we refer to as thermophotonic CDW transition (tp-CDW
transition), by means of fluctuational electrodynamics
(FED) [23,24], current-current linear response [25], and
density functional theory (DFT), connecting two rapidly

© 2024 American Physical Society
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growing areas of physics research, namely, CDWs and
thermophotonics. The results show that during tp-CDW
transition, photonic energy transport produces a significant
negative temperature dependence, i.e., H « 77", violating
the Stefan-Boltzmann prediction H « T3 [26]. This neg-
ative temperature dependence is highly nontrivial and
suggests an intimate connection between the CDW order
and thermophotonics. We then explore the underlying
physical mechanisms of nontrivial signatures during
tp-CDW transition and investigate the possible effects
of an intricate hybrid mode consisting of plasmons
and CDW excitations in thermal photons transport.
Moreover, the present results suggest that ¢p-CDW
transition would be a promising energy transfer platform
with unconventional features.

Let us consider a system composed of two CDW-bearing
materials brought into proximity with a vacuum gap size of
d, as sketched in Fig. 1. In this Letter, our aim is to
investigate the thermophotonic signatures of the CDW-
bearing material. To this end, we need to make sure that
the system is a strongly coupled system, i.e., that the
emitter and receiver have the same electromagnetic
resonance nature. Hence, we assume the temperature
of the source to be T + AT, with T the temperature of the

[Fig. 1(b)]. In our Letter we consider peculiar quasi-two-
dimensional (Q2D) TiSe,, hosting a CDW phase with the
2 x 2 distorted structure [2,6].

Our calculation of the thermal photons transport follows
the standard FED procedure. The fluctuating in-plane
surface currents j (r, ¢) in each sheet obey the fluctuation
dissipation theorem [23,29]
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where k, is the in-plane two-dimensional wave vector and
I(m) labels the orthogonal in-plane directions. The fluctu-
ating electric fields E(r, ) can be derived from the thermal
random current j in Eq. (1) by the Green’s tensors [30].
The average Joule loss power, and therefore the energy
transfer coefficient between the emitter and the receiver,
can then be calculated from the electric field and the electric
current [31]
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(a) Schematics of the structure and electron dispersion before (after) the CDW transition, including the CDW-induced

interband electron excitations. (b) Schematics of thermophotonic CDW transition for the CDW (top) and standard unit cells (bottom).
The thermal photons transport between two CDW-bearing materials with vacuum gap d. (c) The calculated energy transport coefficient
H of single-layer TiSe, for various vacuum gaps as a function of 7. (d) The exponent of the temperature power law as a function of
temperature for CDW-bearing TiSe, and other representative plasmonic materials (such as graphene [23], Si [27], and Weyl semimetal
Co3Sn,S, [28]) for d =50 nm. A positive exponent means that the thermophotonic intensity increases with temperature, while a
negative exponent means the opposite. The black dotted line represents Stephen Boltzmann’s law of black body (H,, = 406T?>).
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where &= X ypyple®™d?/|1 — rgrge?*d|. O(w,T) =
X

hw/(e"/T — 1) is the average energy of a photon at
frequency w, and k; is the Boltzmann constant. f(w, T) is
the spectral transfer function, characterizing frequency
dependence of the energy transport. The r and y are
reflection and emissivity coefficients, respectively [see
Supplemental Material (SM) [32] for explicit and rather
standard expressions]. H(k/,,a), T) is noninteracting cur-
rent-current response tensor [25], which embodies the
charge density correlation that describes the response of
CDW-bearing material in terms of induced charge density
to the external potential.

This charge density correlation is calculated by
using the plane-wave density-functional-theory code
QUANTUM ESPRESSO [51] and the semilocal exchange-
correlation Perdew-Burke-Ernzerhof (PBE) functional.
The phonon dynamics and electron-phonon coupling,
which are found to be critical to the CDW properties in
TiSe, [52,53], are obtained within the density functional
perturbation theory framework [54], and then interpolated
with maximally localized Wannier functions [55,56] and
EPW code [57]. Further computational details can be found
in the SM [32].

In order to determine the temperature dependence, the
energy intensity of thermal photons can be fitted to an
analytical expression similar to Stefan-Boltzmann law [58]

H x CoT", 4)

with ¢ being the Stefan-Boltzmann constant and n the
temperature power-law index. The fitting parameter is C,
a prefactor related to the vacuum gap and temperature.
Figure 1(c) shows the energy transport coefficient of TiSe,
as a function of 7 and various vacuum gaps d. For the
Stefan-Boltzmann law (H,, = 46T3), the temperature
power is strictly equal to 3 [59]. Although other plasmonic
materials (such as graphene [23], Weyl semimetals [28],
and Si [27]) also significantly deviate from the Stefan-
Boltzmann prediction (n # 3), they still follow a positive
temperature dependence [see Fig. 1(d)]. When the lattice is
stable (T > Tcpw or T <K Tepw), the energy transport
coefficient of TiSe, also abides by the above positive trend.
However, when the temperature increases toward 7 cpw the
results for 17-TiSe, challenge this standard perspective,
showing the counterintuitive phenomenon of thermal pho-
tons with a negative temperature dependence. Intriguingly,
this anomalous drop is exactly the opposite of the enhance-
ment in the phonon thermal conductivity induced by CDW
order change [60]. This negative temperature dependence
is entirely caused by a change in the electrodynamical
properties as a result of the #p-CDW transition, which is in
contrast with the previous phenomenon of negative differ-
ential thermal conductance due to the temperature-related
decoupling of the emitter and receiver [61,62].

This trend continues to well above the CDW phase
change and peaks around Tcpw. Since the present results
are obtained with the PBE exchange-correlation DFT
functional the transition temperature Tcpw = 1105 K is
overestimated, while a more accurate result could be
obtained with a proper inclusion of electron correlations
and anharmonic effects [5]. Despite that, the closing of the
gap and the relative difference between the Ty, (< Tcpw)
and Thigh(> Tcpw) are in a good agreement with the
experimental results as obtained with angle-resolved photo-
emission spectroscopy [63] and resonant inelastic x-ray
scattering [64]. Therefore, with the inclusion of phonon-
phonon correction we only expect a correction to the value
of Tcpw, while anharmonic effects should have no impact
on optical and thermophotonic properties reported in the
present work (see Sec. S5 in Ref. [32]).

Furthermore, results show that the energy transport
of thermal photons decays directly before Tcpw as the
temperature increases. This sharp evolution ahead of Tcpw
is also found in the resistivity behavior of TiSe, [6,65]. The
strong temperature dependence below Tcpw is due to a
continuous reconstruction of the electronic band structure
as the temperature increases [see Figs. 2(a) and 2(b)], with a

‘e ° VA N
Q@ @
° ® )
@ /S Y—
[+ T— @) '+ Cooling @ @
p) 0.6 -
®) \vy
— 03
z :
Lr;]\ Of Cy 3
Mo03 E
-0.6 \ T\
T My 10 11 12
© 1 T [x100 K]
T'=900, 1000, 1100, 1200 [K]
=075k 0.8
3 5 06
= 05 s-¢'\°‘~ S04
é \(6‘\ <02
3 W8
& 025¢ 00« 9 10 11 127
B AT T1x100K]
0 —~— —
0 0.1 0.2 0.3 04 0.5
w [eV/h]

FIG. 2. (a) The CDW and standard crystal structures of TiSe,.
(b) The calculated electronic band structure of TiSe, along
high-symmetry points of the Brillouin zone at different temper-
atures. (c) The interband spectral intensity function fi,. (@) at
different temperatures for d = 50 nm. The inset gives the spectral
intensity ratio 7" = fi ../ finer Detween interband and intra-
band processes.
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continuous decline in accordance with the mean-field
theory result for a second-order transition [66]. This is
significantly different from the rapid transformation of VO,
from a monoclinic to a rutile crystal structure, which is a
first-order transition [67].

Figure 2(c) demonstrates the modifications of the spec-
tral intensity function induced by interband electronic
excitations f,., across the zp-CDW transition. This
spectral intensity function represents the energy levels
carried by thermal photons of different frequencies (see
also Ref. [32] for the expressions). We observe a sharp drop
in fier When the temperature is increasing toward 7 cpw,
which is responsible for the negative temperature depend-
ence of the thermal photons as shown in Fig. 1. The inset in
Fig. 2(c) shows the spectral intensity ratio between the
intraband and interband processes 11}2{2‘; = fintra/ finter- It
can be seen that the intraband contributions are negligible
below Tcpw, while interband and intraband contributions
progressively approach the same level for T > Tcpw.
Overall, the powerful thermal photons transport across
the rp-CDW transition is dominated primarily by the
interband processes. Figures 2(a) and 2(b) show the unit
cells and the electronic band structure of TiSe, to visualize
the CDW order change. As the CDW order change occurs,
the commensurate 2 x 2 structure with periodic lattice
distortions is modified into a standard 1 x 1 unit cell. As
shown in Fig. 2(b), this structural transition is accompanied
by visible modifications of the electronic band structure. At
low temperatures, 7 < Tcpw, the CDW order leads to the
opening of the CDW gap between the Se 4p valence bands
and the Ti 3d conduction bands (double-sided black arrow),
which opens the possibility for interband electron transi-
tions (one-sided colored arrows), i.e., interband channels of
thermal photons. The results show the contributions from
the two interband transitions, leading to pronounced
corresponding peaks in f;,.;, where the high-energy peak
comes from excitations between the highest valence band
v, and the second lowest conduction band ¢, (purple
arrow), while the low-energy contribution is due to tran-
sitions between v; and lowest conduction band c¢; (green
arrow). As the temperature increases, the CDW gap
gradually decreases, leading to the suppression of the
CDW interband processes. When the temperature exceeds
Tcpw, the closing of the CDW gap is responsible for the
significant attenuation of f,.. The two pronounced
excitation peaks are closely related to the excitation peaks
as observed in infrared spectroscopy [63] and resonant
inelastic x-ray scattering [64].

To further clarify this nontrivial thermophotonic behav-
ior, we show the thermophotonic probability (see also
Ref. [32]). The thermophotonic probability represents the
tunneling probability of thermal photons between the
emitter and receiver [68,69]. In our Letter, the polarization
states are all transverse-magnetic waves [32]. The depend-
ence of the thermophotonic probability on the CDW order
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FIG. 3. The evolution of thermophotonic probability during
the tp-CDW transition for (a) 7 =900 K, (b) 7 = 1000 K,
(¢) T=1100 K, and (d) T = 1200 K. The green line is the
dispersion relation of light in a vacuum. The white dotted lines in
all panels correspond to the occupation factor 00 (w; T)/dT in
arbitrary units, where ©(w; T) = hw/exp(hw/k,T).

is shown in Fig. 3. For the cases of 7= 900 and 1000 K,
thanks to the strong interband excitation provided by the
CDW gap, the bright band of thermophotonic probability is
diffused into a wider region in momentum space.
Interestingly, similar to the plasmon-exciton interactions
[70], the CDW excitations appearing below the Tpyw can
also couple to the Q2D plasmon, forming a hybrid CDW-
plasmon mode [16,17], and leading to an anticrossing
phenomenon of the thermophotonic probability (see also
Ref. [32] for the dispersion).

As the temperature increases (7' > Tcpw), we find that
the bright band of thermophotonic probability is com-
pressed into a smaller region in momentum space until the
CDW gap is closed. For the cases of 7 = 1100 and 1200 K,
the photonic energy with high k, and high @ is poorly
excited by localized emitters, as seen in Figs. 3(c) and 3(d),
which is consistent with our above observations for the
spectral result. On the other hand, when the CDW dis-
appears, a strong thermophotonic excitation band appears
in the region with low k, and low w. The reason for this is
that when the CDW gap vanishes, the plasmon couples
with the phonons (in particular, soft CDW phonons),
achieving a plasmon-phonon scattering effect; this plas-
mon-phonon scattering channel can lead to a sharp increase
in the plasmon decay rate and hence in the intraband
plasmon energy. Although the transmission maxima above
T cpw are higher than that induced by the CDW order below
Tcpw [Fig. 3(c)], the wave vector and bandwidth are too
small. It can be seen that this small range of wave vectors
significantly weakens the performance of thermal photons,
which in turn induces the negative temperature dependence
of thermophotonic intensity.
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FIG. 4. A comparison of the thermal management coefficient
AH of the present CDW material and different materials reported
in literature [71]. Thermal management coefficient AH is defined
as the difference between the highest and the lowest energy
transport coefficient during the phase change process.

As with the current control, the flexible management of
heat flow has always been a sought-after goal and is of great
importance in many areas of physics and chemistry [71,72].
Analogous to the modern electronics, a number of temper-
ature-controlled thermal components for controlling
the heat flow has been proposed [73], such as thermal
switch [74,75], thermal diodes [76], thermal memory [77],
and thermal transistor [78]. The #p-CDW transition dis-
cussed above seems to be an excellent tool for realizing
these thermal analogs of modern electronics. It is also
important to note that the interband transitions can also be
modulated by the external field to achieve artificial energy
tunability [79-81]. Unfortunately, such robust interband
transitions may not be readily useful for temperature-
controlled thermal devices and we need to discover a
mechanism for interband transitions that can be affected by
temperature and that allow for high-efficiency control of the
heat flow. Here, to categorize the temperature-controlled
thermal management potential of materials, we introduce
the thermal management coefficient AH, that is, the
difference between the highest and the lowest energy
transport coefficient during the phase change process.
Figure 4 compares the AH of several other reported
temperature-controlled thermal management materials
(vanadium compounds and chalcogenide semiconductors).
The vacuum gap is fixed at 50 nm. This vanadium
compounds (such as VO, [82] and V,05 [83]) and the
chalcogenide semiconductors (such as IST [84] and GST
[85]) use lattice phase transition and lattice disorder
alteration, respectively, to achieve temperature-controlled
thermal management. Note that the AH values of the
vanadium and the chalcogenide semiconductor compounds
are lower than those predicted here for the CDW-bearing
TiSe,. Compared to these two mechanisms, thanks to its
second-order transitions features, the #p-CDW transition
could highlight a wider temperature manipulation range,

thus providing a stronger thermal operating capacity and a
larger design freedom for thermal devices.

In conclusion, we have constructed a connection
between the underlying electron order state and thermo-
photonics. The results show a nontrivial signature of
thermal photons in the CDW material, in which thermo-
photonic intensity presents a negative temperature
dependence, in contrast to the predictions of the
Stefan-Boltzmann law. We have further shown that the
nontrivial signature naturally originates from the sup-
pression of the interband excitation associated with the
annihilation of the CDW electronic band gap. The
combination of the CDW and thermophotonics provides
an alternative probing mechanism for studying the evo-
lution of the electron order states, shedding light on
microscopic origin of the CDW phase. It would be
interesting to extend this Letter to study other quantum
phases in two dimensions, such as Mott insulated and
Wigner crystal states. Besides, the anomalous thermal
response of the CDW phase also hints at its fascinating
potential in heat flow manipulation, which opens up new
possibilities for thermal physics and thermal applications.
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