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The electronic stopping power, S, of HfO2 films for proton and alpha particle beams has been measured and
calculated. The experimental data have been obtained by the Rutherford backscattering technique and cover the
range of 120–900 and 120–3000 keV for proton and alpha particle beams, respectively. Theoretical calculations
of the energy loss for the same projectiles have been done by means of the dielectric formalism using the
Mermin energy loss function—generalized oscillator strength �MELF-GOS� model for a proper description of
the HfO2 target on the whole momentum-energy excitation spectrum. At low projectile energies, a nonlinear
theory based on the extended Friedel sum rule has been employed. The calculations and experimental mea-
surements show good agreement for protons and a quite good one for alpha particles. In particular, the
experimental maximums of both stopping curves �around 120 and 800 keV, respectively� are well reproduced.
On the basis of this good agreement, we have also calculated the inelastic mean-free path �IMFP� and the
stopping power for electrons in HfO2 films. Our results predict a minimum value of the IMFP and a maximum
value of the S for electrons with energies around 120 and 190 eV, respectively.

DOI: 10.1103/PhysRevA.80.062901 PACS number�s�: 34.50.Bw

I. INTRODUCTION

The interaction between energetic charged particles and
matter has been investigated extensively both experimentally
and theoretically since it concerns a topic of considerable
fundamental and applied interests. The energy loss of swift
ions is one of the most relevant aspects of this interaction
and plays a central role in various areas such as microelec-
tronics, materials science, nuclear and plasma physics, radia-
tion detectors, cancer therapy, and space exploration �1�.

Measurements of stopping power represent a demanding
work due to the variety of incident projectiles and energies
�covering several orders of magnitude� and the complexity of
the irradiated targets. Significant effort is required to know
the stopping power in the region around its maximum value
and in the low-energy range for a given medium because the
characteristics of projectile-target electron interactions
change, which makes it difficult for a theoretical treatment.
In addition, available experimental data in this energy range
are scarce or inexistent for interesting projectile-target
combinations.

Continued miniaturization of sizes in complementary
metal-oxide-semiconductor �CMOS� integrated circuits re-
quires the replacement of SiO2 as gate dielectric by alterna-
tive high-dielectric-constant materials �2–4�. Hafnium diox-
ide �HfO2� is one of the most promising candidates, which
already started to replace silicon dioxide in microelectronic
technology due to its high dielectric constant. In addition,
HfO2 has been used in optical coating applications and is a
potential candidate for energy-saving devices �5,6�. Other
uses of HfO2 are found in gas and magnetic sensors. There-
fore, due to the high technological interest on HfO2 films, a
large research effort is necessary in order to connect the
physical properties of this material with the manufacturing

conditions, aiming to find the optimal deposition process and
parameters for a given application.

In order to measure the thickness of HfO2 films and to
predict or simulate range profiles for implantation �7�, the
experimental determination of the stopping power of ion
beams in HfO2 is of significant interest. So, knowledge of
how swift projectiles �ions or electrons� lose energy in HfO2
films is highly necessary.

However, the availability of ion stopping data in com-
pounds is very limited due to experimental difficulties in
preparing and handling compound targets for energy-loss
measurements. To the best of our knowledge, the stopping
power of light ions, such as H and He beams, into HfO2 has
never been measured and only recently the energy-loss strag-
gling has been experimentally obtained �8�.

Additionally, due to the potential use of HfO2 films as a
gate dielectric, the transport of electrons through such mate-
rial must be well characterized. This requires knowledge of
two main quantities: the stopping power and the inelastic
mean-free path �IMFP� of electrons in a wide range of
energies.

In this work, we present the experimental results of the
stopping power for H and He ion beams in HfO2 films ob-
tained using the Rutherford backscattering technique. In ad-
dition, we have also evaluated these magnitudes using two
different approaches: �i� calculations based in the dielectric
formalism, paying especial attention to a proper description
of the electronic properties of the HfO2 films �9,10�, valid at
medium and high projectile energies, and �ii� a nonlinear
model based in the extended Friedel sum rule, which is ap-
propriate at low projectile velocities �11�. We have compared
the experimental results to the theoretical ones and the agree-
ment resulted to be quite good.

Finally, we show calculations of the inelastic mean-free
path and stopping power of HfO2 for electrons in a wide
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incident-energy range. Besides their intrinsic value, these re-
sults serve to validate theoretical predictions �12,13� for the
energy loss and the mean-free paths of electrons in HfO2, but
unfortunately up to now, there are no experimental results to
be compared to.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The HfO2 films were grown on a Si �100� substrate by
radio frequency magnetron sputtering �150 W� using a HfO2
target with a nominal purity of 99.95% and O2 /Ar flow ratio
gas mixture as sputtering gas. The sputtering system was
evacuated to 8.0�10−8 Torr by a turbo molecular pump
backed by a mechanical pump before the deposition. The
total work pressure was 5.7 mTorr during the deposition,
with an Ar gas flow of 19.6 sccm �sccm denotes cubic cen-
timeter per minute at STP� and an O2 /Ar ratio flow of 0.35.
The deposition rate �3.3 nm/min� was checked by the analy-
sis of low-angle x-ray reflectivity scan on one of the HfO2
films and the thicknesses �t=17, 32, 63, 72, and 91 nm� of
the HfO2 films were controlled using the deposition time and
after check by the x-ray reflectivity technique. A Phillips
X-Pert �-2� diffractometer employing Cu K� radiation was
used to obtain the low- and high-angle diffraction scans. The
typical error in the thickness determination was of the order
of 5%. The stoichiometry of the films was checked and con-
firmed by using the Rutherford backscattering �RBS�
technique.

B. RBS measurements

The energy losses of H and He in HfO2 were determined
by means of the Rutherford backscattering technique using
the ion beams provided by the 500 kV ion implanter �for the
lower energies� and the 3 MV Tandetron �for the higher
ones�. These experiments were carried out at the Instituto de
Fisica da Universidade Federal do Rio Grande do Sul �IF-
UFRGS�, Brazil.

For the H beam, the interval of energy covered by the
present experiment was between 120 and 900 keV and the
total detector plus electronic resolution was of the order of 7
keV �full width at half maximum, FWHM�. For the He case,
the investigated energies range from 120 to 3000 keV and
the combined electronic plus detector resolution was 12 keV
�FWHM�.

The sample was mounted on a four-axis goniometer. The
detector position was fixed at 120° with respect to the beam
direction, being 2 millisteradian its aperture. For each inci-
dent energy, the angle between the beam and the normal to
the sample was varied between 0° and 60°. A typical RBS
spectrum resulting from the 72 nm HfO2 target taken with a
He ion beam at 1 MeV is shown in Fig. 1. The selection of
the sample thicknesses was done according to the energy of
the beam. Moreover, in several occasions we have performed
the experiment at a fixed energy changing the samples and
the obtained results were quite similar, independent of the
thickness of the film under analysis. It should be stressed that
the energy stabilities of the Tandetron accelerator as well as

the ion implanter are very good �better than 0.1%� and the
typical RBS currents were of the order of 10–15 nA in order
to avoid pile-up problems

C. Data analysis

The energy loss �E of the H and He ions in a �x-thick
HfO2 layer was evaluated by determining the position of the
edges of the corresponding energy distribution. Since the
maximum energy transferred in a single process is much
smaller than the energy-loss straggling, following Bohr cri-
terion �14�, the energy-loss distribution has a Gaussian
shape. As the experimental resolution is also Gaussian-like,
the back edge of the energy distribution can be fitted with the
error function and the leading edge with the complementary
error function.

The stopping power dE /dx can be obtained from the ex-
perimental data for the ions backscattered at a depth x of the
film, through the following relation based on the mean-
energy approximation �15�:

�E�x� =
xK

cos �1
�dE

dx
�

Ēin

+
x

cos �2
�dE

dx
�

Ēout

, �1�

where K is the kinematic factor, �1 and �2 are the angles of
the sample normal to the incoming beam and the detector
position, respectively, and dE /dx �Ēin�Ēout�

is the stopping

power of HfO2 for the H or He ions of energy Ēin�Ēout�.
In the mean-energy approximation, it is assumed that the

energies along the inward �Ēin� and outward �Ēout� paths are

Ēin= �E+E0� /2 and Ēout= �K ·E+E1� /2, respectively, where
E0 is the energy of the incident particles, E is the energy
immediately before scattering at a depth x, and E1 is the
energy of the backscattered particles emerging from the sur-
face. For each spectrum, E was determined using the energy-
loss ratio method as described in Ref. �15�.

Considering Eq. �1� for ions backscattered at the back of
the HfO2 film, with x equal to the film thickness �x, when
measuring at two �or more� different geometries, a system of
equations is obtained, which can be solved to get the stop-
ping power values dE /dx �Ēin

and dE /dx �Ēout
. For each energy

FIG. 1. �Color online� A typical RBS spectrum resulting from a
72-nm-thick HfO2 target taken with a He ion beam at 1 MeV. The
symbols correspond to experimental data, while the line is a fitting
to these data.
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E0, four measurements were performed under different geo-
metrical conditions ��1=0°, 20°, 40°, and 60°; �2=60°−�1�.
The stopping power and their corresponding energies Ēin and

Ēout were taken as the mean values of the results. Proceeding
in the same way for each energy, the stopping power data for
H and He were obtained �16�. The main source of errors is
due to the dispersion between the different values obtained
for a fixed energy at different angles and film thicknesses.

III. THEORETICAL CALCULATIONS FOR H
AND HE PROJECTILES

Two approaches, a linear theory and a nonlinear one, have
been used to study the electronic energy loss of light ions in
HfO2 films. The former is the dielectric formalism �17�,
which is based on first-order perturbation theory. However,
at low projectile velocities, it is necessary to incorporate
higher-order effects �18�, therefore a nonlinear theory based
in the extended Friedel sum rule �11� has been employed in
this case.

A. Dielectric approach

The dielectric formalism is useful to describe the elec-
tronic interaction of fast-charged particles in solids since it
includes in a self-consistent way the screening of the incident
projectile together with the individual and collective target
electron excitations �17�. The stopping power, Sq, of an ion
with charge q, atomic number Z1, and velocity v, moving
through a solid with a dielectric constant, ��k ,��, can be
written as �10�

Sq =
2e2

�v2�
0

�

d���
�/v

� dk

k
�fq�k��2Im� − 1

��k,��	 , �2�

where 	k and 	� represent the momentum and energy trans-
ferred to the target electrons in an elementary inelastic pro-
cess. fq�k� is the Fourier transform of the projectile charge
density for the charge state q; here, we use the statistical
model developed by Brandt and Kitagawa �19�.

Due to the electron capture and loss by the projectile, the
total stopping power S will be a linear combination of the
stopping power associated to each charge state q of the pro-
jectile, that is,

S = 

q=0

Z1


qSq. �3�

Here, 
q represents the equilibrium q-charge state fractions
of the projectile at each velocity v. We take 
q values from a
parameterization provided by the CASP code �20�, although
for compound targets, this code applies Bragg’s rule �21� to
the target constituents.

To calculate the stopping power from Eq. �2�, we need a
suitable description of the energy-loss function �ELF� of the
target, Im�−1 /��k ,���. We applied the Mermin energy loss
function—generalized oscillator strength �MELF-GOS�
method �9,10� to describe the ELF of HfO2 since it has been
successfully used to describe the ELF of materials with a

complex electronic spectrum �22–24�. Contributions of the
outer- and inner-shell electrons to the excitation spectrum are
treated separately according to the following expression:

Im� − 1

��k = 0,��	 = 

i

Ai Im� − 1

�M��i,�i;k = 0,��	
���� − �th,i� +

2�N

�



j

� j

nl

dfnl
�j��k,��
d�

.

�4�

The first term corresponds to the outer-electron excitations,
which are fitted to the experimental optical spectrum �k=0�
through a linear combination of Mermin-type ELF �25�; �i,
�i, and Ai are, respectively, the plasma frequency, width, and
intensity of the most relevant peaks in the experimental spec-
trum and �th,i is a threshold energy.

The second term in Eq. �4� takes into account the inner-
shell electron excitations, described by their GOSs, where N
is the molecular density of the target, dfnl

�j��k ,�� /d� is the
GOS of the �n , l� subshell of the jth element, and � j indicates
the jth element stoichiometry in the target. For HfO2 films,
the electrons from the K shell of O as well as the K, L and M
shells of Hf are treated as inner electrons. We assume a non-
relativistic GOS in the hydrogenic approach. We have also
checked that a more sophisticated GOS �relativistic and non-
hydrogenic approach� has a negligible influence in the stop-
ping power �26�.

In Fig. 2, we show the experimental energy-loss function
of HfO2 at k=0 as a function of the transferred energy, ob-
tained by Frandon et al. �27�. This spectrum reflects the rich-
ness and complexity of transition metals and it has been
interpreted in terms of interband transitions at low energy,
transitions to high-lying empty states, excitations of core lev-
els, and collective excitations �28,29�. The ELF obtained
from the MELF-GOS model, Eq. �4�, is also shown with the
parameters given in Table I. We demand to the MELF-GOS
method the fulfillment of the f-sum rule at any transferred

FIG. 2. �Color online� Energy loss function of HfO2 as a func-
tion of the transferred energy, 	�, in the optical limit �k=0�. The
dotted line corresponds to experimental data from Frandon et al.
�27�, while the solid line represents the ELF obtained through the
MELF-GOS model.
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momentum; namely, the effective number of target electrons,
Neff, that participate in excitations or ionizations up to a
transferred energy 	�,

Neff�	�� =
m

2�2e2N
�

0

�

d���� Im� − 1

��k = 0,���
	 , �5�

must tend to the total number of target electrons when 	�
→�. In the above expression, m is the electron mass. For
HfO2 films, the f-sum rule is achieved better than 0.1%. One
of the advantages of the Mermin-type ELF is that the f-sum
rule, checked at k=0, is automatically satisfied for all values
of the momentum transfer k. However, due to Pauli’s exclu-
sion principle, the effective number of electrons of the inner
shells �described by the GOS� depends on the momentum
transfer k because there is a transfer of GOS from the deeper
shells to the external ones, and only at 	k→� these elec-
trons behave as free and therefore Neff will be equal to the
number of electrons of each shell. Due to this fact, the first
term in Eq. �4� must be modulated by a factor that depends
on k to guarantee that the f-sum rule must be verified at any
transferred momentum. In Fig. 3, we show the effective
number of electrons as a function of the transferred energy

for several values of k �0, 2, 5, 10, and 50 Å−1�. As we can
see, when 	�→�, the effective number of electrons tends to
the total number of target electrons, independently of the
momentum transfer, which is 88. The mean excitation en-
ergy, I, obtained from the MELF-GOS method gives a value
of I�HfO2�=414 eV for HfO2 films, which is �20% smaller
than the value I�HfO2�=552 eV derived by interpolation
from the ICRU report �30�.

B. Nonlinear method

This method includes three basic aspects �cf. �11,31��.
First, the screening of the ion by the target valence electrons
is represented, in terms of the appropriate phase shifts, using
quantum-scattering theory and performing numerical integra-
tions of the Schrödinger equation to calculate the phase-shift
values. Secondly, the scattering potential is adjusted in a self-
consistent way, for each ion velocity, using the extended
Friedel sum rule �EFSR�, which yields a condition on the
phase shifts. Then, the momentum-transfer cross section is
calculated, as a function of the relative electron-ion velocity
�and for each ion velocity of interest�, using the phase-shift
values. Finally, a complete integration over relative veloci-
ties is performed �considering for each integration a given
ion velocity, v, and a Fermi-sphere distribution for the va-
lence electron velocities�. This procedure is repeated for each
ion charge state and produces a partial-stopping curve for
each case �for the He projectile, the stopping powers for He0,
He+, and He2+ are obtained�. Later on, the total nonlinear
stopping power will be obtained by an average over the pro-
jectile charge state fractions �see Eq. �3��.

IV. RESULTS AND DISCUSSION FOR ION PROJECTILES

The experimental stopping power of HfO2 for H beams is
depicted in Fig. 4 as a function of the projectile energy,
which ranges from 120 to 900 keV. The experimental points
seem to indicate that the stopping power maximum occurs in
the region around 100–120 keV. The solid curve is the result
obtained with the dielectric formalism together with the

TABLE I. Parameters used in Eq. �4� to describe the contribu-
tion of the outer electrons to the ELF spectrum of HfO2. 	�th,i

=5.5 eV corresponds to the gap energy �46�.

i
	�i

�eV�
	�i

�eV� Ai

1 15.2 4.2 9.57�10−2

2 21.2 16.3 2.96�10−1

3 28.0 10.9 1.98�10−1

4 37.3 5.4 3.46�10−2

5 45.7 7.6 1.17�10−1

6 102 218 7.82�10−2

7 403 721 6.39�10−3

FIG. 3. �Color online� Effective number of electrons, Neff, of
HfO2 as a function of the maximum transferred energy for several
values of k: 0 Å−1 �solid line�, 2 Å−1 �dashed line�, 5 Å−1 �dash-
dotted line�, 10 Å−1 �dash-dot-dotted line�, and 50 Å−1 �dotted
line�. The arrow points to 88, which is the total number of electrons
of HfO2.

FIG. 4. �Color online� Stopping power of HfO2 for a H beam as
a function of the incident projectile energy. Experimental data ob-
tained in this work are shown by symbols; results from the dielec-
tric MELF-GOS model are represented by a solid line, while the
dash-dotted line corresponds to frozen protons. The results provided
by the SRIM 2008 code �32� are depicted by a dashed line.
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MELF-GOS model to describe the HfO2 target response. We
observe that the maximum of the stopping power occurs at
around 120 keV as suggested by the experimental results.
The dash-dotted curve represents the same calculation but
assuming that the H projectiles behave as protons with a
frozen charge state. At large projectile energies, both curves
coincide because the charge state for all H projectiles corre-
sponds to protons. However, around and below the stopping
power maximum, the fraction of neutrals increases, which
produces a smaller stopping power as compared to that of a
frozen proton. In this sense, the stopping power of a frozen
proton represents an upper limit to the stopping power, inas-
much as the charge fractions of a compound are not fully
known. It is interesting to emphasize that most of the contri-
bution to the stopping power comes from the outer-shell
electrons described by Mermin-type ELF, whereas the con-
tribution from the oxygen K shell or the hafnium K, L, and
M shells is negligible in this energy range.

The agreement between theory and experiments is quite
good considering the experimental-error limits. Around the
stopping power maximum, some differences arise which
could be attributed to possible errors in the charge fractions
used or to nonlinear terms not included in the dielectric for-
malism. For comparison, we also depict the results provided
by the SRIM code �32�, which are based on an interpolation,
using Bragg’s additivity rule, of the experimental stopping
powers of Hf and O. As it can be observed, its predictions
overestimate the experimental data.

The results for alpha particle beams are depicted in Fig. 5.
Experimental data cover an energy range from 120 to 3000
keV that includes the maximum of the stopping power. The
results obtained from the dielectric formalism with the
MELF-GOS model are also represented. A quite good agree-
ment with the experimental data is achieved in the whole
energy range, in particular for the maximum stopping power.
In this case, the SRIM results �32� are in reasonable agree-
ment in the low-energy region �up to 400 keV�, but for larger
energies, this code slightly overestimates the experimental

data. In the inset of Fig. 5, we show nonlinear calculations
performed using the extended Friedel sum rule method �11�.
As the ELF of the HfO2 is very extended �see Fig. 2�, it is
not clear which value of the one-electron radius rs is more
appropriate, so we model the HfO2 target by rs=1.35 and 1.5
a.u., which correspond to plasma frequencies of 25.6 and 30
eV, respectively �a.u. means atomic units�. This nonlinear
model provides a good description of the experimental data
at the lower energies, underestimating the experimental re-
sults at larger energies. It is worth noting that the outer elec-
trons described by Mermin-type ELF are 56 electrons per
molecule and hence considering only valence electrons can
only account for the lower incident-energy range, where less
target electrons become excited. The nonlinear stopping pre-
dicts values larger than the MELF-GOS model or the SRIM

code. After comparing in Figs. 4 and 5 the stopping power of
proton and alpha particle beams in HfO2 films provided by
several theoretical models with the corresponding experi-
mental data, it is evident that a good description of the target
response spectrum �as provided by the MELF-GOS model�
is necessary to correctly describe the stopping power of
HfO2 in a wide range of projectile energies.

V. ENERGY LOSS CALCULATIONS FOR ELECTRON
BEAMS

Due to the technological interest of HfO2 for integrated
devices, the transport of electrons through such a material
must be well characterized, so theoretical estimations to
know quantitatively how charged particles behave when
moving through this material are required. In particular, the
inelastic energy loss of electron beams is relevant since elec-
trons are the projectiles used in several surface spectroscopy
techniques, such as Auger electron spectroscopy �AES�, re-
flection electron energy-loss spectroscopy �REELS�, low-
energy electron diffraction �LEED�, x-ray photoelectron
spectroscopy �XPS� �33�, and electron Rutherford back-
scattering �34�.

Taking into consideration that the stopping power �this
work� and the energy-loss straggling �8� of HfO2 for H and
He beams present a good agreement between the experimen-
tal data and the theoretical calculations based on the dielec-
tric formalism together with the MELF-GOS model, we ap-
plied the same formalism to evaluate the energy loss of an
electron beam in HfO2 films. For electron projectiles, a basic
parameter is the IMFP, since it is required to interpret quan-
titatively surface spectroscopy techniques such as AES or
XPS �35�. In the dielectric formalism, the IMFP, , and the
stopping power, S, of electrons moving with velocity v
through a target are given by �36�

−1 =
2e2

	�v2�
0

�max

d��
k1

k2 dk

k
Im� − 1

��k,��	 �6�

and

S =
2e2

�v2�
0

�max

d���
k1

k2 dk

k
Im� − 1

��k,��	 , �7�

where k1,2=mv /	���mv /	�2−2m� /	, since the recoil cor-
rection is taken into account. Using the indistinguishability

FIG. 5. �Color online� Stopping power of HfO2 for a He beam
as a function of the incident projectile energy. Experimental data are
shown by black symbols; results from the dielectric MELF-GOS
model are depicted by a solid line, while the dashed line represents
values from SRIM2008 code �32�. In the inset, we also plot, by
means of gray lines, the results corresponding to the nonlinear
model for several values of the rs parameter.
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criterion, i.e., the secondary electron is the one that emerges
with smaller energy after the collision, hence the maximum
energy transfer will be 	�max=mv2 /4.

Figure 6 depicts the theoretical predictions of �a� the
IMFP and �b� the stopping power for electrons in HfO2 films
as a function of their energy. We show by a black solid line
the results obtained with the dielectric formalism and the
MELF-GOS model. These calculations predict a minimum
value around 6.3 Å for the IMFP and a maximum value of
5.5 eV /Å for the stopping power, which correspond to elec-
tron energies around 120 and 190 eV, respectively.

At sufficiently high electron energies, a modified Bethe
equation �36� provides an adequate description of the IMFP,
�E� dependence on energy, given by

 =
E

Ep
2�� ln��E� − C/E + D/E2�

, �8�

where the IMFP is given in nm, E is the electron energy �in
eV�, Ep=28.8�Nv� /M�1/2 is the free-electron plasmon energy
�in eV�, M is the molecular mass, � is the mass density of the
target, Nv is the number of valence electrons per molecule
�for HfO2 �=9.68 g /cm3 and Nv=16 �37��, and �, �, C, and
D are fitting parameters. Note that Eq. �8� represents a modi-
fication of Bethe equation by the inclusion of exchange ef-
fects �38� and departures from the first Born approximation
�39�. We have fitted the electron IMFP obtained from the
MELF-GOS model with Eq. �8�, obtaining the following pa-
rameters for the HfO2 target: �=0.22 eV−1 nm−1, �
=0.056 eV−1, C=15 nm−1, and D=428 eV−1 nm−1; this pa-
rameterization is valid at electron energies larger than 40 eV.

The Tanuma-Powell-Penn formula �TPP2� �12,13� for the
electron IMFP, based on an algorithm developed by Penn
�40�, has been applied to a HfO2 target. In Fig. 6�a�, we show
the TPP2 results for its valid energy range �50–2000 eV�.
The predictions of the TPP2 formula practically coincide
with the results of the MELF-GOS model in the energy range
�200–800 eV; however as the energy moves away from
this region, differences in the IMFP predictions are more
sizeable due to the influence of a proper description of the
HfO2 ELF. Note that the fitting parameters �, �, C, and D for
HfO2 obtained from the MELF-GOS model are different
from the TPP2 formula and allow the calculation of the elec-
tron IMFP even for electron energies larger than the upper
limit of the TPP2 formula.

We also show the electron IMFP and stopping power ob-
tained using an extended Drude model �41� to describe the
ELF of HfO2 target instead of the MELF-GOS model. Re-
sults from both models agree at high electron energies but
there are significant differences at energies lower than 200
eV. The extended Drude model, although equivalent to the
MELF-GOS model in the optical limit, makes an extrapola-
tion at finite transferred momentum through a dispersion
scheme that does not describe correctly the individual exci-
tations at small momentum transfer �42,43�. Besides, we
evaluate the electron IMFP and S from the MELF-GOS
model assuming that the HfO2 excitation spectrum is given
by a single Mermin-ELF �with parameters A1=1, 	�1
=30 eV, and 	�1=21.8 eV�; in this case, neither the IMFP
nor S agree with the other theoretical results. We remind that
this simple ELF considers only 19.4 outer electrons, whereas
a suitable ELF based in experimental optical ELF takes into
account all the 56 outer electrons of the HfO2 target. A recent
calculation �44,45� of the electron IMFP for 1273 eV elec-
trons, corresponding to the Hf 4d5/2 photoelectron line from
HfO2 excited by an Al K� x-rays source, is also included in
Fig. 6; this value coincides with the TPP2 formula.

We also depict estimations of the electron IMFP based in
an experimental quantitative analysis of reflection electron
energy-loss spectra �46�. These results are in reasonable
agreement both with the MELF-GOS model and the TPP2
formula.

In summary, we have shown that an accurate description
of the excitation spectrum of the HfO2 target is necessary in
order to evaluate correctly the electron stopping power and
related magnitudes in solids. The MELF-GOS model has the
advantage that it is based on experimental optical data and
uses a correct description at non-null momentum transfer
given by the Mermin ELF; hence the model is able to evalu-
ate the electron IMFP and stopping power in a wide range of
incident electron energies. Therefore, the MELF-GOS
method is a convenient tool to analyze dielectric materials.
Unfortunately, it should be mentioned there is no available
experimental data of these quantities to contrast the accuracy
of these calculations.

VI. CONCLUSIONS

The stopping power of HfO2 for H and He projectiles has
been measured in an energy range of from 120 to 900 keV

FIG. 6. �Color online� �a� Inelastic mean-free path �IMFP� and
�b� stopping power of electrons in HfO2 as a function of the pro-
jectile energy. The calculations have been done using the dielectric
formalism and the MELF-GOS model �black solid line�, the ex-
tended Drude model �dashed line�, and the MELF-GOS model with
a single Mermin ELF �dash-dotted line�. Panel �a� also shows the
results for the IMFP obtained from the TPP2 parameterization �12�
�gray solid line� and the calculations from Refs. �44,45� �empty
triangle� and �46� �empty circles�.
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for proton beams and 120–3000 keV for alpha particle beams
by using the RBS technique. Theoretical calculations were
done using the dielectric formalism and the MELF-GOS
model to account for the electronic target response. Also
nonlinear calculations using the extended Friedel sum rule
were included for comparison, complementing the dielectric
approach and providing a good description of the experimen-
tal data in the low-energy range. The theoretical-
experimental agreement is good for H ions and quite good
for He ones. In both cases, the theory reproduces very well
the maximum of the stopping power which usually repre-
sents a real challenge for any theoretical description. The
inelastic mean-free path and stopping power of HfO2 for
electron beams have been calculated with the dielectric for-
malism and the MELF-GOS model for a wide range of inci-

dent energies, predicting the minimum IMFP and the maxi-
mum S at electron energies about 120 and 190 eV,
respectively.
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