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Abstract

The electronic stopping power su�ered by ions penetrating periodic crystals is investigated within linear response the-

ory. A full treatment of the dynamical response of valence electrons is made, starting from a realistic description of the

one-electron band structure and using ab initio non-local pseudopotentials. The dynamical density-response function is

obtained in the random-phase approximation. Results for the stopping power of aluminum averaged over impact pa-

rameters are presented. Ó 1998 Elsevier Science B.V.

PACS: 71.45.Gm; 79.20.Nc; 34.50.Bw
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1. Introduction

The stopping power of charged particles pene-
trating a solid has been the subject of considerable
theoretical and experimental research, since the be-
ginning of this century [1±4]. The electronic stop-
ping power of valence electrons has been
calculated for many years on the basis of a jellium
model of the electron gas [5], in which electronic
states are described by plane waves. In a more re-
alistic approach to the stopping power of real sol-
ids, valence electrons move in a periodic potential,
electronic states are described by Bloch states, and

the spectrum of one-electron excitations splits into
so-called energy bands.

Recently, Quong and Eguiluz [6] carried out an
ab initio evaluation, within the random-phase ap-
proximation (RPA) [7], of the plasmon dispersion
relation in Al, and found the crystal lattice to low-
er the plasmon frequency for large wave vectors by
as much as 4 eV, in agreement with the experimen-
tal data [8]. Subsequently, Fleszar et al. [9] evaluat-
ed the dynamical structure factor of Al crystal for
large wave vectors and concluded that an experi-
mentally observed [10] two-peak loss structure is
a band-structure e�ect. Both calculations and sim-
ilar recent work by other authors [11,12], have es-
tablished the importance of band-structure e�ects
in the response of valence electrons, even in the
case of simple free-electron-like metals such as Al.
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On the basis of approximate treatments of the
dielectric matrix of periodic crystals [13,14], the
stopping power of valence electrons in real solids
has been described [15±19] over the years within
linear response theory. More recently, the low-ve-
locity limit has been investigated on the basis of a
static treatment of the density-response [20] and ab
initio band-structure based dynamical calculations
of the electronic stopping power have been pre-
sented [21].

In this paper we ®rst outline, in Section 2, our
method for the evaluation of the stopping power
of valence electrons in periodic crystals. In Sec-
tion 3, we present RPA results for the random
stopping power of Al crystal.

2. Theory

We consider a particle of charge Z1 (atomic
units are used throughout, i.e., �h � e � me � 1)
moving in a periodic crystal with velocity v at a
given impact parameter b.

The position-dependent stopping power is ob-
tained as the energy loss per unit path length of
the projectile, and in the case of periodic crystals
with inversion symmetry it is found to be given
by the following expression [18,21]:
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where X represents the normalization volume, the
®rst sum runs over q vectors within the ®rst Brill-
ouin zone, and G are vectors of the reciprocal lat-
tice. The star in the third summation indicates that
only those reciprocal vectors which are perpendic-
ular to the velocity of the projectile, i.e., K � v � 0,
are included. Finally, �ÿ1

G;G0 �q;x� is the inverse di-
electric matrix in momentum space,
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vG;G0 �q;x� representing the Fourier coe�cients of
the dynamical density-response function.

The average of Eq. (1) over impact parameters
gives the following expression for the random
stopping power:
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which is identical to the K � 0 part of the position-
dependent stopping power.

If S is a symmetry operation of the point group
of the periodic crystal, one can take advantage of
the symmetry properties of the dielectric matrix
under rotation and write

�G;G0 �Sq;x� � �Sÿ1G;Sÿ1G0 �q;x�: �4�
Thus the random stopping power can be evaluated
from the knowledge of the dielectric matrix for
wave vectors q lying in the irreducible element of
the Brillouin zone, according to

ÿ dE
dx

� �
random

� ÿ 8p
Xv

Z2
1

XIBZ

q

X
S

X
G

�Sq�G� � v
jSq�Gj2

� Im �ÿ1
Sÿ1G;Sÿ1G q; �Sq�G� � v� �; �5�

where the ®rst sum runs over q vectors within the
irreducible element, and the second sum runs over
the symmetry operations which generate the wave
vectors in the star of each q.

In the RPA, the coe�cients vG;G0 �q;x� of
Eq. (2) are obtained by solving a linear matrix
equation which relates them to the Fourier coe�-
cients v0

G;G0 �q;x� of the density-response function
for non-interacting electrons [22],
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where the second sum runs over the band structure
for each wave vector k in the ®rst Brillouin zone,
fk;n are Fermi factors, and /k;n represent one-elec-
tron Bloch states with energies Ek;n.
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The input to our entire calculation of the ran-
dom stopping power given by Eq. (5) is a self-con-
sistent solution of the ground state of the periodic
crystal. The one-electron Bloch states /k;n are ex-
panded in a plane wave basis with a kinetic-energy
cuto� of 12 Ry. Then we solve for the coe�cients
of this expansion self-consistently with an e�ective
one-electron potential consisting only of the aver-
age electrostatic interaction between the electrons
and the electronic±ionic background electrostatic
interaction (Hartree approximation). The elec-
tron±ion interaction is described by a non-local,
norm-conserving pseudopotential generated ac-
cording to the Hamann et al. scheme [23]. The
sum over the BZ in both the polarizability of
Eq. (6) and the stopping power of Eq. (5) has been
performed on 10� 10� 10 Monkhorst±Pack
meshes [24], which we have found to be enough
for convergence in the case of projectiles moving
with velocities up to v � 2 a.u. In this velocity re-
gime, i.e. 0 < v < 2 a.u., on the order of 30 bands
are required for convergence.

3. Results and discussion

Fig. 1 exhibits the velocity dependence of the
random RPA stopping power of valence electrons
in Al crystal, together with the corresponding re-
sult for a homogeneous electron gas with the same

average valence electron density, i.e., rs � 2:07.
For comparison, the RPA stopping power of jell-
ium electrons with rs � 2:14 (the e�ective electron
density parameter for which the plasmon energy
for q � 0 is the same as in Al crystal, xp � 15
eV) is represented in the same ®gure by a dotted
line. Stopping powers of both crystal and jellium
Al have been evaluated from Eq. (5), on the basis
of crystal and jellium calculations of the polariza-
bility of Eq. (6), with the sum over G extended to
15 vectors of the reciprocal lattice, the magnitude
of the maximum momentum transfer q�G being
2:8qF (qF is the Fermi momentum). The sampling
of the BZ required in Eq. (6) was done in conjunc-
tion with a choice of a ®nite value of g of 0.65 eV.

Our results show that the stopping power of Al
crystal is, for projectile velocities smaller than the
Fermi velocity, a linear function of the velocity
and about 3% higher than the stopping power of
jellium electrons. This slight enhancement of the
stopping power is a consequence of the fact that
the imaginary part of the polarizability v0

G;G�q;x�
is slighlty enhanced at low frequencies (where it in-
creases linearly with frequency) when the band
structure of the valence electrons is taken into ac-
count [9].

We remark that at velocities below v � 0:1 a.u.
just two bands are required to account for the ener-
gy loss; this is a plausible result. At larger velocities
excitations to higher bands become possible, and
we ®nd that convergence is achieved, for
v < 2 a:u:, if one considers on the order of 30 bands.

The threshold velocity for which plasmon exci-
tation becomes possible is 1.27 and 1.23 a.u. in the
case of electrons in jellium with rs � 2:07 and
rs � 2:14, respectively, resulting in a shift in the
jellium curves of Fig. 1 for these velocities. In the
case of valence electrons in Al crystal a similar,
though less intense, peak appears at a lower veloc-
ity. This is a consequence of the threshold velocity
of heavy projectiles in Al crystal being smaller
than predicted within a jellium model of the target
with rs � 2:07 and also with rs � 2:14, as can be
concluded from an inspection of the plasmon dis-
persion curve for Al crystal of Ref. [6], which we
have reproduced.

At high frequencies the imaginary part of the
density-response function vG;G�q;x� for band elec-

Fig. 1. RPA electronic stopping powers, as a function of the ve-

locity of the projectile. n-band calculations for Al crystal are

represented by crosses (n � 2) and circles (n � 30). Calculated

stopping powers for jellium with rs � 2:07 and rs � 2:14 are

represented by solid and dotted lines, respectively.
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trons is, within the electron±hole pairs continuum,
smaller than in the case of jellium electrons [9].
Preliminary results show that band structure cor-
rections lower the stopping power of electrons in
jellium by about 10% at and just above the thresh-
old velocity.

In summary, we have presented new results of
ab initio calculations of random stopping power
of Al crystal, as a function of the velocity of the
projectile, for velocities up to v � 2 a.u. Our results
indicate that band structure corrections for this
free-electron-like material are small but non-negli-
gible. While at low velocities the stopping power is
slightly enhanced when the full band structure is
taken into account, for velocities on the order of
the plasmon threshold velocity smaller values for
the stopping power are expected, band structure
corrections being on the order of 10%. A more de-
tailed presentation of our ab initio calculations of
both random and position-dependent electronic
stopping powers of Al for a wide range of non-rel-
ativistic projectile velocities will be published else-
where [25].

Acknowledgements

We thank P.M. Echenique for stimulating dis-
cussions. I.C., J.M.P. and A.G. acknowledge par-
tial support by the University of the Basque
Country and the Basque Unibertsitate eta Ikerketa
Saila under contracts UPV063.310EA056/96,
GV063.310-0017/95 and UPV060.310EA149/95.
A.G.E. acknowledges support from the National
Science Foundation Grant No. DMR-9634502
and from the National Energy Research Super-
computer Center.

References

[1] N. Bohr, Philos. Mag. 25 (1913) 10; 30 (1915) 581.

[2] H. Bethe, Ann. Phys. (Leipzig) 5 (1930) 325.

[3] F. Bloch, Ann. Phys. (Leipzig) 16 (1933) 285; Z. Phys. 81

(1933) 363.

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

[5] J. Lindhard, K. Dan. Vidensk. Selsk. Mat. Fys. Medd. 28

(8) (1954) 1.

[6] A.A. Quong, A.G. Eguiluz, Phys. Rev. Lett. 70 (1993)

3955.

[7] See, e.g., D. Pines, Elementary excitations in solids, ch. 3,

Addison±Wesley, New York, 1963.

[8] J. Spr�osser-Prou, A. vom Felde, J. Fink, Phys. Rev. B 40

(1989) 5799.

[9] A. Fleszar, A.A. Quong, A.G. Eguiluz, Phys. Rev. Lett. 74

(1995) 590.

[10] P. Eisenberger, P.M. Platzman, K.C. Pandy, Phys. Rev.

Lett. 31 (1973) 311; P.M. Platzman, E.D. Isaacs, H.

Williams, P. Zschack, G.E. Ice, Phys. Rev. B 46 (1992)

12943; W. Schulke, H. Schulte-Schrepping, J.R. Schmitz,

Phys. Rev. B 47 (1993) 12426; B.C. Larson, J.Z. Tischler,

E.D. Isaacs, P. Zschack, A. Fleszar, A.G. Eguiluz, Phys.

Rev. Lett. 77 (1977) 1346.

[11] F. Aryasetiawan, Karlsson, Phys. Rev. Lett. 73 (1994)

1679.

[12] N.E. Maddocks, R.W. Godby, R.J. Needs, Europhys.

Lett. 27 (1994) 681; Phys. Rev. B 49 (1994) 8502.

[13] L. Adler, Phys. Rev. 126 (1962) 413.

[14] N. Wiser, Phys. Rev. 129 (1963) 62.

[15] F. Bonsignori, A. Desalvo, Lett. Nuovo Cimento 1 (1969)

589; F. Bonsignori, A. Desalvo, J. Phys. Chem. Solids 31

(1970) 2191; A. Desalvo, R. Rosa, J. Phys. C 10 (1977)

1595.

[16] W.M. Saslow, G.F. Reiter, Phys. Rev. B 7 (1973) 2995.

[17] F.F. Komarov, M.A. Kumakhov, Rad. E�. 22 (1974) 1;

A.F. Burenkov, F.F. Komarov, M.A. Kumakhov, Phys.

Status Solidi B 99 (1980) 417.

[18] O.H. Crawford, C.W. Nestor, Phys. Rev. A 28 (1983)

1260.

[19] P.L. Grande, G. Schiewietz, Phys. Lett. A 163 (1992) 439.

[20] T.M.H.E. Tielens Gerrit, E.W. Bauer, T.H. Stoof, Phys.

Rev. B 49 (1994) 5741.

[21] J.M. Pitarke, I. Campillo, A.G. Eguiluz, in: Proceedings of

the 17th Werner Brandt Workshop on Charged Particle

Penetration Phenomena, Charlottesville, Virginia, 1997;

R.J. Mathar, S.B Trickey, J.R. Sabin, ibid., 1997.

[22] See, e.g., A.G. Eguiluz, A. Fleszar, J.A. Gaspar, Nucl.

Instr. and Meth. B 96 (1995) 550.

[23] D.R. Hamann, M. Schluter, C. Chiang, Phys. Rev. Lett.

43 (1979) 1494; D.R. Hamann, Phys. Rev. B 40 (1989)

2980.

[24] H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13 (1976) 5188.

[25] I. Campillo, J.M. Pitarke, A.G. Eguiluz, A. Garc�õa, to be

published.

106 I. Campillo et al. / Nucl. Instr. and Meth. in Phys. Res. B 135 (1998) 103±106


