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Velocity dependence of the energy loss of very slow proton and deuteron beams in Cu and Ag
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We present energy loss measurements of protons and deuterons down to velocities of 0.1 a.u. in very thin
polycrystalline Cu and Ag foils, using the transmission technique. As in previous experiments in Au, a tran-

sition between two energy loss regimes is observed, i.e., from a stopping due to the excitation of only the free
conduction band electrons at the lowest velocities, to a slowing down with the participation of both the free
electrons and the loosely bound d electrons. This transition causes a change of the slope in the energy loss
versus ion velocity curve at a characteristic threshold velocity related to the binding energy of the d electrons.
As shown by model calculations these threshold velocities for Cu and Ag are shifted according to their density

of states distributions.
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A basic process involved in the interaction of ion beams
with matter is the energy loss due to the excitation of target
electrons. This phenomenon is usually characterized by the
electronic stopping power % or the electronic stopping cross
section S= 1%,‘2—5, being N the atomic density of the target. The
corresponding values are fairly well known for energies
above 25 keV/amu, however at very low ion velocities the
knowledge is incomplete due to a lack of accurate measure-
ments. This scarcity is caused by some experimental difficul-
ties, mainly problems in constructing smooth self supporting
films with thicknesses below 30 nm required for the trans-
mission technique, the most straightforward method for these
experiments.

The standard energy loss theories [1-4] for low velocity
light ions in metals, which consider the target electrons as a
free-electron gas, predict a proportionality of the stopping
power with the ion velocity. The existing data tabulations
[5-7] generally confirm this prediction. However low-energy
experiments with protons in Au, Ag, and Cu [8,9] showed
significant departures from the predicted proportionality for
velocities in the range 0.25=<v=0.4 a.u. At these low ve-
locities the energy losses are lower than expected according
to the density-functional theory (DFT) [4]. In Ref. [9] this
departure was explained by including a minimum energy
transfer for the excitation of the nearly free d electrons of the
targets.

Recent experiments [10-12] at yet lower velocities with
H* in Au polycrystals [10] and monocrystals [11] showed a
transition from a velocity-proportional stopping power for
0.1=v=0.15 a.u. to a steeper behavior for larger velocities.
This result was explained in Ref. [11] extending the model of
Ref. [9] by considering a regime at very low velocities with
participation of only the free sp-electrons, and above a cer-
tain threshold velocity v,;,, another regime that includes also
the excitation of the nearly free d electrons [11]. A variation
of this model has been also successfully applied to the en-
ergy loss of protons in the insulators LiF and AlF; [13].

The aim of this paper is the investigation of the very low
and low velocity regimes for Group-11 metals, in particular
Cu and Ag, with the purpose of obtaining further knowledge
on the low-energy behavior and studying possible deviations
from the velocity proportionality prediction [1-4].
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The energy loss determinations were made by the
straightforward transmission technique, complemented by an
electrostatic ion energy analysis. The proton and deuteron
beams were produced with a low-energy accelerator located
at the Centro Atémico Bariloche, Argentina. The ions were
generated on a hot-cathode ion source; accelerated; focused
and filtered in mass and charge before entering on an hydro-
carbon free vacuum collision chamber. The energy disper-
sion of the incident beams was of few eVs.

The polycrystalline Cu and Ag self-supported foils were
made by evaporation over a very smooth plastic substrate
that is subsequently dissolved [14]. The thicknesses Ax were
157+8 A for the copper target and 250+ 12 A for the sil-
ver one. These values were obtained by comparison with
previous stopping power determinations [8,9]. The stated un-
certainties arise from our energy loss determinations and do
not include possible errors of the reference stopping power
values. The thickness inhomogeneities of the targets were
characterized by upper bounds for the roughness coefficients,
being pc,<14% and pr,<12%. These bounds were ob-
tained assuming that all the energy loss straggling of the
energy spectra is due to these inhomogeneities.

The targets were mounted perpendicular to the incoming
beam direction, followed by a 127° cylindrical electrostatic
energy analyzer in the forward direction with an angular ac-
ceptance of 0.5° in one direction and 1.6° in the perpendicu-
lar one.

For projectiles transmitted in the forward direction the
contribution of the nuclear (or elastic) energy loss is reduced,
and was estimated by computer simulations to be less than
the experimental data dispersion. The energy loss data were
taken as the difference between the incident and the most
probable energy of the transmitted ions. In Fig. 1 we show as
an example an energy spectrum of deuterons with incident
energy Ey=1.5 keV/amu after emerging from the Cu foil.

We measured the energy loss of protons and deuterons in
copper and silver in the very low-energy regime, between 0.2
and 9 keV/amu. In Figs. 2 and 3 we show the stopping cross
section as a function of the mean velocity (v)= %(v inFUous) Of
the ions together with the data of Valdés et al. [8,9]. The
agreement between the velocity dependence of the present
stopping power curves and the previous publications in the
overlapping range is excellent.
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FIG. 1. Energy spectrum of 1.5 keV/amu deuterons transmitted
through a 157 A Cu foil.

For both targets the data of protons and deuterons are
coincident within the experimental uncertainties, showing
the absence of an isotopic effect on the stopping power of Cu
and Ag for H* and D* in this energy range.

The experimental data plotted in Fig. 2 clearly show that
at the lowest energies ((v)=<0.15 a.u.) the stopping power of
Cu is proportional to the projectile velocity. For higher ener-
gies the slope of the curve is increased and the proportional-
ity relationship is broken. The stopping curve for the Ag
target (Fig. 3) shows a similar behavior, with the low-energy
regime holding up to velocities of about 0.2 a.u.

To describe the experimental data presented in this work
we applied the theoretical model used in Ref. [11] for the
stopping power of Au for protons and deuterons in the range
of very low velocities. The model considers a stopping force
dE/dx for slow ions with a friction coefficient Q that de-
pends on the projectile velocity v
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FIG. 2. (Color online) Stopping cross section for hydrogen ions
in Cu, as a function of the mean projectile velocity (with the
equivalent energy shown in the upper scale). Open circles show
proton data, full circles correspond to deuterons. Open squares are
previous data of Valdés er al. [9]. The high energy value of this data
was used as reference stopping power in this work. Solid line cor-
responds to a DFT calculation for a free-electron gas with ry
=2 au.
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FIG. 3. (Color online) Stopping cross section for hydrogen ions
in Ag, as a function of the mean projectile velocity (with the
equivalent energy shown in the upper scale). Open circles show
proton data, full circles correspond to deuterons. Open squares are
previous data of Valdés et al. [8]. The high energy value of this data
was used as reference stopping power in this work. Solid line cor-
responds to a DFT calculation for a free-electron gas with rg
=2.1 au.

Z—f=Q(v)v- (1)

In this work Q(v) is separated in two components for the
electronic stopping: one represents the excitation of the con-
duction or free-electron band (of mixed s, p character) and
the other is produced by the nearly free d electrons. This
friction coefficient is calculated using the theoretical frame-
work of the transport cross section, incorporating a minimum
energy transfer U for the d electrons in order to take into
account their binding energy. Using atomic units, its value is
given by

b sp s d d
0() =n"v¥ o + ntvial, (2)

where n*” and n? are the densities of free and d electrons, v’
and v are the corresponding Fermi velocities, and o and

i, are the respective momentum-transfer cross sections
(MTCS). The MTCS’s are calculated as

m

o,(v,U)= 27rf If(0)]*(1 = cos H)sin 646, (3)

Omin(U0)

f(0) being the scattering amplitude and 6,;,(U,v) the mini-
mum scattering angle given by [11]

o5 Bpie) =1~ . @)
vy,

In this equation v, is the relative (electron-ion) velocity.
Following [3], in this work the mean relative velocity was
approximated by v,=(3/4)vy. For the free electrons U,,=0
and their contribution to the stopping coefficient Q does not
depend on v. On the other hand, for the nearly-free d elec-
trons U,>0, so they contribute to Q only for velocities

032904-2



VELOCITY DEPENDENCE OF THE ENERGY LOSS OF...

PHYSICAL REVIEW A 80, 032904 (2009)

mean velocity (a.u.)

FIG. 4. Stopping cross section for protons and deuterons in cop-
per. Full circles: present experimental results. Curves: solid line,
theory total result; dotted line, free electron contribution; dash-
dotted line, nearly-free-electron contribution. The minimum energy
transfer of the d electrons in this calculation is U;=3 eV.

greater than a threshold velocity v,,, with a velocity depen-
dence arising from Egs. (2)—(4).

We calculated the scattering amplitudes for the sp and the
d electrons by using the DFT phase shifts of Puska and Ni-
eminen [15] for an electron gas characterized by the usual
parameter r,. The contribution of the sp electrons of each
target was obtained by adjusting the r, value fitting the low-
energy slope of the stopping power data. These results are
shown with solid lines in Figs. 2 and 3. The effective density
of the d electrons was adjusted to obtain a total electronic
stopping power of the theoretical model in agreement with
the experimental results.

Using the DFT results of Ref. [15] we calculated the r,
value for the very low stopping power energy regime, obtain-
ing rf”:Z and r?g=2.l for Cu and Ag respectively. These
values correspond to densities of roughly 2.4 and 3 free
sp-electrons for each target atom. It may be noted that al-
though the very low velocity behavior of the stopping power
measurements in these metals is produced by the excitation
of the free sp-electrons, also the nearly free electrons partici-
pate in the interactions. These combined effects are here rep-
resented by the effective r, values indicated above.

The theoretical calculations are shown in Figs. 4 and 5
together with the experimental results. The most striking fea-
tures of the measurements, i.e., the change of the slope of the
stopping cross section curves at very low velocities and also
the different position of the threshold velocity v,, for both
targets are very well reproduced by the model. The stopping
contribution of the free sp electrons is proportional to v as
was previously stated. However, the d electrons only contrib-
ute to the stopping power of ions faster than a certain thresh-
old velocity v,,. The agreement between the experimental
data and the model is very good for both targets, with only
some discrepancies at the highest energies for Ag.

Using a minimum energy transfer to d electrons of US“
=3 eV for the Cu calculations, the model gives a threshold
velocity vgl“: 0.16 a.u. In the case of silver, the correspond-
ing values are U3¢=5 eV and v)#=0.22 a.u. It is worth to
mention that the mean binding energies of d electrons from
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FIG. 5. Stopping cross section for protons and deuterons in sil-
ver. Full circles: present experimental results. Curves: solid line,
theory total result; dotted line, free-electron contribution; dash-
dotted line, nearly-free-electron contribution. The minimum energy
transfer of the d electrons in this calculation is U,;=5 eV.

Cu and Ag, according to density of states calculations [16],
are 3.0 and 4.9 eV, respectively, which agree very well with
the above mentioned US" and U%¢ values. So according to
the present theory, the observed higher threshold velocity for
Ag respect to Cu is a consequence of the deeper position of
the silver d electron band [16].

An aspect that can also be observed in Figs. 4 and 5 is the
slight bending of the energy loss vs v curve beyond v=uvy,.
This is also a consequence of the contribution of the d elec-
trons, which has a nonlinear dependence on v due to the
minimum excitation energy U,,.

One feature that is not predicted by the model and was
adjusted to fit the experimental data is the value of the effec-
tive densities of both the sp and the nearly free d electrons.
This aspect is important to characterize the relative contribu-
tion to the stopping cross section of each electronic compo-
nent, and requires further development.

To summarize, measurements of the stopping power of Cu
and Ag for very low-energy hydrogen ions are presented. No
isotopic effects between H" and D* were found for both
targets within the experimental uncertainties.

The energy dependence of the stopping power does not
follow the predictions of standard theories, in a similar way
to what has been observed for Au. The measured curves
show a transition from a velocity proportionality with a re-
duced slope at very low energies, to a steeper dependence
above a certain threshold velocity vy,

The experimental results are well reproduced by the
model of Ref. [11] which considers a transition from a stop-
ping regime due to the excitation of only the conduction
electrons to a more complex behavior at higher energies
where the contribution of the nearly free d electrons excita-
tion is also present.

The values of the minimum energy transfer to d electrons
U, used in the theoretical model, for both Cu and Ag, are in
good agreement with the mean binding energies of these
electrons given by density of states calculations. The corre-
sponding values of v, (larger for Ag than for Cu) are there-
fore explained by those binding energy values.
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Considering also the previous results for Au [11], this
work extends the applicability of the theoretical model for
the low velocity behavior of the stopping power of the group
11 metals: Cu, Ag, and Au.

PHYSICAL REVIEW A 80, 032904 (2009)

This work was partially supported by ANPCYT of Argen-
tina (Project No. PICT 903/07). E.D.C. acknowledge support
from the Consejo Nacional de Investigaciones Cientificas y
Técnicas (CONICET), Argentina.

[1] E. Fermi and E. Teller, Phys. Rev. 72, 399 (1947).

[2] T. L. Ferrell and R. H. Ritchie, Phys. Rev. B 16, 115 (1977).

[3] A. Mann and W. Brandt, Phys. Rev. B 24, 4999 (1981).

[4] P. M. Echenique, R. M. Nieminen, and R. H. Ritchie, Solid
State Commun. 37, 779 (1981).

[5] H. H. Andersen and J. F. Ziegler, in Stopping and Ranges of
Ions in Matter, edited by J. F. Ziegler (Pergamon, New York,
1977) Vol. 3.

[6] J. F. Janni, At. Data Nucl. Data Tables 27, 341 (1982).

[7] M. J. Berger, J. S. Coursey, M. A. Zucker, and J. Chang, Na-
tional Institute of Standards and Technology, pstar Stopping-
power and Range Tables for Protons, http://physics.nist.gov/
PhysRefData/Star/Text/PSTAR.html

[8]J. E. Valdés, G. Martinez Tamayo, G. H. Lantschner, J. C.
Eckardt, and N. R. Arista, Nucl. Instrum. Methods Phys. Res.
B 73, 313 (1993).

[9] J. E. Valdés, J. C. Eckardt, G. H. Lantschner, and N. R. Arista,

Phys. Rev. A 49, 1083 (1994).

[10] S. P. Chenakin, S. N. Markin, E. Steinbauer, M. Draxler, and P.
Bauer, Nucl. Instrum. Methods Phys. Res. B 249, 58 (2006).

[11] E. A. Figueroa, E. D. Cantero, J. C. Eckardt, G. H. Lantschner,
J. E. Valdés, and N. R. Arista, Phys. Rev. A 75, 010901(R)
(2007).

[12] S. N. Markin, D. Primetzhofer, S. Prusa, M. Brunmayr, G.
Kowarik, F. Aumayr, and P. Bauer, Phys. Rev. B 78, 195122
(2008).

[13] L. N. Serkovic, E. A. Sénchez, O. Grizzi, J. C. Eckardt, G. H.
Lantschner, and N. R. Arista, Phys. Rev. A 76, 040901 (2007).

[14] A. Valenzuela and J. C. Eckardt, Rev. Sci. Instrum. 42, 127
(1971).

[15] M. J. Puska and R. M. Nieminen, Phys. Rev. B 27, 6121
(1983).

[16] V. L. Moruzzi, J. F. Janak, and A. R. Williams, Calculated
Electronic Properties of Metals (Pergamon, New York, 1978).

032904-4



