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Electron-phonon coupling and hot electron thermalization in titanium nitride
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We have studied the thermalization of hot carriers in both pristine and defective titanium nitride (TiN) using a
two-temperature model. All parameters of this model, including the electron-phonon coupling parameter, were
obtained from first-principles density-functional theory calculations. The virtual-crystal approximation was used
to describe defective systems. We find that thermalization of hot carriers occurs on much faster timescales than
in gold as a consequence of the significantly stronger electron-phonon coupling in TiN. Specifically, the largest
thermalization times, on the order of 200 femtoseconds, are found in TiN with nitrogen vacancies for electron
temperatures around 4000 K.
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I. INTRODUCTION

Titanium nitride (TiN) is a metal with a high melting point
and good electrical and thermal conductivities [1–5]. It has
been used in a number of industrial applications as a coating
material because of its favorable mechanical and thermal
properties [6]. Recently, TiN has attracted significant interest
as a cheap material for plasmonic applications because of its
attractive optical properties [7,8]. Specifically, TiN can sustain
very high power illumination without melting and hence it is
a promising material for hot-carrier devices [9–11].

The dynamics of photoexcited electrons and holes in TiN
has been studied using pump-probe spectroscopy [12–17]. In
this technique, the distribution of electrons is driven out of
equilibrium via the absorption of photons (pump pulse), while
the phonons initially retain their equilibrium occupancies. The
resulting highly nonthermal population of electrons equili-
brates within 10–100 femtoseconds due to electron-electron
scattering. At later times on the scale of a few picoseconds,
the interaction with phonons becomes the main thermalization
channel and leads to the cooling of the electrons. Eventually,
the electron and phonon systems reach an equilibrium temper-
ature and heat diffusion returns the system to its initial state.

A specific challenge in understanding hot-carrier thermal-
ization in TiN is the role of defects. TiN is known to be a
highly nonstoichiometric material with oxygen defects and
nitrogen vacancies being the most common defects of real TiN
samples [18–21]. Defective TiN can crystallize in a number
of different structures depending on the defects concentra-
tion [22–24].

First-principles calculations can give detailed insight into
the properties of electrons, phonons, and their interactions
in TiN [25–27]. Ab initio density-functional theory (DFT)
calculations have been carried out to investigate the optical
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and plasmonic properties of bulk and surface TiN [11,28–31].
Recently, Habib et al. studied electron-phonon interactions
and hot-carrier thermalization of various transition metal ni-
trides, but only considered defect-free systems [32].

In this paper, we study the thermalization of photoexcited
electrons due to interactions with phonons in both pristine and
defective TiN from first principles. In particular, we calculate
properties of electrons and phonons as well as electron-
phonon coupling strengths and use these results to determine
the material-specific parameters of a two-temperature model
(2TM). Defects, such as nitrogen vacancies and oxygen sub-
stitutionals, are described via the virtual-crystal approxima-
tion (VCA) [33]. This allows us to make detailed predictions
for the electron thermalization times in pristine and defective
TiN as function of the illumination intensity. We find that
electron thermalization in TiN occurs on timescales of less
than a picosecond—significantly faster than in gold which is
often used for plasmonic applications.

II. METHODS

In recent years, a variety of methods have been devel-
oped to describe the ultrafast dynamics of electrons and
nuclei in materials from first principles [34–36]. Ab initio
time-dependent DFT has been employed to explain pump-
probe experiments in molecules and solids [37–39]. This
method describes the dynamics of electrons with high ac-
curacy, but approximations, such as the Ehrenfest approach,
are required to deal with the nuclear dynamics [40]. Alter-
natively, semiclassical approaches based on the Boltzmann
equation—sometimes with material-specific parameters from
first-principles calculations—have been used [41–44]. Fre-
quently, however, experimental pump-probe experiments are
analyzed using the simpler 2TM, which can be derived from
the Boltzmann equation [45]. Owing to its simplicity, the 2TM
can be applied to complex systems, such as nanoparticles or
disordered materials, which are challenging to model with ab
initio techniques [46–48].
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Here, we employ the 2TM to describe the ultrafast thermal-
ization of photoexcited electrons in TiN due to interactions
with phonons. In this approach, the time evolution of the
electron and phonon temperatures, Te and Tp, is determined
by the two coupled differential equations:

Ce(Te)
dTe

dt
= ∇ · (κe∇Te) − G(Te, Tp) × (Te − Tp) + S(t ),

Cp(Tp)
dTp

dt
= ∇ · (κp∇Tp) + G(Te, Tp) × (Te − Tp). (1)

Here, Ce and Cp denote the electron and phonon heat ca-
pacities, κe and κp are the electron and phonon thermal
conductivities, S is the external power source, and G is the
electron-phonon coupling factor, which in general depends on
both the electron and phonon temperatures.

Application of the 2TM to TiN nanostructures, such as thin
films, allows for certain simplifications. First, we note that
the terms containing the thermal conductivities can be safely
neglected because the temperature of the nanostructure will
quickly become spatially uniform [49,50]. Also, instead of
choosing an explicit form for S(t ), the following boundary
conditions are chosen: We assume the initial electron temper-
ature Te(t = 0) to be the temperature of the hot electron gas
after illumination by the pump pulse and thermalization due
to electron-electron interactions.

With these assumptions, we can subtract the two equations
and obtain

d

dt
(Te − Tp) = −G(Te, Tp)

(
1

Ce(Te)
+ 1

Cp(Tp)

)
× (Te − Tp).

(2)
In general, Eq. (2) cannot be solved analytically since G, Ce,
and Cp depend on the electron or phonon temperatures. How-
ever, if this dependency is ignored, the electron temperature is
found to be

Te(t ) = T 0
e e−t/τep + T ∞

e , (3)

where T 0
e = Te(t = 0) is the initial electron temperature and

T ∞
e is the temperature of the material when equilibrium has

been reached. In the above equation, the hot electron ther-
malization time due to electron-phonon scattering has been
defined as

1

τep
= G(Te, Tp)

(
1

Ce(Te)
+ 1

Cp(Tp)

)
. (4)

We have verified through the explicit numerical solution of
Eq. (2) that the analytical expression for τep yields accurate
results for TiN.

To obtain the value of τep for TiN, we determine all
material-specific parameters from first-principles calculations
based on DFT [51]. Specifically, the electron and phonon heat
capacities are given by

Ce(Te) =
∫ +∞

−∞
εge(ε)

∂ f (ε, Te)

∂Te
dε, (5)

Cp(Tp) =
∫ +∞

0
εgp(ε)

∂n(ε, Tp)

∂Tp
dε, (6)

where ge(ε), gp(ε), f (ε, Te), and n(ε, Tp) are the electron
and phonon density of states and the Fermi-Dirac and Bose-

Einstein distributions, respectively. We do not take the temper-
ature dependence of the density of states into account, which
is an excellent approximation T < 104 K [52–54]. Also, we
set Tp = 300 K since we are interested in processes which are
much faster than the heat diffusion by phonons.

The electron-phonon coupling parameter is given by

G(Te) = − πkB

h̄ge(EF )
λ〈ω2〉

∫ +∞

−∞
g2

e(ε)
∂ f (ε, Te)

∂Te
dε, (7)

where ge(EF ) is the electron density of states at the Fermi
level and λ〈ω2〉 is the second moment of the Eliashberg
function (defined below). Equation (7) rests on two approx-
imations. First, the momentum-dependent electron-phonon
matrix elements have been averaged over the first Brillouin
zone (isotropic approximation). Second, the phonon energies
are assumed to be small compared to kBTe and hence only
transitions occurring near the Fermi surface are taken into ac-
count. As a result, G is independent of the phonon temperature
and can be computed straightforwardly from first principles.
We further neglect nonequilibrium effects in G [55].

At low electron temperatures, the expression for G can be
further simplified to yield

G ∝ ge(EF )λ〈ω2〉. (8)

Inserting this expression into Eq. (4) yields

τep = πkBTe

3h̄λ〈ω2〉 . (9)

This important result for the electron thermalization time in
metals due to phonon scattering was first obtain by Allen [45].

Finally, we define the isotropic Eliashberg function, its nth
moment and the phonon linewidths as

α2F (ω) = 1

ge(EF )

∫
dkdq

2

BZ

∑
nmν

|gnmν (k, q)|2δ(εnk − EF )

× δ(εmk+q − EF )δ(h̄ωqν − h̄ω), (10)

λ〈ωn〉 = 2
∫ +∞

0
α2F (ω)ωn−1dω, (11)

γqν = 2πωqν

∫
dk

BZ

∑
nm

|gnmν (k, q)|2δ(εnk − EF )

× δ(εmk+q − EF ), (12)

where |gnmν (k, q)|2 are the electron-phonon matrix elements
of an electronic transition from state {nk} to state {mk +
q} induced by a phonon of frequency ωqν and 
BZ is
the volume of the first Brillouin zone. Equation (12) re-
lies on the double-delta approximation valid for kbT � ωqν .
Equations (10)–(12) reveal an interesting connection be-
tween phonon linewidths (which are typically measured in
vibrational spectroscopy experiments) and electron relaxation
times (which are measured in pump-probe experiments). In
particular, λ〈ω2〉 which determines the electron relaxation
time can be expressed as a sum over phonon linewidths. Thus,
analysis of the phonon linewidths allows us to identify the
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FIG. 1. Electron band structure and density of states of TiN0.80O0.20, TiN, TiN0.84, and Au. The zero of the energy is set to the Fermi level.

most important relaxation channels that contribute to electron
relaxation. Further details on the Green’s function formalism
used to obtain Eqs. (10)–(12) can be found in the review by
Giustino [56].

Computational details

We performed DFT calculations of the electronic states,
phonons, and electron-phonon matrix elements of TiN using
the QUANTUM ESPRESSO software package [57]. We focus on
the dominant rock salt structure and consider both pristine and
defective systems. Specifically, we carry out calculations for
nitrogen-deficient TiNx (0.84 � x < 1.00) and also for sys-
tems with oxygen substitutional defects TiNxO1-x (0.80 � x <

1.00). The following stoichiometries were investigated: TiN,
TiN0.80O0.20, TiN0.85O0.15, TiN0.90O0.10, TiN0.95O0.05, TiN1.00,
TiN0.97, TiN0.94, TiN0.91, TiN0.88, and TiN0.84. To model de-
fective TiN systems we used the VCA as explicit electron-
phonon calculations on supercells including defects are nu-
merically prohibitive. The VCA captures average changes in
the atomic mass, but also electronic effects, such as changes
in the Fermi level, the density of states [58–60], and also
electron-phonon interaction in complex materials [61,62]. We
note, however, that the VCA does not capture all defect-
induced relaxation channels and therefore the calculated re-
laxation times should be interpreted as upper bounds to the
experimentally measured ones.

We employed ultrasoft pseudopotentials and the BLYP
exchange-correlation functional [63,64]. We use wave
function and charge density cutoffs of 60 Ry and
600 Ry, respectively, and a 24 × 24 × 24 k-point mesh. The
Marzari-Vanderbilt cold smearing approach is used for the
occupancies with a broadening of 0.02 Ry [65]. For com-
parison, we also present results for Au where hot elec-
tron thermalization has been extensively studied and is well
understood [51,55,66–68].

For each system, we first determine the relaxed unit cell
size. For pristine TiN, we find a = 8.11 Bohr, in good agree-
ment with the experimental value aexpt = 8.01 Bohr [23]. For
the relaxed systems, we obtain phonon properties using a
6 × 6 × 6 k-point grid and an energy convergence threshold of
10−16 Ry. Finally, the electron-phonon matrix elements are in-
terpolated onto a fine 48 × 48 × 48 k-point grid. The electron-
phonon calculations have been converged with respect to the
broadening parameter σ of the double-delta approximation
with values of σ ranging from 0.2 Ry to 0.5 Ry, depending
on the system under consideration.

III. RESULTS

Figure 1 shows the calculated electronic band structures
and densities of states of TiN0.80O0.20, TiN, TiN0.84, and Au.
The results for the other stoichiometries are provided in the
Supplemental Material [69]. Pristine TiN has a metallic char-
acter with several bands crossing the Fermi level near the �

and W points. The density of states at the Fermi level is found
to be 0.92 states/eV per unit cell. Considering TiN0.80O0.20,
we find that oxygen substitutions increase the electron density
and shift the Fermi level to a higher energy. The density
of states at the Fermi level increases to 1.0 states/eV per
unit cell. In contrast, the presence of nitrogen vacancies in
TiN0.84 reduces the electron density and leads to significant
qualitative changes in the band structure. The electron density
of states at the Fermi level is reduced to 0.57 states/eV per
unit cell. For comparison, the gold band structure shows bands
crossing the Fermi level near the L and X points and a DOS of
0.30 states/eV per unit cell at the Fermi level.

Figure 2 shows the phonon dispersion relations and the
corresponding phonon densities of states of TiN0.80O0.20, TiN,
TiN0.84, and Au. Again, results for the other stoichiometries
are provided in the Supplemental Material [69]. For pristine
TiN, the highest phonon frequency is found to be ∼70 meV,
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FIG. 2. Phonon band structure, density of states, and Eliashberg function of TiN0.80O0.20, TiN, TiN0.84, and Au. The shaded areas are
proportional to the phonon linewidth γqν in meV: For plotting purposes, the linewidths of TiN systems were multiplied by a factor of 2, for
gold with a factor of 200.

corresponding to a Debye temperature of ∼900 K. Comparing
to the defective systems, we find that oxygen substitution-
als lower the Debye temperature, while nitrogen vacancies
increase it. Also shown are the phonon linewidths due to
electron-phonon interactions. We find that the acoustic modes
in TiN and TiN0.80O0.20 exhibit large linewidths near the
W and L points. The optical phonon bands possess a finite
linewidth throughout the entire Brillouin zone indicating that
these modes interact strongly with electrons. In contrast, the
nitrogen-deficient system TiN0.84 exhibits smaller linewidths
indicating weaker electron-phonon coupling. For comparison,
we obtain a Debye temperature of ∼165 K for Au in excellent
agreement with previous works [70]. Phonon linewidths in Au
are two orders of magnitude smaller than in TiN (note that the
linewidths of Au in Fig. 2 were increased by a factor of 100
compared to TiN for plotting).

Figure 3 shows the second moment of the Eliashberg
function λ〈ω2〉 and the density of states of states at the
Fermi level ge(EF ) for pristine and defective TiN. As the
concentration of nitrogen vacancies increases, both λ〈ω2〉 and
ge(EF ) decrease. In contrast, as the concentration of oxygen
substitutions increases, the value of λ〈ω2〉 decreases while
ge(EF ) is rising. Another effect that influences λ〈ω2〉 is the
change of the average atomic mass in defective samples as
the electron-phonon matrix elements are proportional to the
inverse square root of the atomic mass. However, we find that
the changes in λ〈ω2〉 are significantly larger than estimates
based on the inverse mean atomic mass. This suggests that
changes in ge(EF ) are the dominant factor that determines
λ〈ω2〉 in defective TiN.

Figure 4 shows the electron and phonon heat capacities for
pristine TiN, TiN0.80O0.20, TiN0.84, and gold as function of
temperature. As expected of metals, the electron heat capacity
increases linearly at low temperatures for all systems. The

phonon specific heat is proportional to T 3 at low tempera-
tures and reaches a constant value when the temperature is
larger than the Debye temperature. Comparing the pristine
and defective TiN systems, we observe only relatively small
differences: While the electron and phonon specific heats of
TiN and TiN0.80O0.20 are almost identical, TiN0.84 exhibits
a slightly higher electron specific heat and a lower phonon
specific heat. Even at high temperatures, the phonon specific
heat is significantly larger than the electron specific heat for
all systems. As a consequence, the phonon contribution to the
electron thermalization time, see Eq. (4), is much smaller than
the electron contribution and τep becomes a function of the
electron temperature only [45,71].

FIG. 3. Second moment of the Eliashberg function and electron
density of states at the Fermi level of TiN with different defect
concentrations as a function of the number of electrons in the
unit cell.
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FIG. 4. Electron and phonon heat capacities of TiN0.80O0.20, TiN, TiN0.84, and Au as function of temperature.

Figure 5 shows our results for the electron-phonon cou-
pling parameter G and the electron thermalization time τep

for pristine TiN, TiN0.80O0.20, TiN0.84, and gold as a function
of the electron temperature. Again, the results for the other
stoichiometries are provided in the Supplemental Material
Ref. [69]. As expected from Eq. (8), G is relatively constant
at low electron temperatures. TiN0.80O0.20 exhibits the largest
coupling parameter and TiN0.84 the smallest. This is in line
with the trends for the electron density of states at the Fermi
level and the second moments of the Eliashberg function
discussed above. The thermalization times of all systems

increase linearly with electron temperature as predicted by
Eq. (9) and then reach a maximum after which τep starts
to decrease again. For pristine TiN and TiN0.80O0.20, the
maximum τep = 150 fs is reached at ∼4000 K. For TiN0.84,
the smaller electron-phonon coupling parameter leads to a
larger maximum thermalization time of 215 fs at ∼5000 K.
For comparison, the maximum thermalization time of Au is
found to be 10.2 ps at Te ∼ 4000 K. This is in good agreement
with pump-probe measurements using low pump fluences for
Au that have observed electron thermalization times in the
range of 1–10 ps [66,67]. Moreover, our low-Te value of

FIG. 5. Electron-phonon coupling parameter G and hot electron thermalization times τep of TiN0.80O0.20, TiN, TiN0.84, and Au as a function
of the electron temperature.
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FIG. 6. Comparison of the hot carrier thermalization times for
TiN with different defect concentrations as a function of the electron
temperature.

G = 2.2 × 1016 W/m3/K and the calculated mass enhance-
ment parameter λ = 0.19 of gold are in excellent agreement
with experiments and previous DFT calculations [55,68,70].
Note that the maximum thermalization time of Au is about
two orders of magnitude larger than in TiN. This is a conse-
quence of the significantly weaker electron-phonon coupling
in Au.

Figure 6 compares the electron thermalization time of pris-
tine TiN with defective samples. At low electron temperatures,
the thermalization times of all systems are quite similar. At
electron temperatures larger than ∼2000 K, clear differences
between the various systems can be observed. Again, it can

be seen that the introduction of oxygen substitutionals results
in almost no change compared to pristine TiN. In contrast,
nitrogen vacancies result in longer thermalization times. As
discussed above, this is a consequence of the reduced electron-
phonon coupling strength.

IV. CONCLUSIONS

We have calculated hot carrier thermalization times due
to electron-phonon interactions in both pristine and defective
TiN systems. To validate our approach, we also carried out
calculations for Au, finding excellent agreement with previous
theoretical and experimental work. The thermalization times
of hot carriers in TiN are significantly shorter than in Au.
Specifically, for defect-free TiN we obtain a maximum ther-
malization time of 0.15 ps, at least one order of magnitude
smaller than in gold. While substitution of nitrogen atoms by
oxygen atoms does not have a significant influence on ther-
malization times, introducing nitrogen vacancies increases the
maximum thermalization time to 0.215 ps. Our findings will
play an important role for the design of hot carrier devices
based on titanium nitride via defect engineering.
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