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Electronic energy loss of slow protons channeled in metals

J. E. Valdés and P. Vargas
Departamento de Fı´sica, Universidad de Santiago de Chile, Casilla 307, Santiago, Chile
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~Received 22 April 1997!

The electronic energy loss for low-velocity protons channeled in the^100& direction of single-crystal Au and
Al is calculated. The proton trajectories are determined by solving the equation of motion. In the proton
dynamics two forces are included, a repulsive term arising from the nuclei and core electrons and a friction
force, depending on proton velocity, arising from the valence electrons. The repulsive force on the proton is
evaluated using a superposition of conservative potentials. The friction coefficient is evaluated by using the
local density of valence electrons, and a quantum-mechanical transport cross-section approach with a self-
consistent model based on Friedel’s sum rule. The results allow us to describe the nonlinear behavior of energy
loss with ion velocity observed experimentally in Au, as well as the linear behavior observed in Al.
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PACS number~s!: 61.85.1p, 34.50.2s
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INTRODUCTION

The problem of ion-solid interactions in the low-ener
range is a subject of great interest for studies on radia
damage in solids, ion implantation, surface processes,
other applications. In addition, this is one of the areas wh
the development of theoretical models still poses several
ficult questions@1#.

Theoretical calculations of the stopping power of slo
ions predict, in the case of metallic targets, a simple prop
tionality with the ion velocity@2,3#. However, recent experi
ments with noble metal have shown significant deviatio
from this prediction, even for the simple case of proto
@4–6#.

From experimental determination of proton energy lo
DE by a target of thicknessDx, it is customary to define the
friction coefficient asQ(v)5(1/v)(DE/Dx), with v being
the mean proton velocity@5#. Experiments in monocrystal
line Au show a very strong deviation of stopping, name
@Q(0.7)2Q(0.2)#/Q(0.7)'50% as shown in Fig. 4@5#. In
polycrystals the deviation is not as strong as in monocryst
due to multiple scattering and a more uniform and higher,
average, electronic density as compared with a single ch
nel in a monocrystal. In the case of a polycrystalline sam
a deviation of@Q(0.6)2Q(0.22)#/Q(0.6)'28% is found,
which is significant@6#. From the experimental point of view
this effect cannot be explained by nuclear stopping or
secondary effects, such as path length enlargement du
multiple scattering, effective foil-thickness variation due
foil roughness, or the accuracy in the thickness determina
@11#. The origin of this deviation was explained as arisi
from the so-called threshold effect in the excitation ofd
electrons in those metals@11#.

On the other hand, in a recent study@7# we have devel-
oped a model to simulate the slowing down of channe
protons in a crystalline solid. This model includes a ba
structure calculation to represent the electronic den
within the channel, a simulation of proton trajectories, a
561050-2947/97/56~6!/4781~5!/$10.00
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the use of a self-consistent model to calculate the electro
energy loss of the channeled protons after the simulation
been performed.

In the present paper we generalize that model by incl
ing explicitly a friction term in the dynamic of the proto
particles. The electronic structure of the host material is r
resented through the calculated density of states and elec
charge density. The contribution of the different electr
bands to the energy loss is evaluated. In order to repre
the channeling process we use a molecular-dynamics
proach in which the proton trajectories are determined fr
the classical equations of motion, under the influence of
potential produced by the nuclei and core electrons, and s
ject also to a dissipative friction force resulting from th
interaction with the valence (s, p, andd) electrons.

The friction coefficient is modeled locally by an effectiv
electron density that takes into account only a fraction
valence electrons. This fraction corresponds to the electr
that can be excited by the proton at its instantaneous p
tion. The value of the friction coefficient is evaluated usi
both a detailed spatial description of the valence elect
density of the host and a model for the energy transfer
electrons in a collision.

The energy-loss distributions for protons in channelin
through monocrystalline Au and Al^100&, is calculated and
the most probable energy loss is compared with experime
data for proton velocities ranging from 0.1 to 1.0 a.u. T
experiments show no velocity dependence for the frict
coefficient in Al @6# and a strong variation with velocity in
the case of Au@4–6#. The model presented here describ
very well the energy-loss behavior with velocity in bo
cases.

I. MODEL

The stopping of a positive ion at low velocities by a
electronic gas of uniform densityn is usually given by the
following relation @8–10#:
4781 © 1997 The American Physical Society
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4782 56J. E. VALDÉS, P. VARGAS, AND N. R. ARISTA
dE

dx
52Qev, ~1!

whereQe is the friction coefficient,

Qe~n!5nvFs tr~n!, ~2!

ands tr(n) is the transport cross section. This model is va
for proton velocitiesv, which are less than the Fermi velo
ity of the electronsvF5(3p2n)1/3. In the free-electron gas
the energy and pseudomomentum are related by«(k)
5\2k2/2m. This parabolic relationship gives rise to a squa
root shape for the density of states. In a real metal only ths
states are parabolic near theG point in the Brillouin zone,
and in this sense they can be treated as free for the
stopping. Other electronic states have no parabolic shape
sometimes they can be very localized below the Fermi le
that is, the case ofd electrons in the majority of the transitio
metals.

Based on these considerations we propose a model fo
electronic stopping in solids that takes into account both
local density and the local energy distribution of the ele
trons in the target host.

The present theoretical model assumes a local approx
tion for the stopping power as predicted by the free-electr
gas model, for each incident velocity, but with a varyi
electronic density depending on the region explored by
proton along the channel in its trajectory. At low velocitie
the proton channels only if its impact parameter is near
axis; in this region the valence electronic density is low a
the stopping power is reduced. As the proton energy
creases, it can explore regions further away from the a
without being dechanneled; then, if on average the sam
electronic density is higher, the stopping increases as w

On the other hand, the electrons in the solid are bound
so the creation of an electron-hole pair is achieved only if
proton loses a minimum of energy in a binary collision. Th
energy threshold is the difference between the Fermi ene
and the energy of the electronic state of the involved e
tron. Then, only a fraction of the electrons at the instan
neous proton position can be excited and contribute to
friction coefficient.

Consequently the friction coefficient can be written as

Qe~neff!5neffve~neff!s tr~neff!, ~3!

where the effective electron densityneff is now a local prop-
erty depending on both the instantaneous proton position
the excitation spectra of the electrons.

On each point, we model the valence electronic den
nloc , as given by a contribution ofs, p, andd electrons, i.e.,

nloc5ns1np1nd , ~4!

where

nl5gE
«0

«F
gl~«!d«. ~5!

Here,gs , gp , andgd stand for thel -projected density of
states~DOS! of the host material.g is a volume factor that
for fcc structure isg54/a3, wherea is the lattice parameter
e
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If the lower limit of integration,«0 in Eq. ~5!, is taken as
0, thennloc5n is the total number of valence electrons~per
unit volume! for a given material. Our model fixes the«0
value in such a way that the local electronic densitynloc can
be written as

nloc5gE
«0

«F
gtot~«!d«, ~6!

wheregtot(«) is the total DOS,gtot5gs1gp1gd .
In some locations within the channel, primarily near t

nuclei, the local charge density can be higher than the a
age number of valence electrons,~3g in case of Al and 11g
for Au!. In that case,«0 is taken equal to zero, i.e., w
integrate in the complete bandwidths.

To estimate the threshold energy for non-s electrons we
use an average of the energy transfer to a single elect
DE, in a binary collision@11#

DE5vv r~nloc!b~nloc!;

hereb is defined as the average value of 12cos(u) over the
normalized cross-section function,

b~nloc!5

E u f ~u!u2@12cos~u!#dV

E u f ~u!u2dV

, ~7!

where f (u) is the scattering amplitude that depends on el
tronic density through the phase shifts, andv r(nloc) is the
average of the relative velocity of the electrons over the to
density of states, given by

v r~nloc!5
1

nloc
E

«0

«F
ggtot~«!v r~«!d«. ~8!

Herev r(«) is given by the usual expression@12#

FIG. 1. The figure shows schematically the total DOS for so
Au as a function of electron energy. The zero of energy is define
the bottom of the bands.«0 is calculated locally to adjust the va
lence electron densitynloc and «F is the Fermi level.DE is an
average energy transfer to one electron, with initial energy«
<«F , to an excited energy level«8.«F , with «85«1DE.



e

r
o
n
le

pr

ts
l

t
d
Au

s:

e
on
free

l
ng

l

by

ng
of
at
nd,

er 4

ar

a

ted

0
u-

ar
r-

is
ss

ng

t to

56 4783ELECTRONIC ENERGY LOSS OF SLOW PROTONS . . .
v r~«!5
ve

2

6vF S v
ve

11D 3

2U v
ve

21U3G . ~9!

ve is the free electron velocity,~i.e., ve
252« in a.u.!.

Once we estimateDE in every step of the simulation, w
compare this energy with the bandwidth («F2«0) of the
valence electrons. On average the proton will lose an ene
DE, and this energy will raise the energy of an electron t
state over the Fermi level. To proceed with the calculatio
we include the energy loss on the motion of the channe
protons by assuming a random occurrence of excitation
cesses, where electrons with energies«,«F absorb, on the
average, an energyDE, and consider only those even
where the final energy«85«1DE is above the Fermi leve
(«8.«F) . In this way we take into account thethreshold
effectin the energy loss@11#. Figure 1 indicates the differen
energy variables cited above. The detail of the calculates,
p, andd electron density of states for the cases of Al and
are shown in Fig. 2.

Depending on the« value we can have three situation
first, if «.«0, neff is given by

neff5ns1np1gE
«

«F
gd~«9!d«9. ~10!

FIG. 2. Density of electronic states in fcc Al (a54.05 Å! and
fcc Au (a54.08 Å! as a function of energy calculated by the line
muffin-tin orbital method@14,15#. The upper panel shows the pa
tial DOS for s1p ~solid line! andd ~dotted line! electrons for Al.
The lower panel shows partials1p ~dotted line!, andd ~solid line!
DOS in case of Au. The position of the Fermi energy«F is indi-
cated by an arrow in both cases. We clearly see that thed electrons
play almost no role in the case of Al, whereas in Au their role
crucial, giving an important contribution to electronic energy lo
for protons in channeling experiments.
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In this caseneff,nloc, and this expression gives us th
effective density of electrons that participate in the prot
energy loss process and will be considered as nearly
electrons in Eq.~3!.

The second possibility is«<«0 . In this case we take al
the local density electrons participating in the stoppi
power, that is,

neff5nloc5ns1np1nd . ~11!

The third situation is«>«F . In that case the energy leve
« is unoccupied, and therefore

neff50. ~12!

Finally, in any case, the local friction constant is given
Eq. ~3!.

Simulation of proton trajectories

The simulation of proton trajectories was done by solvi
the motion equation for a proton moving under the effect
two forces, the first arising from a repulsive potential th
models the metallic nuclei and electron cores, and seco
the dissipative force given by Eq.~1!, using the friction co-
efficient of Eq. ~2! @7#. Numerical solutions of the motion
equations are done using a Runge-Kutta method of ord
with adaptive time steps@13#. The practical calculation of the
electron density is carried out using the tight-binding line
muffin-tin orbitals ~TB-LMTO! method @14,15#. Here, the
valence electronic density is evaluated for the metal in
regular mesh of 64364364 points in the unit cell.

The dynamical simulations of the trajectories are repea
for proton velocities in the range of 0.121.0 a.u, i.e., they
were experimentally the energy loss for protons in Au^100&
and in polycrystalline Al were measured. A number of 15

histories was simulated for each proton velocity. The sim
lated channel length was 25a (;100 Å!. A typical spectrum
of emerging particles is shown in Fig. 3.

FIG. 3. Typical energy-loss distribution for protons emergi
from channel̂ 100& in Al. The simulation was done using over 105

trajectories with random incident impact parameters with respec
the channel axis. The protons incident velocity is 0.3 a.u. (;2.25
keV! and the average channel length was^Dx&5 25a (a54.05 Å!.
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II. RESULTS

Figure 4 shows the friction coefficientQ for protons in
Au as a function of the mean proton velocity in atomic uni
The open squares@16# and circles@6# represent theQ values
obtained from experimental proton energy loss meas
ments in polycrystalline Au thin films. The solid diamond
show the experimental friction coefficient for protons cha
neled in Au^100& @5#. The dashed line shows the result
the simulation for the electronic friction coefficientQ in Eq.
~3! considering thatneff5nloc , without energy threshold ef
fect, for protons channeled in Aû100&. The small deviation
from a straight line at the lowest velocities is produced
the hyperchanneling effect~proton trajectories very close t
the channel axis, where the electronic density is lowest!. The
solid line represents theQ value obtained from further simu
lations, but including the threshold effect on the excitation
d electrons according to Eqs.~10!, ~11!, and~12!. The con-
tribution of f electrons is negligible, because of its sm
occupation fraction~see Discussion section!.

Figure 5 shows the results for the friction coefficients o
tained for protons in Al. The open squares@16# and circles
@6# represent theQ values obtained from experimental pr
ton energy-loss measurements in polycrystalline Al t
films. One can see that the experimentalQ value is approxi-
mately constant as a function of the mean projectile veloc
This indicates a free-electron-like behavior for the electro
stopping power for protons in Al . The dashed line shows
result of the simulation for the electronic friction coefficie
Q in Eq. ~3! considering thatneff5nloc , without energy
threshold effect, for protons channeled in Al^100&. The solid
line represents theQ values given by the present theoretic
model calculated for proton in Al̂100&, including an energy
threshold ford electrons. Both theoretical curves are a
proximately equal because of the small occupation frac
of d electrons in solid Al.

FIG. 4. Friction coefficientQ for protons in Au as a function o
the mean proton velocity in atomic units. The open squares@16# and
circles @6# are the data obtained from experimental proton ener
loss measurements in polycrystalline Au thin films. The solid d
monds show the experimental values for protons channele
^100& Au @5#. The dashed line shows the result of the simulation
the electronic friction coefficient in Eq.~3! considering thatneff

5nloc , without energy threshold effect, for protons channeled
^100& Au. The solid line represents theQ value obtained from a
simulation including the threshold effect.
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III. DISCUSSION

By comparing theQ values, which have been calculate
from the simulation of proton trajectories, with the expe
mentalQ values shown in Figs. 4 and 5 we observe excell
agreement between the theoretical model and the exp
ments. In the case of polycrystalline Au, the experime
shows higher stopping than that of monocrystalline Au in
^100& direction. This can be explained on the basis that
average electron density is higher in the polycrystal, and
the nuclear stopping is also higher. However, the behavio
Q with proton velocity is similar in both cases, indicatin
that this is an effect of the electronic structure of Au rath
than of the crystal structure.

The energy loss due to momentum transfer to nuclei is
contained in our model, since the force on the proton aris
from nuclei and core electrons is modeled by a conserva
potential, and nuclei remain fixed. However, the nucle
stopping is smaller than the electronic stopping in channe
conditions and should be smaller in Au than in Al due
their atomic mass differences. We observe that in Au, theQ
values obtained by the simulation are always low appro
mately by a constant shift of 10% with respect to the expe
mental results. This deviation may be explained, amo
other causes~thickness determinations, crystalline defec
structural disorder, and angular acceptance in the detec
procedure! by nuclear energy loss. Presently we are inve
gating the inclusion of nuclear stopping in our simulati
model.

The occupation of the electronic states for electrons
solid Au is 5d9.315 f 0.146s0.8 6p0.75 as obtained from the TB-
LMTO calculation for fcc Au with a lattice parameter of 4.0
Å. In solid fcc Al with a lattice parameter of 4.05 Å th
electronic configuration is 3s1.23p1.45 3d0.35. We clearly see
that the role of the localizedd electrons in Au is much more
important than in Al due to its high electron populatio
Moreover, in Al the spatial distribution of valence electro

-
-
in
r

FIG. 5. Friction coefficientQ for protons in Al as a function of
the mean proton velocity in atomic units. The open squares@16#
and circles@6# represent those values obtained from experimen
proton energy-loss measurements in polycrystalline Al thin film
The dashed line shows the result of the simulation for the electro
friction coefficient in Eq.~3! considering thatneff5nloc , without
energy threshold effect for protons channeled in^100& Al. The solid
line represents theQ values given by the present simulation, inclu
ing an energy threshold ford electrons.
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56 4785ELECTRONIC ENERGY LOSS OF SLOW PROTONS . . .
in the ^100& channel is more homogeneous than that of
^100&. This explains why theQ values obtained for Al are
very insensitive to proton velocity and also why the ene
threshold ford electrons plays almost no role.

On the other hand, to our knowledge, there are no m
surements of proton energy loss in Al monocrystals in
^100& direction for velocities in the range 0.1–1.0 a.u. Ho
ever, the experimental results for polycrystalline Al are ve
similar to those of the simulation in channeling condition
This is a consequence of the higher spatial uniformity of
electron density in solid Al than in solid Au. Then, averagi
quantities depending on the valence electron density o
different directions in Al, so as to emulate polycrystal, w
give similar results to those calculated in one particular
rection. This is not the case for Au, as discussed above.

IV. CONCLUSION

According to the obtained results and based on the th
retical framework of the model we conclude the following

The dynamical simulation of proton trajectories includi
both a periodic repulsive potential together with a dissipat
term arising from the excitation of valence electrons allo
us to explain the energy loss of channeled protons in me
s,
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The present model contains no free parameters, and in
porates the electronic band structure of each element thro
a realistic calculation of the spatial distribution of valen
electrons and electronic density of states.

The friction constant of the dissipative force includes tw
main effects: the spatial inhomogeneities of the electron d
sity and a minimum excitation energy for localized electro
in the host. These two effects are crucial to our understa
ing of the experimental energy loss for protons channeled
thin metallic films at low velocities.

Comparisons of the friction coefficients obtained with t
present model with experimental available data in fcc Au a
fcc Al show very good agreement, which indicates that
present model may be extended to the case of polycrysta
solids and semiconductors.
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