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Collective electronic excitations in Ti and Zr and their dihydrides
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Electron excitation spectra in Ti and Zr transition metals are calculated in the framework of time-dependent
density functional theory. Several peaks found in the obtained loss functions are interpreted as collective
excitations. The energy positions of the dominating bulk plasmons are in close agreement with the energy loss
experiments. We investigated how the absorption of hydrogen modifies the dielectric properties of these materials.
It is shown that the main plasmon energy blueshifts in a such process, again in agreement with experimental
observations. On base of the calculated bulk dielectric functions of all these systems, we performed analysis of
the excitation spectra at surfaces and nanoparticles. Several plasmon peaks in these systems with rather short
lifetimes are found at reduced energies. It is shown how the nanoparticle excitation spectra are modified in the
ultraviolet-frequency range upon hydrogen absorption.
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I. INTRODUCTION

Hydrogen absorption in many metals results in formation
of metal hydrides, which were intensively studied starting
from the nineteenth century [1–5]. In particular, understanding
how hydrogen interacts with transition metals is of significant
scientific and technical interest since hydrogen penetrating
into these materials results in strong modifications of its
mechanical, electrical, optical, and other properties [6,7].

Thus a large number of experimental and theoretical studies
on the Ti-H and Zr-H systems where the hydrogen content
can vary relative to host metal (M) over a wide range of
H composition reaching to a maximum capacity of H/M=2
have been reported. Weaver et al. [8] have carried out the
photoelectron spectroscopy and synchrotron radiation study of
TiHx and ZrHx systems to understand its electronic structure.
The Ti-H and Zr-H phase diagrams were constructed [9,10].
First-principles calculations were used to characterize the bulk
elastic properties of cubic and tetragonal phases of metal
dihydrides to gain insight into the mechanical properties that
govern the aging behavior [11]. The energetics and electronic
properties of these hydrides have been studied in detail as
well [12,13]. The electronic structure and lattice stability in
the dihydrides of Ti and Zr were investigated in Refs. [14–16].
The stability of TiH2 was addressed in Ref. [17] and analysis of
partial composition of the electronic bands in TiH2 was done in
Ref. [18]. The phase transition of ZrH2 from cubic to tetragonal
structure has been theoretically investigated in Ref. [12].

Recently, several researchers have studied the total energy
and electronic structure for Zr-H system [13,14]. Weiyi et al.
[19] reported the structural and thermodynamic properties of
ZrH2. The ground-state properties of ZrH2 were studied by

Zhang et al. [20] using first-principles methods. The mechani-
cal and structural stability of ZrH2 were investigated by Wang
et al. [21] using the plane-wave based pseudopotential method
within the density functional theory framework. Yamanaka
et al. [22] have reported the electronic, mechanical, electrical,
and thermal characteristics of zirconium hydride and deuteride.

The hydrogenation of metals often leads to changes in
optical and dielectric properties. This allows for fundamental
studies of the hydrogenation process, as well as the exploration
of various applications. Optical properties of hydrides are not
always well-understood. For instance, still there are some ques-
tions in this regard for the δ-TiHx (x = 2) phase. The optical
constants of TiH2 were determined from the measurements on
thin films in Ref. [23]. Apparently, they are different from the Ti
optical data [24,25]. Optical properties of Zr were addressed
in Ref. [26]. We are not aware of optical measurements in
Zr hydrides except a recent experiment [27] performed for
the low-content H phases demonstrating notable variation in
plasmon energies with hydrogen variation.

Regarding the dielectric properties, numerous loss-energy
experiments both on pure Ti and Zr and their hydrides were
performed. Titanium and zirconium present a rich plasmonic
structure with several well-defined plasmons. However, fre-
quently, different interpretations for such loss peaks were
offered in separate publications. Since there was no accom-
panying theoretical support, the question of interpretation of
loss peaks in these metals is still open. As for the Ti and Zr
hydrides, several measurements of loss spectra were realized
as well. Strong variation with H absorption of energies of
loss peaks was observed. However, first-principles calcula-
tions of collective excitations in these systems have not been
done yet.
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In this work, we perform a detailed study of the collective
electronic excitation spectra of Ti and Zr in the framework of
time-dependent density functional theory with full inclusion
of the electronic band structure. From these calculations,
we obtain information on the plasmon excitations in these
metals. Performing similar calculations for TiH2 and ZrH2, we
investigate the impact of hydrogen absorption on the excitation
spectra. On the basis of the calculated dielectric function of
these materials, we evaluate the surface excitation spectra in the
long-wavelength limit and find well-defined surface plasmons.
Employing the Mie theory, we evaluate the excitation spectra
for the nanoparticles. Our study presents quantitative data on
the variation of the excitation spectra of titanium and zirconium
upon the hydrogen uptake. We scrutinize the low-energy region
very carefully in an attempt to find in the studied materials an
acoustic-like plasmon which may exist in an electron system
with two kinds of carriers with distinct Fermi velocities [28].

The rest of the paper is organized as follows. In Sec. II,
we describe details of the ab initio calculation of the linear
response dielectric and loss functions. The calculated results
and their discussion are reported in Sec. III. The main conclu-
sions of this work are presented in Sec. IV. Unless otherwise
stated explicitly, atomic units (h̄ = e2 = me = 1) are used
throughout the paper.

II. CALCULATION DETAILS

Excitations in electron systems are characterized by a
transferred momentum Q and excitation energy ω, which
determine the dielectric function [29]. Working in reciprocal
space, the microscopic dynamical nonlocal dielectric function
ε(r, r′, ω) can be expressed in a matrix form in terms of
reciprocal lattice vectors G and G′ and a transfer momentum
q from the first Brilloin zone (BZ) as εGG′ (q, ω). The loss
function L(Q, ω), directly related to the spectra measured
in the energy-loss experiments, is then given in terms of the
dielectric function as

L(Q, ω) ≡ −Im
[
ε−1

GG(q, ω))
]

= −Im[1 + υ(q + G)χGG(q, ω)], (1)

where Q = q + G, υ is the Coulomb potential, and χ the
density-response function of interacting electrons of the sys-
tem. Within the time-dependent density functional theory
(TDDFT) approach, χ is given by a Dyson-type integral
equation [30,31], χ = χ0 + χ0(υ + fXC)χ . Here, χ0 is the
density-response function of the noninteracting electrons and
the exchange and correlation kernel fXC represents the func-
tional derivative of the exchange-correlation potential with
respect to electron density.

In a linear response theory, one can express the density-
response function of noninteracting electrons, χ0, as a sum
over independent transitions between one-particle states char-
acterized by a wave function |nk〉 and energy εnk. In reciprocal
space, the imaginary part of χ0 is expressed as

Im
[
χ0

GG′ (q, ω)
]

= 2

�

BZ∑

k

∑

nn′
(fnk − fn′k+q)〈nk|e−i(q+G)·r|n′k + q〉

× 〈n′k + q|ei(q+G′ )·r|nk〉δ(εnk − εn′k+q + ω). (2)

Here, the factor 2 accounts for spin, � is a normalization
volume, the sum over wave vectors k is performed in the first
BZ, n and n′ are the energy-band indices, and fnk are the Fermi
occupation factors.

The condition for the existence of collective excitations—
plasmons—in bulk is ε(Q, ω) = 0 [29]. In the Q → 0 limit,
the dielectric function ε(ω) = ε1(ω) + iε2(ω) is relevant for
bulk optical properties. Moreover, knowing this quantity, one
may obtain the dielectric properties in finite systems. Thus the
surface response function [32,33] is defined as g(ω) = ε(ω)−1

ε(ω)+1 .
From the surface loss function defined as the imaginary part
of g, one may obtain information about electronic excitations
taking place at the surface. In particular, a condition for the
existence of a surface plasmon is ε = −1 [34].

In case of a spherical particle in vacuum, its absorption
spectrum in the Rayleigh limit is proportional to Im[α], where
α is the particle polarizability defined as α(ω) = ε(ω)−1

ε(ω)+2 . This
approximation is valid when the particle size is small in
comparison with the light wavelength [35]. Collective charge
oscillations in small particles occur with a frequency at which
ε = −2.

The above conditions for the existence of collective ex-
citations in bulk, at surface, and in a particle can be only
realized in an ideal electron gas system. In real materials
due to unavoidable interband transitions, one should use a
more soft condition. For instance, in a spherical particle, a
maximum in the absorption occurs when ε1 = −2, due to
the dipole plasma resonance of the spheres. The width and
height of the resonance is determined by the value of ε2 at the
resonance.

Our starting point of the linear dielectric response calcu-
lations is the electronic band structure evaluated with density
functional techniques within a plane-wave pseudopotential ap-
proach in the framework of the local density approximation for
the ground-state calculations [36]. We use Bachelet, Hamann,
and Schlüter type norm-conserving nonlocal ion pseudopoten-
tials [37] for the description of electron-ion interaction. With
these pseudopotentials, we achieve full convergence of the
Kohn-Sham eigenvalues at a plane-wave cutoff of 80 Ry. The
exchange-correlation potential is taken in the Ceperley-Alder
form [38].

The calculations are based on the electronic structure
obtained for α-Ti and α-Zr in hexagonal closed packed (h.c.p.)
lattice. For Ti, we employ the experimental lattice parameters
at room temperature a = 2.957 and c = 4.685 Å [39]. For Zr,
we used a = 3.232 and c = 5.147 Å [40], which are very close
to a = 3.233 and c = 5.149 Å measured recently [41].

The hydrogenation of these materials produces different
hydrides like ξ , β, γ , and δ phases at different conditions.
The stoichiometric δ phase of TiH2 and ZrH2 crystallizes into
a CaF2-like structure where the metal atoms occupy the face
centered cubic (f.c.c.) lattice positions and hydrogen atoms
reside at the tetrahedral interstitial positions [42]. The TiH2

hydride adopts the face centered tetragonal (f.c.t.) structure
at low temperature and transforms into a f.c.c. phase above
310 K [43,44]. In this work, we studied the later system with
a lattice parameter a = 4.454 Å [45]. At ambient temperature
and pressure, zirconium hydride crystallizes in a f.c.t. structure,
whereas the f.c.c. fluorite type structure is considered as the
metastable phase. In this work, for the δ-Zr hydride, we
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employed a f.c.c. structure with a = 4.802 Å corresponding
to the volume of the f.c.t. phase [7,46]. This value is found to
be close to that calculated in Ref. [47].

In Eq. (2), for the summation over the BZ, we employed a
144 × 144 × 72 k mesh in the case of Ti and Zr. A 144 ×
144 × 144 k mesh was used in the calculations for TiH2

and ZrH2. All occupied and unoccupied valence states with
energies up to 50 eV above the Fermi level were included.
In numerical calculations performed by using our own code
[48], the δ function in Eq. (2) was represented by a Gaussian
with a broadening parameter of 25 meV. The real part of χ0

was obtained from Im[χ0] via the Kramers-Kronig relation
by numerical integration. For this, the Im[χ0] matrices were
calculated on a discrete energy mesh in the 0–50 eV interval
with a step of 5 meV.

In order to include crystal local-field effects (LFE) [49,50],
we expand the χ , χ0, and ε matrices over 100 vectors G.
Although the LFE may introduce strong variations in the
excitation spectrum in some materials studied previously [51–
58], we have checked that their role in the materials under study
is rather modest.

In this work, we present the results obtained choosing
the dynamical exchange-correlations kernel fXC in a form of
the time-dependent local-density approximation (TD-LDA) of
Ref. [59]. We have checked that using a less elaborated kernel
in the random-phase approximation (RPA) (when fXC = 0)
introduces small quantitative changes in the excitation spectra
of materials under study.

III. CALCULATION RESULTS

A. Ti and Zr

1. Band structure

The calculated electronic structure of Ti and Zr is reported in
Fig. 1. In both metals, the energy bands present great similarity
in the overall shape and are in agreement with the previous
ab initio calculations [60–64]. In particular, one can see that
the bottom of the valence states is formed from the s-like states,
whereas the states lying in vicinity of the Fermi level are of
the d-like type. Moreover, one can see that in both metals the
Fermi level is crossed by several energy bands with different
slopes resulting in different Fermi velocities. According to our

FIG. 1. Calculated band structure of Ti (a) and Zr (b) along some
symmetry directions in the Brillouin zone. The energy is relative to
the Fermi level EF set to zero.

previous work [53–55], this suggests that in these materials
might exist an acoustic-like mode corresponding to the out-
of-phase collective oscillations of electron charge in different
energy bands [28,65]. Although such a mode was not observed

FIG. 2. Calculated loss function L(Q,ω) of Ti as a function of energy and momentum transfer Q along 〈100〉 (a), 〈010〉 (b), and 〈001〉 (c)
symmetry directions of the h.c.p. lattice.
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in a bulk material recently, a mode with a similar dispersion
was detected at some metal surfaces [66–72].

2. Loss function

In Fig. 2, we present the loss function L(Q, ω) for Ti cal-
culated at momentum transfers Q along three main symmetry
directions of the h.c.p. lattice. One can observe in Figs. 2(a)
and 2(b) that at small momentum transfers the loss function in
this material is dominated by a strong wide peak centered at the
energy of 17.2 eV. In titanium, we find for momentum transfers
in the hexagonal basal plane almost isotropic behavior of the
excitation spectra since the loss function along the 〈100〉 and
〈010〉 symmetry directions is very similar. In both directions,
upon momentum increase, the dominating plasmon peak shifts
upward and can be traced as a well defined feature up to
a momentum of about 1 a.u., although at lower momentum
transfers it starts to split into several separate peaks. At larger
momentum transfers, the loss function presents essentially a
featureless behavior.

In the loss function along the 〈001〉 direction reported in
Fig. 2(c), one can also see a prominent plasmon peak with
an energy of 16.9 eV at small momentum transfers. A second
peak with slightly lower intensity is located at 18.0 eV. These
peaks disperse upward with the momentum increase. Some
differences can be noted in the excitation spectrum along this
direction in comparison with those for the in-plane directions,
although these differences are rather small. Along the 〈001〉
direction, the plasmon peak can be distinguished up to Q ∼ 1.1
a.u. As seen in Fig. 2(c), before the plasmon peak ceases to
exist at this Q, it starts to split into several separate peaks at
lower momentum transfers, like it occurs in the other symmetry
directions.

Close inspection of Fig. 2 reveals that several other features
can be found in the loss function of Ti at small momentum
transfers. In order to understand their nature in Fig. 3, we
present ε(ω) and L(ω) for two polarizations. In ε2, one
can observe several peaks produced by numerous interband
transitions involving the occupied and unoccupied states. The
shapes of these peaks are different for these two polarizations
revealing a notable anisotropy in this material. Presence of
such peaks in ε2 results in the strongly oscillating behavior
of ε1. These oscillations in ε1 are so pronounced that at some
energies it crosses the zero line. As a result, in the in-plane loss
function of Fig. 3(a), in addition to the conventional plasmon
peak, three peaks at 0.5, 6.0, and 8.7 eV can be found. In the
case of the 0.5 eV peak, ε1 crosses the zero line accompanied
by a presence of a local minimum in ε2 in agreement with
the optical measurements [73]. However, the intensity of the
corresponding peak in the loss function is rather low since ε2 is
high in this energy interval. Regarding the 6.0 eV loss peak, we
find that the real part of dielectric function although does not
reach zero in the nearby region, it approaches this line rather
closely. Therefore we interpret this feature as a plasmon. In the
case of the 8.7 eV loss peak, since ε1 crosses the zero line and
ε2 has a local minimum at fairly the same energies, we interpret
this feature as a plasmon as well. The intensity of this mode is
largest after the dominating 17.2 eV plasmon. Moreover, the
8.7 eV loss peak is rather narrow signaling that the lifetime of

FIG. 3. Dielectric function ε(Q, ω) and loss function L(Q, ω) in
Ti calculated for (a) in-plane (Q = 0.009 a.u.) and (b) out-of-plane
(Q = 0.010 a.u.) polarizations. Blue solid and red dashed lines show
the real and imaginary parts of ε, respectively. Black dotted lines show
L calculated in the RPA and without inclusion of the LFE. Black long
dashed lines represent L obtained in the RPA and the LFE included.
Black, green, and magenta solid curves present bulk L(ω), surface
Im[g(ω)], and particle α(ω), respectively, evaluated in the TD-LDA
framework with inclusion of the LFE.

this mode is rather long. Indeed, the width of this peak is the
lowest one in comparison with that of all other modes. As seen
in Figs. 2(a) and 2(b), along the 〈100〉 and 〈010〉 directions, the
8.7 eV peak is almost dispersionless up to Q = 0.2 a.u. After
that, it disappears and reappears again in the 0.25 < Q < 1.0
a.u. range at slightly lower energy. Again, in this momentum
region, this peak has a fairly flat dispersion.

In the out-of-plane ε1(ω) of Fig. 3(b), we observe an even
larger number of the zero crossings. However, some of them,
like those with energies below 2 eV, do not produce appreciable
peaks in the loss function and the corresponding modes are
effectively damped. Among them, a peak at 1.2 eV has some
spectral weight only. At larger energies, we can detect peaks
in the loss function at 6.0, 8.5, and 10.1 eV. It is difficult to
interpret the 6.0-eV peak as a plasmon since in the nearby
momentum region ε1 does not reach the zero line and has
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a local maximum at about −2. In this direction, the 8.5-eV
loss peak is significantly broader in comparison to the in-plane
polarization. It can be explained by the fact that ε1 does not
reach the zero line although approaches it very closely. As
seen in Fig. 2(c) in the 〈001〉 direction, this mode reappears
at Q = 0.35 a.u. and it is dispersionless up to about Q = 1.0
a.u. At larger momentum transfers, in this energy range, we
do not find any notable feature in the loss function of Ti. A
peak at 10.1 eV in the loss function of Fig. 3(b) is difficult
to interpret as a plasmon since ε1 does not exceed −0.5 at
this energy. In contrast, the peaks at 13.6 and 15.2 eV can be
interpreted as plasmons since ε1 is very close to zero in this
energy region. Nevertheless, we did not include these peaks in
the list of plasmons in Ti since their intensity is relatively low
in comparison with that of the main plasmon peak centered
at 16.9 eV. The ab initio calculation [74] revealed notable
anisotropy in the optical properties of Ti which can be related to
the differences in the dielectric function and excitation spectra
found here.

In Fig. 3, we add the loss function curves obtained in the
RPA with and without inclusion of the local-field effects. The
main effect of neglecting the LFE consists in the downward
shift of all peaks in the loss function. However, the effect
depends on the direction. Thus in the in-plane loss function
of Fig. 3(a), the shift is about 0.2 eV for the main plasmon
peak. At the same time, the peaks with lower energies are not
affected notably by the LFE. The same occurs for the peaks
with energies below 12 eV in the out-of-plane direction of
Fig. 3(b). Moreover, the energy positions of the 13.6, 15.2, and
16.9 eV peaks are not modified by the LFE. The LFE change
the intensity of these peaks only. The notable impact of the
LFE on the loss function in this direction is the energy shift by
0.2 eV of the weak 18.0 eV peak. From comparison of black
long-dashed and solid curves in Fig. 3, one may deduce that
the effect of exchange-correlations beyond the RPA consists in
slight downward redistribution of the spectral weight, so that
it partly compensating the changes caused by the LFE.

Scrutinizing the low-energy part of the bulk excitation
spectra of Ti, we do not find any signature of an acoustic-
like mode at small momentum transfers. This signals that
the presence of several energy bands with a different Fermi
velocity at the Fermi level does not lead automatically to the
appearance of such a mode. Indeed, the condition of existence
of at least two partly occupied energy bands with different
Fermi velocities is necessary but not sufficient for the existence
of such a mode. Instead, some weak features can be seen in
the loss function in Fig. 2(c) in the energy region below 2 eV.
However, they cannot be interpreted as plasmonic modes since
the real part of dielectric function does not cross the zero axis
at these energies. We interpret these peaks in the loss function
as an enhanced number of incoherent electron-hole pairs. It
is known that at large momentum transfers inclusion of the
TD-LDA kernel may significantly increase the amplitude of
the loss function at low energies as a result of excitonic effects
[75]. In Fig. 4, we compare the dielectric function and the
loss function for Ti calculated in the RPA and the TD-LDA
at a large Q along the 〈001〉 symmetry direction. Here, one
can observe some increase in ε2 and L upon inclusion of the
TD-LDA kernel. Nevertheless, we consider that this increase
is not sufficient to consider it as a signature of the exciton

FIG. 4. Dielectric function ε(Q, ω) and loss function L(Q, ω) in
Ti calculated with inclusion of the LFE for the out-of-plane (Q = 2.11
a.u.) polarizations. Black solid, blue solid, and red dashed thick lines
show L, ε1, and ε2, respectively, obtained in the TD-LDA framework.
Dotted thin lines show the corresponding quantities calculated in
the RPA.

formation in this material. The same holds for other symmetry
directions in Ti and other materials under study. A possible
explanation maybe relatively large valence density in all these
materials, whereas such an exciton is expected in materials
with significantly lower valence density [75].

Having the calculated bulk ε(ω), we obtained the surface
loss function Im[g] for a Ti surface. The corresponding curves
are shown by green solid lines in Fig. 3. For the in-plane
polarization, the surface loss function of Fig. 3(a) is dominated
by a wide peak with energy of 12.4 eV corresponding to the
surface plasmon ωsp. This value is close to the value of 12.2 eV
obtained from the bulk plasmon energy ωp = 17.2 eV using a
classical expression ωsp = ωp/

√
2. However, the surface loss

function in Ti significantly differs from the free-electron-gas
(FEG) shape presenting additional strong peaks at 5.9 and
8.4 eV interpreted as surface modes. Even at an energy of
0.5 eV, there is a peak in the calculated Im[g]. However, its
intensity is significantly smaller in comparison with the other
surface modes.

The surface excitation spectra in the out-of-plane direction
are even richer. The dominating peak in the surface loss
function of Fig. 3(b), interpreted as a conventional surface
plasmon, is observed at 12.5 eV. This value is about 0.5 eV
higher than a classical value for a surface plasmon if we take
ωp = 16.9 eV for this direction. Other peaks at 5.9, 8.0, and
9.8 eV can be interpreted as surface plasmons as well. The
surface loss function contains some other peaks with lower
intensity. Among them, only the peak with energy of about
1.2 eV can be interpreted as a surface mode. However, its
intensity is relatively low.

On the base of the calculated ε(ω), we also evaluated
the absorption spectrum α(ω) for small Ti particles. The
corresponding data for both polarizations are presented in
Fig. 3 by magenta solid lines. In the case of Fig. 3(a), we
observe three main peaks in α(ω). The peak with the largest
absorption strength has an energy of 11.5 eV. Interestingly,
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TABLE I. Positions of peaks in the calculated bulk and surface loss functions of Ti at a small momentum transfer in a hexagonal basal
plane. The values in parentheses are obtained for polarization along the direction perpendicular to the basal plane. The plasmon energies of an
isotropic FEG model are given for comparison. The experimental values were measured by the electron-energy-loss spectroscopy. The optical
data of Ref. [73] are reported as well. All energies are in eV. The assignment of peaks given by the authors is reported as well. BP stands for
“bulk plasmon,” SP for “surface plasmon,” and SS for “possible surface state.” In the ab initio calculation of Ref. [64], the energy scale is
limited by 10 eV.

This work FEG [73] [76] [78] [79] [80] [81] [82] [83] [84] [85] [86] [64] Calc.

BP 1 17.2 (16.9) 17.63 13.7 18.3 3d → 4sp 17.5 17.0 BP+SP 15 BP 17.4 BP 17 BP 17.7 BP 17.3 18.0 BP 17.2
BP 2 − (10.1) 14.5 BP
BP 3 8.7 (8.5) 7.0 9 3d → 4p 8.6 3d → 4s 9.59
BP 4 6.0 (6.0) 4.7 5 3d → 3d ≈5.5 6.42
BP 5 0.5 (1.2) 0.45 2 d → d

SP 1 12.4 (12.5) 12.47 10.7 11.5 BP 8 SP ≈ 13 SP ≈ 13 SP
SP 2 − (9.8)
SP 3 8.4 (8.0) 6.6 8.5 SS
SP 4 5.9 (5.9) 4.2 5.0 SP
SP 5 0.5 (1.2) 0.44

ε1 has a local minimum of −1.5 around this energy signaling
that this mode is not a well-defined particle plasmon which
is reflected in a rather wide loss peak. In contrast to what
occurs with the surface plasmon energy, this energy value for
the particle plasmon is significantly larger than a classical Mie
plasmon value of 10.2 eV obtained from the FEG expression
ωMp = ωp/

√
3. The sharp loss peaks with energies of 5.7 and

8.1 eV are characterized by increasing strength in comparison
with the bulk and surface cases. Analysis of ε1 helps to interpret
these features as particle plasmons. In the low-energy region
of Fig. 3(a), we see in the magenta curve a plasmon peak at
0.5 eV with significantly lower intensity as it occurs in the bulk
and at the surface.

Analyzing the particle absorption spectrum α(ω) of
Fig. 3(b), we find three main peaks at 5.8, 7.8, and
11.5 eV. Again, the two lowest energy modes are clear
particle plasmons, whereas the upper energy one is signifi-
cantly damped. For this polarization, we find additional peaks
in α(ω) at 6.5, 9.6, 14.0, and 15.6 eV with significantly lower
intensity. They do not correspond to the collective electronic
excitation in a Ti particle. In the low-energy region of Fig. 3(b),
we detect in α(ω) two peaks at 0.4 end 1.2 eV. Since they are

rather wide and weak, the corresponding particle plasmons are
strongly damped.

There are numerous experimental works devoted to the
study of collective electronic excitations in titanium. The
experimental data and our values for energy positions of the
peaks in the loss function are summarized in Table I. In
general, our plasmon energy of 17.2 (16.9) eV in the in-plane
(out-of-plane) polarization is in a good agreement with the
majority of values reported in the loss experiments. On the
other hand, the most relevant feature of the experimental loss
function measured in Ref. [76] is a double feature at 14.5
and 18.3 eV. A peak at 14.5 eV was assigned to the bulk
plasmon according to the behavior of ε1 at that energy, which
shows a clear zero crossing and is accompanied with a small
value of ε2. The value of 14.5 eV for the bulk plasmon energy
reported in Ref. [76] seems to contradict our findings. A most
intense experimental peak at 18.3 eV was then interpreted
as due to 3d → 4sp interband transitions [77]. According to
our findings, this experimental peak may correspond to the
bulk plasmon in Ti. At lower energies, two oscillators were
identified [76] at 5 and 9 eV, which were associated with
3d → 3d and 3d → 4p transitions [77]. On the other hand,

FIG. 5. Calculated loss function L(Q,ω) of Zr as a function of energy and momentum transfer Q along 〈100〉 (a), 〈010〉 (b), and 〈001〉 (c)
symmetry directions of the h.c.p. lattice.

075111-6



COLLECTIVE ELECTRONIC EXCITATIONS IN Ti AND … PHYSICAL REVIEW B 98, 075111 (2018)

the value of 13.7 eV reported in Ref. [73] looks unreasonably
low and is more close to the surface plasmon energy. The
discrepancies reported in Table I may be related to problems
with assignment of the measured loss peaks.

The experimental peaks at 8 [80], 8.6 [81], and 9 eV
[76] correlate fairly well with the found here bulk plasmon
at the energy of 8.7 (8.5) eV. On the other hand, our lower
energy plasmon at 6.0 eV is in reasonable agreement with
experimental peaks detected at 4.2 and 4.7 eV in Ref. [73] and
5 eV in Refs. [76,79]. The experimental features observed
at 11.5 eV in Ref. [79], 13.7 eV in Ref. [73], ≈13 eV in
Refs. [81,82], and 14.5 eV in Ref. [76] are rather close to our
estimate for the surface plasmon energy.

The calculated loss function of Zr reported in Fig. 5
presents behavior qualitatively similar to that in titanium. The
excitation spectrum at the in-plane momentum transfers in
Figs. 5(a) and 5(b) is dominated by a strong plasmon peak
at energy of 17.4 eV at small Q’s. This peak has positive
dispersion and can be clearly resolved up to Q ∼ 0.7 a.u. At
larger momentum transfers, this peak splits into two peaks
characterized by different dispersions. The lower-energy peak
is almost dispersionless and disappears at Q ∼ 1.0 a.u. The
upper-energy peak possesses strong dispersion and reaches
energy of above 30 eV at Q = 0.8 a.u. along 〈100〉 and at
Q = 0.9 a.u. along 〈010〉. At lower energies, we find in the
in-plane loss function several other peaks. As seen in Fig. 6(a),
there are three notable peaks at 7.4, 9.1, and 14.0 eV at small
momentum transfers. Analyzing the behavior of the dielectric
function reported in the same figure, we classify the 7.4 and
9.1 eV peaks as plasmons. On contrary, the 14.0 eV peak is not
a collective excitation since ε1 does not cross the zero line in the
vicinity. Additionally, we find a weak peak in the loss function
at 0.5 eV in close agreement with the optical data of Ref. [73],
which can be interpreted as a plasmon. However, its intensity is
almost negligible in comparison with other peaks. In the loss
function of Figs. 5(a) and 5(b), one can see that the 7.4 and
9.1 eV plasmon peaks have positive and negative dispersion,
respectively. Up to Q ∼ 0.2 a.u. they maintain similar strength.
Beyond this Q, two curves meet each other and this results
in the appearance of a much stronger single peak in the loss
function with an energy of 8.5 eV. This peak has little positive
dispersion and its presence in the loss function can be traced
up to Q ∼ 1.0 a.u. along the 〈100〉 direction and Q ∼ 0.8 a.u.
along the 〈010〉 one.

In case of the loss function calculated along the 〈001〉
symmetry direction, we find essentially a similar behavior
of the main plasmon peak. However, the anisotropy in the
plasmon energy in Zr is larger in comparison with the Ti case.
Thus, at small momentum transfers, the energy of plasmon in
Zr is 16.9 eV. It has also strong positive dispersion. At finite
momentum transfers some differences can be noted. Thus this
mode splits into two peaks at Q ≈ 0.2 a.u. in this direction.
The lower-energy peak again has a fairly flat dispersion and
disappears at Q ∼ 0.7 a.u. The upper energy broad peak
possessing strong positive dispersion can be seen up to Q ∼
0.7 a.u. where it starts to split into several separate peaks.
Similar to other directions, the upper energy peak reaches an
energy of above 30 eV in this direction as well. Like in Ti,
in Zr, we also find along the 〈001〉 direction a notable second
peak in the loss function even at small momentum transfers

FIG. 6. Dielectric function ε(Q, ω) and loss function L(Q, ω) in
Zr calculated for (a) in-plane (Q = 0.008 a.u.) and (b) out-of-plane
(Q = 0.009 a.u.) polarizations. Blue solid and red dashed lines show
the real and imaginary parts of ε, respectively. Black dotted lines show
L calculated in the RPA and without inclusion of the LFE. Black long
dashed lines represent L obtained in the RPA and the LFE included.
Black, green, and magenta solid curves present bulk L(ω), surface
Im[g(ω)], and particle α(ω), respectively, evaluated in the TD-LDA
framework with inclusion of the LFE.

at an energy of 9.1 eV. It maintains almost flat dispersion in
the 0 < Q < 0.5 a.u. momentum range. As seen in Fig. 6(b),
the loss function for small Q along the 〈001〉 direction has a
notable peak at an energy of 13.7 eV. It is difficult to classify
it as a separate plasmon peak since ε1 does not reach zero
in the nearby energy region. However, one can note that the
intensity of this peak for Q along 〈001〉 is significantly larger in
comparison to what occurs with a similar peak for the in-plane
Q of Fig. 6(a).

Like in Ti, we do not observe any acoustic-like mode in the
low-energy region of the excitation spectrum of Zr. In Fig. 5,
one can only find some weak peaks at energies below 1 eV
at finite momentum transfers in the 〈001〉 direction. Similar to
the Ti case, we interpret these features as electron-hole pairs.

Comparison of our calculated values of the main 17.4
(16.9) eV plasmon in Zr with available experimental data
reveals some systematic deviation as seen in Table II. In
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TABLE II. Positions of peaks in the calculated bulk and surface loss functions of Zr at a small momentum transfer in a hexagonal basal
plane. The values in parentheses are obtained for polarization along the direction perpendicular to the basal plane. The plasmon energies of an
isotropic FEG model are given for comparison. The experimental values were measured by the electron-energy-loss spectroscopy. The optical
data of Refs. [27,73] are reported as well. All energies are in eV. The assignment of peaks given by the authors is reported as well. BP stands
for “bulk plasmon,” SP for “surface plasmon,” and SLE for “surface localized excitation.”

This work FEG [27] [73] [77] [84] [87] [88] [89] [90] [91] [92] [93]

BP 1 17.4 (16.9) 15.39 17.78 14.6 16.3 16.9 17.0 BP 16.8 16.2 16.3 16.1 16.6 15.6
BP 2 14.0 (13.7)
BP 3 9.1 (9.1) 10.29 5.7 8.5 4d → 5p ∼8 7.4 BP 8.5 4d,5s → 5p 8.6 8.0
BP 4 7.4 (−) 3.88 4.3 4d → 4d ∼8 4.2 3.0 4d → 4d

BP 5 0.5 (1.1) 1.54 0.5

SP 1 12.5 (12.4) 10.88 13.4 13.3 SP 11.8 SP 13.2 SP
SP 2 9.0 (8.7)
SP 3 7.2 (−) 5.2 3.5 SP 7.6 SLE
SP 4 0.5 (1.1) 0.5

general, our calculated values are larger that the measured ones.
Only the measured values of 17 eV of Ref. [87], 16.9 eV of
Ref. [84], and 16.8 eV of Ref. [88] are close to our data. On the
other hand, several measurements [77,89–92] reported values
in the 16.1–16.6 eV interval. In Refs. [73,93], even lower values
for the plasmon energy in Zr were reported. Indeed, such spread
in the experimental values is difficult to understand. Probably
it depends on the experimental conditions. Actually, we expect
that the calculated plasmon values should be somewhat lower
than the ones obtained here. A reason for that is a possible
impact of the Zr semicore 4s electronic states located at
about 27 eV below the Fermi level [47], which were not
included in the present calculations. We expect that inclusion of
these semicore states would shift down the calculated plasmon
energy value like it was found in the case of lead [94]. However,
a downward shift of the plasmon peak energy in Zr caused by
the interband transitions involving these semicore states should
not be as significant as in the case of Pb and to be limited to
few tenths of eV.

Like it was done for Ti, we evaluated for zirconium the sur-
face loss function and particle absorption spectrum presented
in Fig. 6 by green and magenta solid lines, respectively. At
the surface, the excitation spectrum in the in-plane direction
of Fig. 6(a) is dominated by a double-peak broad structure
centered at 12.5 eV. This value correlates rather well with
the classical value of 12.3 eV for the surface plasmon if we
take as reference the calculated bulk plasmon energy of 17.4
eV. On the other hand, the FEG surface plasmon energy of
10.88 eV deviates substantially from it. Moreover, the FEG
simple picture about surface plasmon breaks completely in Zr
since we present three other plasmon peaks in the in-plane
surface loss function at 0.5, 7.2, and 9.0 eV. If we take
the calculated values for the corresponding bulk plasmons in
Table II, we obtain for the surface plasmon energies of 0.35,
6.4, and 9.9 eV which deviate notably from the calculated ones.
This is related to the strong deviation of the dielectric function
in this energy range from a Drude-like behavior. Note that
a peak observed in the surface loss function at energies about
14.5 eV in Fig. 6(a) can not be interpreted as a surface plasmon
since ε1 does not approach −1 in the nearby region.

If we take a bulk dielectric function for the out-of-plane
direction, Fig. 6(b), the resulting surface loss function shows

two clear surface plasmon peaks at 8.7 and 12.4 eV. These
values only slightly differ from those in the in-plane direction
despite strong differences in the surface loss functions in
both these polarizations. Another surface plasmon peak can
be discerned in the out-of-plane loss function at 1.1 eV with
negligible spectral weight. Like in the case of Fig. 6(a) in the
out-of-plane surface loss function of Fig. 6(b), there is a notable
peak at 14.5 eV, which can be interpreted as a severely dumped
collective surface excitation based on analysis of the real part
of dielectric function.

Figure 6 presents also the particle absorption spectra
calculated by using the bulk dielectric function of Zr. For α(ω)
with in-plane polarization of Fig. 6(a), we observe three well
defined particle plasmon peaks at 6.9, 8.7, and 11.0 eV. One
more plasmon peak with low spectral weight can be detected
at 1.1 eV. A weak broad peak at 14.5 eV cannot be interpreted
as a well-defined collective excitation of a Zr particle. In the
case of out-of-plane polarization, the resulting α(ω) presented
in Fig. 6(b) possesses two dominating peaks with energies of
8.4 and 11.2 eV, which can be interpreted as particle plasmons.
In the case of the peak seen in α(ω) at 14.4 eV, the real part
of the dielectric function is too far from fulfilling the ε1 = −2
condition.

B. TiH2 and ZrH2

1. Band structure

The energy bands of TiH2 and ZrH2 are reported in Fig. 7.
From comparison with the electronic structure of pure Ti
and Zr in Fig. 1, one can see strong variation in the energy
bands induced by hydrogen absorption. Detailed analysis of
partial composition of electronic bands in these hydrides can
be found in Refs. [13–15,18,47,95,96]. In the hydrides, the
lowest energy band is formed by metal-H bonding states. Next,
four bands correspond to the metal d states. In TiH2, the band
located at the � point at the energy of 1.0 eV corresponds to the
antibonding combination of the H states. A similar band in the
case of ZrH2 is observed at � at the energy of −0.3 eV. Like in
the pure Ti and Zi metals, in their hydrides, we observe several
energy bands crossing the Fermi level with distinct Fermi
velocities. For this reason, we performed detailed analysis
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FIG. 7. Calculated TiH2 (a) and ZrH2 (b) band structure along
some symmetry directions in the Brillouin zone. The energy is relative
to the Fermi level EF set to zero.

of the low-energy excitation spectra in an attempt to find an
acoustic-like plasmon.

2. Loss function

The calculated loss function of TiH2 is reported in Fig. 8.
Like in the previous systems, the loss function is calculated
along the main three symmetry directions. However, since the
TiH2 lattice is the f.c.c. one, these symmetry directions are
defined according to the respective BZ. Comparing different
panels in Fig. 8, one can observe that the excitation spectrum
in TiH2 is dominated by a wide double-peak structure in
the 15–25 eV energy range. The energy positions of two
peaks are 20 and 21 eV at small momentum transfers in all
three directions. The plasmon energy in TiH2 is significantly
larger in comparison with that in pure Ti. This is in stark
contrast with the case of Pd where absorption of hydrogen
results in significant reduction of the plasmon energy [97]. We
explain such phenomenon by the increasing averaged valence
electronic density in TiH2. As follows from Tables I and III,
the variation of plasmon energies in both systems is fairly well
described by a simple FEG model by using the average valence
electron densities. Nevertheless, our average value of 20.5 eV
for these two modes in Ti notably deviates from the FEG value
of 19.35 eV.

Initial dispersion of the 20 and 21 eV peaks is almost
flat up to q ∼ 0.25 a.u. At larger momentum transfers, its
dispersion turns to be positive. Along the 〈100〉 direction of
Fig. 8(a), these peaks merge at large momentum transfers
and are characterized by rather small positive dispersion. The
respective broad feature can be detected up to Q ∼ 1.2 eV.
Additionally, at Q ∼ 0.5 a.u., we observe emergence of a
second broad peak at larger energy. This peak possesses strong
upward dispersion and reaches energy of 30 eV at Q about
1.0 a.u. Similar behavior of this feature in the loss function is
observed along the 〈110〉 direction. Only small quantitative
changes in the calculated loss function between these two
symmetry directions at energies above 17 eV can be found.
Essentially, the same behavior in the high-energy range is
observed in the loss function for the 〈111〉 direction as well.
The only changes are related to the relative strength of both
dominated peaks at finite momentum transfers and some other
tiny features.

A notable anisotropy in the loss function can be found
at energies below ∼17 eV. Thus, in Fig. 8, one can see a
narrow peak with an energy of 11.9 eV at small momentum

FIG. 8. Calculated loss function L(Q,ω) of TiH2 as a function of energy and momentum transfer Q along 〈100〉 (a), 〈110〉 (b), and 〈111〉
(c) symmetry directions of the f.c.c. lattice.
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TABLE III. Positions of peaks in the calculated bulk and surface loss functions of TiH2 at small momentum transfer. The values measured
in the electron energy-loss spectroscopy experiments are given for comparison. All energies are in eV. SP stands for “surface plasmon.”

This work FEG [76] [81] [83] [86] [98] [64] Calc.

BP 1 20+21 19.35 19 17 20.7 ± 0.3 20.8 20.2 16.5
BP 2 11.9
BP 3 8.6 ≈ 8
BP 4 5.0 5 H1s+Ti3d → Ti3d

SP 1 17.2
SP 2 15.5 13.68 ≈ 15 14 SP?
SP 3 11.6
SP 4 4.6

transfers. Along 〈100〉 up to Q ∼ 0.5 a.u., this peak has a
parabolic-like positive dispersion. At an energy of 13.5 eV, it
merges into the broader peak characterized by a flat dispersion
in the 0.3 < Q < 1.0 a.u. momentum range. Along the 〈110〉
direction in the loss function, a similar peak is observed at
small momentum transfers. However, along 〈110〉, this mode
exists only at momentum transfers smaller than 0.3 a.u. Such a
mode also appears in the 〈111〉 direction. At Q = 0, it has the
same energy and positive dispersion with essentially the same
spectral weight up to Q ∼ 0.25 a.u. Beyond this momentum
transfer, this peak still can be resolved in the loss function
up to an energy of 13 eV but with a significantly reduced
spectral weight. Upon increasing momentum transfer, this
feature becomes more robust and can be clearly resolved in
the ∼0.6 < Q <∼ 1.2 a.u. interval.

The calculated values of the bulk plasmon energies in TiH2

are compared in Table III with the values reported in other
publications. Our data deviate substantially from the value
of 16.5 eV calculated in Ref. [64]. On the other hand, in the
table, one can see some spread in the experimental data with
a plasmon energy varying from 17 eV in Ref. [81] to 20.8
eV of [86]. Our average plasmon energy of 20.5 eV is closer
to 20.2 eV found in Ref. [98] and 20.7 ± 0.3 eV measured
in Ref. [83]. Probably, the lower values obtained in other
measurements are related to the different content of hydrogen
in the samples.

In Fig. 9, we report the dielectric and loss functions of
TiH2 evaluated at small Q. In the calculated loss function,
in addition to the plasmon peaks discussed above, we observe
several other broad features. In the loss function, there are
peaks with energies of 5.0, 7.0, 8.6, 9.3, 11.9, and 27 eV.
Inspecting the behavior of the dielectric function, we interpret
three peaks with energies of 5.0, 8.6, and 11.9 eV as bulk
collective excitations. As follows from Table III, probably in
the experiments of Refs. [81,83] some related features were
detected.

From Fig. 9, one can deduce that the LFE produce an effect
on the excitation spectrum in TiH2 similar to that in Ti and
Zr. The same can be said regarding the exchange-correlation
effects beyond the RPA.

Despite the presence of several energy bands in TiH2 at
the Fermi level, we do not find any acoustic-like mode in this
material as it occurs in Ti and Zr. Like in those materials, in the
loss function of TiH2 we do not observe any notable features
in the low-energy range at all momentum transfers. Only some

small features in the loss function of TiH2 related to the
electron-hole pairs can be discerned in the low-energy interval.
Moreover, we do not see any difference in the excitation spectra
of TiH2 and ZrH2 related to the different positions of the
antibonding H band according to the Fermi level. This might be
related to the small occupied part of this band in ZrH2 resulting
in small weight of the corresponding intraband transitions.

In Fig. 9, we plot also the surface loss function in TiH2

obtained on the basis of the calculated ε(ω). The evaluated
Im[g(ω)] presents several peaks which can be interpreted as
surface collective excitations. The dominating feature consists
of two peaks with energies of 15.5 and 17.2 eV. These values
deviate significantly from the predictions of the FEG model.
Moreover, if we use the classical model for an estimation of
the surface plasmon energy, the bulk plasmon values of 20 and
21 eV calculated here are in notable discrepancy as well (14.1
and 14.9 eV). It reflects a notable deviation of the calculated
dielectric function in TiH2 from the simple FEG behavior
caused by numerous interband transitions. Additionally, the
surface loss function presents a sharp peak at 11.6 eV with

FIG. 9. Dielectric function ε(Q, ω) and loss function L(Q, ω) in
TiH2 calculated at Q = 0.010 a.u. Blue solid and red dashed lines
show the real and imaginary parts of ε, respectively. Black dotted line
shows L calculated in the RPA and without inclusion of the LFE.
Black long dashed line represents L obtained in the RPA and the LFE
included. Black, green, and magenta solid curves present bulk L(ω),
surface Im[g(ω)], and particle α(ω), respectively, evaluated in the
TD-LDA framework with inclusion of the LFE.

075111-10



COLLECTIVE ELECTRONIC EXCITATIONS IN Ti AND … PHYSICAL REVIEW B 98, 075111 (2018)

FIG. 10. Calculated loss function L(Q,ω) of ZrH2 as a function of energy and momentum transfer Q along 〈100〉 (a), 〉0110〉 (b), and 〈111〉
(c) symmetry directions of the f.c.c. lattice.

notable spectral weight. In terms of predicting this feature, the
FEG model breaks completely since ε1 varies very strongly
in this energy region. At lower energies, we detect several
other peaks in the surface loss function. Among them, only
a feature with an energy of 4.6 eV may be interpreted as a
surface collective excitation since the condition ε1 = −1 is
fulfilled in this energy region.

Regarding the TiH2 particle absorption spectrum α(ω)
presented in Fig. 9, we observe several peaks as well. On
the large energy side, a dominating peak is located at the
energy of 14.4 eV although its spectral weight is significantly
reduced in comparison with the bulk and surface cases. A very
prominent plasmon peak in α(ω) is located at 11.3 eV. Among
all the collective excitations in TiH2, this possesses the longest
lifetime since the peak is the narrowest one. At lower energies,
we observe several other peaks in the particle excitation
spectra. Analysis of the ε1 behavior helps to determine the
4.5 eV feature as a collective excitation whereas the others
correspond to just electron-hole pairs.

The calculated loss function for ZrH2 is reported in Fig. 10
where one can see that the excitation spectrum in this material
is dominated by a plasmon peak with an energy of 19.4 eV
at small momentum transfers in all symmetry directions.
The main plasmon peak is wide due to efficient decay into
electron-hole pairs. Like in other studied systems, this peak
in ZrH2 also has a positive dispersion and can be observed
up to momentum transfer reaching ∼ 1 a.u. in all directions.
At larger momentum transfers, its presence hardly can be
detected. Instead, several weak peaks exist there, which are
related to incoherent electron-hole excitations. Our calculated
plasmon value of 19.4 eV in ZrH2 is only slightly lower
than in TiH2, which is in contrast to the significantly lower
plasmon value derived in the FEG model determined by the
average valence density in this compound. On the other hand,
as seen in Table IV, we find rather good agreement between
our calculated value of the plasmon energy in ZrH2 with the
19 and 19.6 eV values measured experimentally [88,92].

In contrast to TiH2, in the loss function of ZrH2, we observe
additional appreciable feathers at larger energies. As seen in
Figs. 10 and 11, at small momentum transfers, two peaks are
located at the energies of 23.7 and 25.5 eV. Analysis of behavior
of ε in the nearby energy region confirms that these features

do not correspond to any collective excitations. Moreover, its
intensity is significantly lower than that of the main plasmon,
which can explain why it was not detected experimentally.
Also, its intensity or even existence might be influenced by
incorporation in the calculations of the semicore electronic
states of Zr. Another difference consists in the small spectral
weight of the low-energy plasmon with energy of 10 eV at
small momentum transfers. This peak is rather well resolved
in the loss function of Fig. 11 and we interpret it as a collective
excitation. However, it can be barely seen in the excitation
spectra of Fig. 10 in all three symmetry directions. Indeed,
many other rather broad and weak peaks can be detected in the
calculated loss function of ZrH2. As seen in Fig. 11, in some
cases, its existence correlates with the zero-crossings in ε1 at
close energies. Among these peaks, we may unambiguously
interpret as collective excitation the 4.7-eV peak. The nature
of the others is questionable.

Like in the previously studied systems, we investigated the
impact of LFE and dynamical exchange-correlations on the
excitation spectrum in ZrH2. From Fig. 11, it is clear that both
ingredients work in a similar fashion in this compound as well.

We calculated the surface loss function in ZrH2, which is
represented by the green solid line in Fig. 11. In it, we observe
the dominating feature consisting of two peaks with energies
of 14.5 and 15.7 eV. Again, the number and energy positions of

TABLE IV. Positions of peaks in the calculated bulk and sur-
face loss functions of ZrH2 at small momentum transfer. The bulk
plasmon energies measured in the electron energy-loss spectroscopy
experiments are given for comparison. All energies are in eV.

This work FEG [88] [92]
BP 1 19.4 17.29 19.6 19
BP 2 10.1
BP 3 4.7

SP 1 15.7
SP 2 14.5
SP 3 12.1 12.23
SP 4 9.9
SP 5 4.6
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FIG. 11. Dielectric function ε(Q, ω) and loss function L(Q, ω)
in ZrH2 calculated at Q = 0.010 a.u. Blue solid and red dashed lines
show the real and imaginary parts of ε, respectively. Black dotted line
shows L calculated in the RPA and without inclusion of the LFE.
Black long dashed line represents L obtained in the RPA and the LFE
included. Black, green, and magenta solid curves present bulk L(ω),
surface Im[g(ω)], and particle α(ω), respectively, evaluated in the
TD-LDA framework with inclusion of the LFE.

these surface collective excitations contradict the FEG model.
Like in bulk, the surface loss function presents several other
peaks. Among them, we interpret the peaks with energies of
4.6, 9.9, and 12.1 eV as surface collective excitations.

In the calculated ZrH2 particle absorption spectrum, de-
picted in Fig. 11 by magenta solid line, we observe several
peaks. Analysis of ε helps us to interpret the 4.4, 9.7, and 11.9
eV peaks as particle plasmons. Interestingly, it is difficult to
interpret formally as collective excitation the most prominent
peak at the energy of 13.6 eV in the absorption spectrum
since ε1 reaches only −1.5 in the corresponding energy
interval. Nevertheless, we consider that is can be classified
as a collective excitation taking a softer definition.

IV. CONCLUSIONS

In conclusion, we studied the collective electronic excita-
tions in Ti and Zr metals in the framework of time-dependent
density-functional theory. Strong plasmon peaks with energy
of 17.2 (16.9) and 17.4 (16.9) eV at small momentum transfers

for the in-plane (out-of-plane) polarization are found in Ti and
Zr, respectively. The plasmons have positive dispersion and can
be traced up to an energy exceeding 30 eV. At lower energy,
we find several other plasmon modes with significantly lower
spectral weight. They are realized at different energies and
possess a positive dispersion.

Similar calculations were performed for the stoichiometric
dihydrides of these metals, TiH2 and ZrH2. We find that the
plasmon energies in these materials are significantly larger in
comparison to pure metals. Thus the main plasmon energy in
TiH2 reaches an average value of 20.5 eV at small momentum
transfers whereas in ZrH2 it blueshifts up to 19.4 eV. A second
plasmon mode with energy of 10 eV is very weak in this
material. Instead, we find another peak in the loss function
at an energy of 24.5 eV. The calculated values for the plasmon
energies in all the materials considered in this work are in pretty
good agreement with existing experimental data.

Like it occurs in pristine metals, we do not find any
collective excitations in their hydrides at low energies. Thus,
despite the presence of several energy bands crossing the
Fermi level with different Fermi velocities, we do not find any
acoustic-like mode in all the studied systems.

On the basis of the calculated bulk dielectric functions, we
investigated the excitation spectra at a surface and in a small
particle of these materials. The data obtained reveal reach
plasmonic structures in such systems. In particular, several
plasmonic excitations can be realized. Comparison of the
particle absorption spectra in the Ti and Zr with those in their
hydrides reveals strong variation in the absorption spectra upon
the hydrogen uptake. It may be relevant for the ultraviolet
plasmonics [99] employing these materials.
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