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Electronic energy loss of slow protons channeled in metals
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The electronic energy loss for low-velocity protons channeled if10€) 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
[S1050-294®@7)05311-F

PACS numbdis): 61.85+p, 34.50-s

INTRODUCTION the use of a self-consistent model to calculate the electronic
energy loss of the channeled protons after the simulation has
The problem of ion-solid interactions in the low-energy been performed.
range is a subject of great interest for studies on radiation In the present paper we generalize that model by includ-
damage in solids, ion implantation, surface processes, arifig explicitly a friction term in the dynamic of the proton
other applications. In addition, this is one of the areas wher@articles. The electronic structure of the host material is rep-
the development of theoretical models still poses several diflesented through the calculated density of states and electron
ficult questiong 1]. charge density. The contribution of the different electron
Theoretical calculations of the stopping power of slowbands to the energy loss is evaluated. In order to represent
ions predict, in the case of metallic targets, a simple proporthe channeling process we use a molecular-dynamics ap-
tionality with the ion velocity[2,3]. However, recent experi- Proach in which the proton trajectories are determined from
ments with noble metal have shown significant deviationghe classical equations of motion, under the influence of the
from this prediction, even for the Simp|e case of protonspotentia| produced by the nuclei and core electrons, and sub-
[4-6]. ject also to a dissipative friction force resulting from the
From experimental determination of proton energy losgnteraction with the valences( p, andd) electrons.
AE by a target of thicknesax, it is customary to define the The friction coefficient is modeled Iocally by an effective
friction coefficient asQ(v)=(1/v)(AE/Ax), with v being  electron density that takes into account only a fraction of
the mean proton velocit{s]. Experiments in monocrystal- Vvalence electrons. This fraction corresponds to the electrons
line Au show a very strong deviation of stopping, namely,that can be excited by the proton at its instantaneous posi-
[Q(0.7)—Q(0.2)]/Q(0.7)~50% as shown in Fig. #5]. In  tion. The value of the friction coefficient is evaluated using
polycrystals the deviation is not as strong as in monocrystaldoth a detailed spatial description of the valence electron
due to multiple scattering and a more uniform and higher, orflensity of the host and a model for the energy transfer to
average, electronic density as compared with a single char@lectrons in a collision.
nel in a monocrystal. In the case of a polycrystalline sample, The energy-loss distributions for protons in channeling,
a deviation of[Q(0.6)— Q(0.22)]/Q(0.6)~28% is found, through monocrystalline Au and AtL0O), is calculated and
which is significan{6]. From the experimental point of view the most probable energy loss is compared with experimental
this effect cannot be exp|ained by nuclear Stopping or byiata for proton velocities ranging from 0.1 to 1.0 a.u. The
secondary effects, such as path length enlargement due €xperiments show no velocity dependence for the friction
multiple scattering, effective foil-thickness variation due to coefficient in Al[6] and a strong variation with velocity in
foil roughness, or the accuracy in the thickness determinatiothe case of Ay4-6]. The model presented here describes
[11]. The origin of this deviation was explained as arisingvery well the energy-loss behavior with velocity in both
from the so-called threshold effect in the excitation cf Cases.
electrons in those metal& 1].
On the other hand, in a recent studg] we have devel- | MODEL
oped a model to simulate the slowing down of channeled '
protons in a crystalline solid. This model includes a band The stopping of a positive ion at low velocities by an
structure calculation to represent the electronic densitglectronic gas of uniform density is usually given by the
within the channel, a simulation of proton trajectories, andfollowing relation[8—10]:
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whereQ. is the friction coefficient, AE
Qe(N)=nveay(n), (2

and ay(n) is the transport cross section. This model is valid

for proton velocities, which are less than the Fermi veloc-

ity of the electrons = (372n)Y3. In the free-electron gas 0 &

the energy and pseudomomentum are related k)

=#2k?/2m. This parabolic relationship gives rise to a square v | g -

root shape for the density of states. In a real metal onl\sthe

states are parabolic near thepoint in the Brillouin zone, Energy

and in this sense they can be treated as free for the ion

stopping. Other electronic states have no parabolic shape and FIG. 1. The figure shows schematically the total DOS for solid

sometimes they can be very localized below the Fermi levelAu as a function of electron energy. The zero of energy is defined at

that is, the case af electrons in the majority of the transition the bottom of the bands is calculated locally to adjust the va-

metals. lence electron density,,. and e¢ is the Fermi level. AE is an
Based on these considerations we propose a model for tffyérage energy transfer to one electron, V)’ith initialenesgy

electronic stopping in solids that takes into account both thé=#F+ 10 an excited energy level >e¢, with &'=¢+AE.

local density and the local energy distribution of the elec- o ) ) ) )

trons in the target host. If the lower ]lmlt of integration,eg in Eq. (5), is taken as
The present theoretical model assumes a local approxim&: thenni,.=n is the total number of valence electrofeer

tion for the stopping power as predicted by the free-electron4nit volume for a given material. Our model fixes thg

gas model, for each incident velocity, but with a varying value'ln such a way that the local electronic density can

electronic density depending on the region explored by th&e written as

proton along the channel in its trajectory. At low velocities,

the proton channels only if its impact parameter is near the N — FF (2)ds 6)

axis; in this region the valence electronic density is low and loc™ ¥ . Yot :

the stopping power is reduced. As the proton energy in-

creases, it can explore regions further away from the axisvhereg,,(¢) is the total DOSg,,=gs+ Jp+ -

without being dechanneled; then, if on average the sampled |n some locations within the channel, primarily near the

electronic density is higher, the stopping increases as well.nuclei, the local charge density can be higher than the aver-

On the other hand, the electrons in the solid are boundege number of valence electrori8y in case of Al and 1%
so the creation of an electron-hole pair is achieved only if thgor Au). In that caseg, is taken equal to zero, i.e., we

proton loses a minimum of energy in a binary collision. Thisintegrate in the complete bandwidths.
energy threshold is the difference between the Fermi energy To estimate the threshold energy for nemlectrons we

and the energy of the electronic state of the involved elecyse an average of the energy transfer to a single electron,
tron. Then, only a fraction of the electrons at the instantap g, in a binary collision[11]

neous proton position can be excited and contribute to the

friction coefficient. AE=00,(Ne) B(Nie):;
Consequently the friction coefficient can be written as

TotalDOS

hereg is defined as the average value of ¢os({) over the

Qe(Net) = Neftv e Net) Ot Net), @ normalized cross-section function,

where the effective electron density; is now a local prop-

erty depending on both the instantaneous proton position and |£(6)|%[1—cog 6)]dQ
the excitation spectra of the electrons. B(Nige) = )
On each point, we model the valence electronic density loc 5 ’
Niec, @S given by a contribution & p, andd electrons, i.e., f [F(6)|7dQ
Nioc=Ns+Np+ Ny, ) wheref(6) is the scattering amplitude that depends on elec-

tronic density through the phase shifts, andn,,) is the

where average of the relative velocity of the electrons over the total
ep density of states, given by
n=| "a(e)de. ©
) (Moo 1ng (2)v,(2)d ®
vn = eg)v,(€)UeE.
Here,gs, d,, andgq stand for the -projected density of T Nige £g 79 '

states(DOY) of the host materialy is a volume factor that
for fcc structure isy=4/a%, wherea is the lattice parameter. Herev,(¢) is given by the usual expressi¢h2]
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20 FIG. 3. Typical energy-loss distribution for protons emerging
from channel 100 in Al. The simulation was done using over®10
trajectories with random incident impact parameters with respect to

0 the channel axis. The protons incident velocity is 0.3 a:u2.25
0 ' 0 ' 00 ' 0 keV) and the average channel length wax)= 25a (a=4.05 A).

Energy (Ry) . . . .
In this caseng<<ny,, and this expression gives us the

FIG. 2. Density of electronic states in fcc Ab€4.05 A) and  effective density of electrons that participate in the proton
fcc Au (a=4.08 A) as a function of energy calculated by the linear €N€rgy loss process and will be considered as nearly free
muffin-tin orbital method14,15. The upper panel shows the par- electrons in Eq(3).

tial DOS fors+p (solid line) andd (dotted ling electrons for Al. The second possibility is<ep. In this case we take all
The lower panel shows partial-p (dotted ling, andd (solid line ~ the local density electrons participating in the stopping
DOS in case of Au. The position of the Fermi energyis indi-  power, that is,

cated by an arrow in both cases. We clearly see thad thlectrons

play almost no role in the case of Al, whereas in Au their role is Neft=Njoc=Ns+ Np+Ng. (1D

crucial, giving an important contribution to electronic energy loss

for protons in channeling experiments. The third situation is: = . In that case the energy level

€ is unoccupied, and therefore

Ve[ (v +1 L 1 3 9
vi(e) =g, v o : C) Nef= 0. (12)
Finally, in any case, the local friction constant is given by
ve is the free electron velocityj.e., v2=2¢ in a.u). Eq. (3).
Once we estimatAE in every step of the simulation, we
compare this energy with the bandwidth:(~¢,) of the Simulation of proton trajectories

valence elgctrons. On average the proton will lose an energy The simulation of proton trajectories was done by solving
AtEf and th{f} er'1:ergy.v|wll rieu?_e the ene(rjgy ct)r]; ?Q eleclztrolnt.to &he motion equation for a proton moving under the effect of
state olv%r tﬁ ermi e\l/e. 0 ptrrc])cee t'WI ftica Eu a |o|n wo forces, the first arising from a repulsive potential that
Wwe include the energy 10Ss on the motion ol the Chann€leg, a5 the metallic nuclei and electron cores, and second,

cesses, where electrons with energiese absorb, on the
average, an energpAE, and consider only those events

where the final energy’ =¢+ AE is above the Fermi level iy, agaptive time stepe3]. The practical calculation of the

(¢'>eg) . In this way we take into account tttlreshold — gacron density is carried out using the tight-binding linear
effectin the energy los§11]. Figure 1 indicates the different . i¢in-tin orbitals (TB-LMTO) method[14,15. Here, the

energy variables cited above. The detail of the calculated \gience electronic density is evaluated for the metal in a
p, andd electron density of states for the cases of Al and Auregular mesh of 64 64X 64 points in the unit cell.

are shown in Fig. 2. o The dynamical simulations of the trajectories are repeated
_ Depending on the: value we can have three situations: ¢ nhroton velocities in the range of 0-11.0 a.u, i.e., they
first, if 6> &0, Nerr is given by were experimentally the energy loss for protons in(AG0)
and in polycrystalline Al were measured. A number of 10
histories was simulated for each proton velocity. The simu-
1 " .
Nefr= N+ N+ yf gy(e”)ds". (10) lated cha.nnel Iength was ag 1QO A). A typical spectrum
e of emerging particles is shown in Fig. 3.

efficient of Eq.(2) [7]. Numerical solutions of the motion
equations are done using a Runge-Kutta method of order 4
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FIG. 4. Friction coefficienQ for protons in Au as a function of FIG. 5. Friction coefficien for protons in Al as a function of

the mean proton velocity in atomic units. The open squgt8sand  the mean proton velocity in atomic units. The open squété
circles[6] are the data obtained from experimental proton energyand circles[6] represent those values obtained from experimental
loss measurements in polycrystalline Au thin films. The solid dia-proton energy-loss measurements in polycrystalline Al thin films.
monds show the experimental values for protons channeled iThe dashed line shows the result of the simulation for the electronic
(100 Au [5]. The dashed line shows the result of the simulation forfriction coefficient in Eq.(3) considering thangs=n,y., Without

the electronic friction coefficient in Eq3) considering thahes  energy threshold effect for protons channeledliiQ) Al. The solid
=Ny, Without energy threshold effect, for protons channeled injine represents th® values given by the present simulation, includ-
(100 Au. The solid line represents th@ value obtained from a ing an energy threshold fat electrons.

simulation including the threshold effect.

Ill. DISCUSSION
Il. RESULTS .
By comparing theQ values, which have been calculated

Figure 4 shows the friction coefficie® for protons in  from the simulation of proton trajectories, with the experi-
Au as a function of the mean proton velocity in atomic units.mentalQ values shown in Figs. 4 and 5 we observe excellent
The open squarg46] and circleq 6] represent th€ values  agreement between the theoretical model and the experi-
obtained from experimental proton energy loss measurements. In the case of polycrystalline Au, the experiment
ments in polycrystalline Au thin films. The solid diamonds shows higher stopping than that of monocrystalline Au in the
show the experimental friction coefficient for protons chan-(100) direction. This can be explained on the basis that the
neled in Au(100) [5]. The dashed line shows the result of average electron density is higher in the polycrystal, and that
the simulation for the electronic friction coefficie@tin Eq.  the nuclear stopping is also higher. However, the behavior of
(3) considering thahgs= Ny, Without energy threshold ef- Q with proton velocity is similar in both cases, indicating
fect, for protons channeled in A400. The small deviation that this is an effect of the electronic structure of Au rather
from a straight line at the lowest velocities is produced bythan of the crystal structure.
the hyperchanneling effe¢proton trajectories very close to The energy loss due to momentum transfer to nuclei is not
the channel axis, where the electronic density is low&@d$te  contained in our model, since the force on the proton arising
solid line represents th@ value obtained from further simu- from nuclei and core electrons is modeled by a conservative
lations, but including the threshold effect on the excitation ofpotential, and nuclei remain fixed. However, the nuclear
d electrons according to Eq610), (11), and(12). The con-  stopping is smaller than the electronic stopping in channeling
tribution of f electrons is negligible, because of its small conditions and should be smaller in Au than in Al due to
occupation fractior{see Discussion sectian their atomic mass differences. We observe that in AuQhe

Figure 5 shows the results for the friction coefficients ob-values obtained by the simulation are always low approxi-
tained for protons in Al. The open squards$]| and circles mately by a constant shift of 10% with respect to the experi-
[6] represent th&) values obtained from experimental pro- mental results. This deviation may be explained, among
ton energy-loss measurements in polycrystalline Al thinother causegthickness determinations, crystalline defects,
films. One can see that the experimer@aValue is approxi-  structural disorder, and angular acceptance in the detection
mately constant as a function of the mean projectile velocityprocedurg by nuclear energy loss. Presently we are investi-
This indicates a free-electron-like behavior for the electroniggating the inclusion of nuclear stopping in our simulation
stopping power for protons in Al . The dashed line shows thenodel.
result of the simulation for the electronic friction coefficient  The occupation of the electronic states for electrons in
Q in Eq. (3) considering thatngg=n,., without energy solid Au is 5d%35f%1%s%® 6p%7> as obtained from the TB-
threshold effect, for protons channeled in(ADO). The solid  LMTO calculation for fcc Au with a lattice parameter of 4.08
line represents th@ values given by the present theoretical A. In solid fcc Al with a lattice parameter of 4.05 A the
model calculated for proton in Al100), including an energy electronic configuration is §-23p14°3d%%. We clearly see
threshold ford electrons. Both theoretical curves are ap-that the role of the localized electrons in Au is much more
proximately equal because of the small occupation fractioimportant than in Al due to its high electron population.
of d electrons in solid Al. Moreover, in Al the spatial distribution of valence electrons
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in the (100 channel is more homogeneous than that of Au  The present model contains no free parameters, and incor-
(100). This explains why the&) values obtained for Al are porates the electronic band structure of each element through
very insensitive to proton velocity and also why the energya realistic calculation of the spatial distribution of valence
threshold ford electrons plays almost no role. electrons and electronic density of states.

On the other hand, to our knowledge, there are no mea- The friction constant of the dissipative force includes two
surements of proton energy loss in Al monocrystals in themain effects: the spatial inhomogeneities of the electron den-
(100 direction for velocities in the range 0.1-1.0 a.u. How- sity and a minimum excitation energy for localized electrons
ever, the experimental results for polycrystalline Al are veryin the host. These two effects are crucial to our understand-
similar to those of the simulation in channeling conditions.ing of the experimental energy loss for protons channeled in
This is a consequence of the higher spatial uniformity of thethin metallic films at low velocities.
electron density in solid Al than in solid Au. Then, averaging Comparisons of the friction coefficients obtained with the
guantities depending on the valence electron density ovepresent model with experimental available data in fcc Au and
different directions in Al, so as to emulate polycrystal, will fcc Al show very good agreement, which indicates that the
give similar results to those calculated in one particular difpresent model may be extended to the case of polycrystalline
rection. This is not the case for Au, as discussed above. solids and semiconductors.

IV. CONCLUSION
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