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Energy and angular momentum transfer in the excitation of electron-hole pairs by slow dimers
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We calculate the transfer of energy and angular momentum through electron-hole pair excitations for a slow
dimer in an electron gas. We show that the Kohn-Sham procedure can be used under the adiabatic conditions
that prevail in the shifted Fermi sphere approximation. We obtain the low-energy limit of the friction coeffi-
cient and average angular momentum transfer from a self-consistent calculation for the embedded dimer. We
apply our theory to Kl and LiH molecules. We use our results to evaluate the role of electron-hole pair
excitations when a molecule approaches a metal surface.

[. INTRODUCTION “turbulence.” This form of the adiabatic approximation
should be valid in the low-energy range. It has been used
The study of adsorption and dissociation of molecules orextensively for atoms since the pioneering work of
surfaces is a field of great activity due to its implications for Echeniqueet al!! In the low-velocity limit, the stopping
catalytic processes. In most cases, the molecule-surface ipower of an electron gas varies linearly with the velocity of
teraction is described by an adiabatic potential-energy suthe moving particle and can be evaluated from the descrip-
face. The latter approach neglects inelastic processes duetion of the particle at rest embedded in a jellidfnMore
the interaction with phonons and/or electron-hole pair crerecently, calculations have been perforifed that go be-
ation. Phonons are of increasing importance when increasingpnd first order in atomic velocity. They have shown that the
the molecular mass. Many contributions have been devotefihear dependence applies up to velocities close to the Fermi
to its introduction into molecule-surface dynamisee, e.g., velocity. Results for a homogeneous electron gas can be used
Refs. 1 and 2 for a reviewMuch more controversial is the to evaluate the stopping of atoms or ions approaching a sur-
discussion on the contribution of electronic excitatiésse  face through the use of a local approximation.
Refs. 1 and Bin spite of experimental evidené€.The fric- In the present work we calculate the friction coefficient
tion caus<_ad _by glectron—hole pair creatipn is also re_leva_nt ®r a dimer in a homogeneous electron gas. Until now, only
energy d7|SS|pat|on by adsorbed species as in vibrationglrejiminary nonlinear calculations have been performed for
damping’ and elgptromlgratloﬁ. the molecular ca$é1® because the axial symmetry of the
ele-lc-\tl\rlgnr-ﬁ)llr:ef;gwIgrsegzigr?%?aa(:hnfzv?r?gn g:r;;?edirt10aenvzlllé§8r0blem complicat(_as the ce_l_lculation O)] the static poten;ial
i . . of the embedded dimer, artiil) the scattering of the medium
tron gas. The first orfestarts with the conventional Born- lect in the latt tential. The first of th W int
Oppenheimer approximation in which the electronic motionc corons In the fatter potential. The Tirst of these two points
is determined in the field dixednuclei. As electronic exci- has been addressed in Ref. 17, where the Kohn-Sham poten-
tial has been evaluated self-consistently. We show here that

tations of arbitrarily low energy are available in a metal, the )
motion of the molecule provokes a breakdown of the Born-the theory of Ref. 17 provides the ground to calculate the

Oppenheimer approximation. One then follows, as the mol€N€rdy loss and angular momentum transfer of slow dimers
ecule evolves in the medium, individual electronic excita-" & free-electron gas at low velocities. We use the local
tions giving rise to a frictional and fluctuating force. The PProximation to estimate the contribution of electronic ex-
second approach, used in the present contribution, makes uSkations to the energy dissipation of thermal molecules ap-
of a different adiabatic approximation: the shifted FermiProaching a metal surface. ,

sphere approximatiohlt corresponds to a stationary elec- Atomic units are used throughout unless otherwise stated.
tronic statein the projectile frame which means that the

electron gas adapts itself instantaneously to the position of

the projectile. However, in contrast with the Born- Il. THEORY

Oppenheimer appro>_<imation, this st_ationary state accounts » konhn-Sham theory for energy and angular momentum

for the molecule motiortfor example, in the case of a mov- transfer

ing atom, the stationary state does not have a spherical

symmetry®). In this picture, individual electronic excitations  Although Kohn-Sham theory has been used in many non-
are averaged over by the rapid electronic motiadiabatic ~ linear calculations of the stopping power of an electron gas,
approximation so that the resulting effect is a mere friction 0 our knowledge no justification of its validity has been
force. In other terms, one can view this approximation agProposed. The starting point is a generalization of the proof
corresponding to a “laminar flow” of electrons by the pro- given in Appendix A of Ref. 10. We introduce the wave
jectile, the adiabatic character being related to the absence @inction ¥ (t) and HamiltonianH(t) describing the elec-
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tronic motion in the presence of the moving projectitethe oY
present case the dimerThe energy lost by the projectile
with velocity v per unit path length 8

dE 1 dH(t)
darR- ;(‘I’(t)l —ar )

1 d FIG. 1. Geometry and notations. The dimer axis is al@ng
=— —f drn[r— R(t)]&V[r— R(t)]. (1) and the velocitw lies in theXZ plane. We name: the polar angle
v of v with respect tdOZ and y the angle betweek andv.

Heren is the density and/ is the interaction potential be-
tween the projectilgwith position referred to byR) and
electron. In Eq.(1) we have used the fact that the latter
potential is a one-electron local operator. The expression AE=v-Ak. (3
thus obtained depends on the many-electron state onll)_/et k andk’
through the density. It was shown in Ref. 10 that the Kohn-
Sham procedure provides the exact time-dependent densi
in the adiabatic approximation, which is justified for low-
projectile velocities. Therefore, E¢Ll) provides the required de 1 327

justification of Kohn-Sham theory for energy-loss calcula- 4R 13 SFSd kk“v - oy(K), (4)
tions in the low velocity limit.

A similar justification of Kohn-Sham theory can be pro- wherey is a unitary vector along the direction of the velocity
vided for the average angular momentum transfer per unignd the integration is performed over a shifted Fermi sphere
path length: (SFS. As the Kohn-Sham potential does not have a spherical
symmetry for the dimer case, the transport cross section
oy (k) is a vector quantity:

the energy transfer may be associated with the momentum
transfer to the electronsk through the expression

(k=k") be the initial and final momenta of the
lectron in an individual collision. The total energy lost by
e projectile per unit path leng@is:

d(AJy 1d . i .
=5 gl YORIT )= ~(FOIIVO, I ).

dR v dt o
@ (k)= f A0, (R~ R F(k K2, 5

The operatorj is a one-electron and first-order differential HereR and R' are unitary vectors in thke andk’ directions
operator. Therefore, Eq2) can also be cast into a form respectively, andf(k,k’) is the transition amplitude from

similar to that of Eq.(1), i.e., depending on the many- jnjtial statek to final statek’. The transition amplitude is
electron state through the density only. This justifies agairhptained from

the use of Kohn-Sham theory. )

Once we have shown the validity of the Kohn-Sham pro- f(KK )= < A (KY™( O,
cedure, we are then led to solving a much simpler problem in (kD =7¢ z‘n im(KYT (), ©
which the projectile interacts with noninteracting electrons. ith
Within Kohn-Sham theory, it is equivalent to calculate theW!
energy loss through E@l) or through the energy transfer by

electron scattering in the Kohn-Sham potential of the moving Aim(k) = 2 tr (OLYP(Q1*,
dimer(see, e.g., Ref. J0A similar equivalence holds for the V'\m
evaluation of the angular momentum transfer. tm(k)=i"7'ST,(k)— S @

In practice, the static Kohn-Sham potential has been de-
termined within the local-density approximatiDA). The  andY"(Q),,) are spherical harmonics. The scattering matri-
relevant methods have been described elsewhared are ces S (k) are built using the asymptotic behavior of the

only summarized here. We expand the external and total pgkohn-Sham orbitald®” For a spherically symmetric poten-
tentials, as well as the electronic density induced by th‘?ial, 3Tr(k) is a diagonal matrix with elemené2 4, &, being

d;?tiearl_'cvécg emxe(ztj]rsri]ééni;elzgf doffolr‘?ﬁgn}?cr)ﬁn?g'%;%mﬁfit‘aﬁthe phase shifts, and the conventional expression is regained.
b b " For the evaluation of Eq4), we use the geometry de-

Consequently, the usual Kohn-Sham equations are tran icted in Fia. 1. TheOZ axis is the dimer axis and points
formed into a system of coupled equations for each value O?rom atom,gtov.vards atomB. The velocity lies in theF))(Z

the energy and the magnetic quantum nunrthefhe system ) . . .
of coupled equations is solved after truncation of the partial-plane' The angle between the velocity and the dimer axis is

. : : : . and the angle between the velocity and kheector isy.
wave expansion and potential muIUpoIay expansion at Certall:Iofhe integral ir? Eq(4) is easily perform):ed to first order ir? the
maximum values (., and v, respectively.

velocity to obtain

1
B. Energy transfer S_)Uﬂomf koF(l_ COS)’)kéU'O'tr(kF), )
Our starting point is the expression of the energy transfer
for a projectile of mass much larger than the electron massn which the transport cross section is calculated for a static
To first order in the ratio of the electron to projectile mass,dimer. The expression for a spherically symmetric potential
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can be easily recovered for cross-checking purposes: then
o, (ke) is a scalar quantity that only depends on the cosine of o4 (K) = f d€)./(sin ) cosey — sin by, cosey )| f(k,k')|?
the angle betweeh andk’.
It is important to realize that a consistent calculation to 47 2
first order in the velocity using the static Kohn-Sham poten- = 2 |Ajm(K)|? sin 6, cose,—
tial requires Eq.(8). It has been showfl already that the k 3
direct use of Eq.1) with a density determined from the
static potential leads to incorrect results. This can be verified X > R AL (KA ms1(K)
for the case of Ref. 6: we have checked that the error shown Lm
in Table Il of the latter reference is almost totally explained
by the use of the incorrect procedure. ,
The first term inside the integral in E¢8) gives a zero ¢ mm+1,— 1)]] ' (14
contribution sinc&

where Re stands for real part and the angular
fk,k")=Ff(—k',—k). 9) Z(l4,15,13;my,m,, m3) coefficients are the result of compos-
ing three spherical harmonics, and are defined in terms of
If we decompose the transport cross section into componentgigner 3j symbols:
parallel and perpendicular to the dimer axis, the energy loss
can be written as {(l1,15,13:mg,my, ms)

=(—1)™(2l+ DY 21, + 1) VA 205+ 1) M2

S(@)=Fp cofa+F vsirta, (10)
FR P |3)( R P |3)
. (15)

X

with 0 0 0/\-m;y m, mg
kg The sums oveft in Egs. (13) and (14) run from =0 to |

Fi=— FJ' koFa-ﬂr(kF)coseuF (11 =lmax. The allowed values of’ andm are determined by
the properties of the angular coefficierdtsThis is also true

for the sums appearing in the following equations and for

which the limits are not explicitly written. Introducing these

expressions in Eq$ll) and(12) and performing the angular

integration, we obtain

and

4

F .
f dQy_oy(ke)singy_cose, . (12)

T

k2 2
Fl=—— > |t,frl|2+—2 £(11,1,2;m,m,0)
37 1 m \/g I2

x(t{{‘l)*tﬂ‘z—lz |2 £(1,14,1;m,m,0)
3 4

FandF, represent the friction coefficiefite., the stopping
power per unit of velocityof a dimer moving along a direc-
tion parallel or perpendicular to its axis. Due to the axial
symmetry of the problent;; accounts for the friction coef-
ficient in both theOX and OY directions. For any other
orientation of the dimer, the stopping power is a combination M e em
of the Fj and F, components through Eq10). The latter X (13, m,m,0) (8t ¢ (16)
expression shows that the energy lost by an asymmetric
dimer is identical fora=0 and a= 7 to first order inv. K
However, the linear momentum transferred by one electron . _  "F D ||tm 2
in a single collision is differenif the molecule is asymmet- I
ric) when the incident angle of the incoming electrorgjs
=0 and when it isf,= . The identity S(0)=S(7) only
appears after performing the integral over the whole range of X () L, — Re( > 2 luimmt1,-1)
initial and final angles, and is a consequence of the symmetry s 1
properties of the transition amplitudieg. (9)].

In order to obtain the parallel and perpendicular compo- X (1, g dmm+1,— 1)t )*tm L] b (17)
nents ofS let us calculate firstrﬂr andoy,

1
—— > {(I3,15,2;m,m,0)

V5 1

Notice that the calculation of the perpendicular friction
i k)—J dQy(cosfy— cosby)|f(kK")|? coefficient involves the coupling of terms with differemt
symmetry. Up to this point, the formalism developed for the
) 1 calculation of Fj andF, is general and exact. It only re-
|Aim(K)|? cosy— ﬁ quires the knowledge of the scattering amplittifie,k”) (or,
equivalently, of the scattering matrix eIemert{% from
which the scattering amplitude is obtainddr a given po-
xz Al (KA LK) Z(,17,1;mm,0) |, (13)  tential of axial symmetry.

A
"
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One keypoint in the energy lost per unit path len§tts (AC)):Tr[ﬁO—f) 0]
the linear dependence on the velocity. As the kinetic energy 0

E of the projectile is proportional to the square of the veloc- P ex e AR
ity, the relative energy loss scales with the inverse of the =C | dk'dk"f(k,k")* (k,k")(k"[O]k")
velocity:
4 A A aa
S 1 —CTJ dk’ Im[(k|O|k’)f(k,k")T, (22
Eocv—>0; (18)

where Tr stands for the trace and Im for the imaginary part.
The constan€ may be determined by calculating the change

[the latter expression holds as long as 8j.is valid, which . AL
is not the case for extremely low enerdieln other words, in the average momentufthe pbservabl@ being then the
momentum operatdpr and using Eg.(5). One getsC

the relative importance of the energy lost by the particle

— =1 \nsi
through excitations of electron-hole pairs is enhanced for-LoT(K)]™* with
small velocities and will be especially important in the range 5
of thermal energies. O'T(k):f dQ | f(k,k")|% (23

Switching to the|l,m) representation, one gets the expres-

C. Angular momentum transfer sion of the angular momentum transfer cross section:
As for the calculation of energy transfer, the Kohn-Sham -

formalism allows us to calculate angular momentum transfef a3(K) = or(K)(AJ)

from the angular momentum change of the electrons when 4772[

scattered by the dimer. The equivalent of E4) for the = =

average angular momentum transfekJ) per unit path
length is

> 2 Am(WAS (k) m’| 3|1, m)

I,m ''m’

22, 2 ImL(kllm (w3l mA (0] -

d(Ady 1 .
d—R T 477'30 fspsdakko-AJ( k), (19) (24)

: Due to the symmetry of the proble(aee Fig. 1 only theJ
where o,3(K) is the angular momentum transfer cross sec- y Y P ® g. Lonly y

. A component of the vector operatdrgives a nonzero contri-
tion. The latter measures the average chang&JXfor elec- P P g

. o . bution after averaging over angles as in Ef). This can be
trons with momentunk scattered by the projectile. Using . .cked analytically through E¢@4) after some elementary

. . - - C
considerations similar to those of the preceding paragrap%gebra_ The final result may be obtained from E&6) and
one obtains the low-velocity limit of the average angular(24):

momentum transfer per unit path length:

d<dA;y> = \/%kp sinaY, > [I(1+1)—m(m+1)]*2

I;rm

d(AJd) K3
“dR -0 2.3 f dQ, (1- cosy)ayj(ke), (20)

_ o XIm{ X (11", Lmm+1,— Dt (47
whereo,j(k) is now calculated for a static dimer. Therefore, T b

the angular momentum chang20) is independent of the
velocity. To evaluate the angular momentum transfer cross
section, we make use of the density operator formalisAs
continuum wave functions are not normalizable, we use a
generalization of the latter formalism which accounts for thewhere the sums ovéf, |”, andmare restricted by the values
fact that we only carry out angular averages outside the rangef the angular{ coefficients. The dependence on (&)nin
of the potential. Then, the density operaofor the scattered EJ- (25 ensures the absence of angular momentum transfer
. . o . when the molecule moves along a direction parallel to its

electrons may be written in thé&) representation as axis

For the sake of simplicity, we will denote in the following

1 d(Ady)
(21) “sine dR

+2£(17,1,1;m+ 1,m,1)t{‘j,fl], (25)

,Sch dl‘«f dk”F(k,k") k" WK F* (k,K"),

(26)

F(k,k')="f(kk')+ 2.—775(12'—&),
ik D. Independent-atom approximation
. o A Former theoretical studies of the energy loss of a dimer
where C 'is a Anormal|zat.|on constarj\t. We namgo  inside a free-electron gas made use of the independent-atom
=(4m°CIk?)[k)(k| the density operator in the absence of a(|a) approximation. In this work, we will use it as a check of
potential. The average change, due to the potential, in thgyr calculations in some limit cases. In the 1A approxima-
mean value of an observab is tion, one assumes that the atoms travel independently
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through the electron gas. First, this means that the Kohn- [ ' " ' " ' ' '
Sham potential may be split into two nonoverlapping parts~ o7s|

(V=Vu+Vpg) where the potential¥, g are those of isolated ; E,
atoms embedded in the electron gas. Second, the transitiog
amplitude is calculated through the expres&ion

e

fIA(krk,) — e—ikd(cosﬂk—COSBkr)/ZfA( k, k/)

+eikd(cosek—cosokr)/ZfB(k,kr), (27)

Friction Coeffici

wheref , g is the scattering amplitude for the potentig] g
alone. Multiple scattering events of the electron in the two
potentials are thus neglected. Equati@7) is valid when
kd>1. In the IA approximation, the only effect due to the 000l . . . . . — iy = ]
simultaneous presence of two atoms is the interference em 2 3 4 5 6
bedded in Eq.27). The IA approximation is accurate in r, (au)
certain limits, the most obvious one being that of large inter- FIG. 2. Friction coefficientgstopping power per unit of veloc-
nuclear distanced. It is also exact in the perturbative limit . o

b f the Ii d d f th tteri lit ity) for H, as a function of electronic density parameter Solid
ecause ol (ne linéar dependence of the scattering amplituige. H, moving parallel to its axisK;). Dashed line: B moving

on the potential. perpendicular to its axisH, ). Dotted line: twice the friction coef-
ficient of H. Dash-dotted line: results for He.

Ill. ENERGY LOSS

We also plot in Fig. 2 the friction coefficient for He and
twice that of H, which corresponds to the limiis=0 and
ed=oo, respectively. For increasing, the Fermi wavelength
increases and the two-center character of the potential is not
¥ important. Accordingly, the dimer friction gets closer to
at of He. For large densities, the opposite situation would
old and the dimer friction would go to twice that of H. The

We first consider the energy loss of lih a free-electron
gas(FEG). This problem has already a long history becaus
of its relation with measurements of the so-caligdinage
effect The vicinage effect has been observed experimentall
as a difference between the energy loss of two protons al
that of a dimef:*# Until recently, all calculations on the

vicingge_effect were done in t_he A approximation_. Early orientation effect is therefore at maximum fard~ 1, which
contributions by Basbas and Ritchiavere based on linear- corresponds to metallic densities, € 1.4 for k d—1’)
. F - .

response theory. More_ recently,. the |A approximation has In Fig. 3, we plot the friction coefficients for Has a
been used together with a nonlinear evaluation of the me;

dium responséi.e., using the atomic Kohn-Sham otentialsfunction of the internuclear distancd and for various
P . 9 im p electron-gas densities. The zero internuclear distance limit
for the evaluation off, g) to study the stopping of 4

molecular iond agreegas it should with the energy loss of the He atom. For
TheuonI;/ prévious contribution going beyond the 1A ap- large distancesiy) andF, should merge to twice the stop-
proximation is that of Urbasse&t al,'® which focused on ping of a H atom. The latter value is indicated by small

the H," ion as well. The latter authors calculate exactly the2lTOWs on the right side of Fig. 3. Fod=7 au. the

scattering amplitude for a two-center potential. However, th asymptotic limit is still not reached, the difference being
g amp P j ' Efarger for small electronic densities, as expected from condi-

form .of their potential is restricted by the method _used in thetion ked>1 for the validity of the IA approximation.
solution of the scattering problem. In particular, it does not

go to the correct limit for increasing. Furthermore, this
potential is determined priori. In the present work, we
determine the two-center potential self-consistently and the 3
scattering on this potential is evaluated exactly.

Our calculations have been done with typical values
Vma= 8—10 and ,,,=10-12(Ref. 17). In Fig. 2 we show
the friction coefficientsF| andF, for H, in a FEG as a
function of rg (1/n0=4wr§/3) over the range of metallic
electronic densities. The internuclear distance between th
two nuclei is kept fixed at the Hequilibrium distance in
vacuum (= 1.4 a.u). The difference betweeR andF, is
significant. For the highest densities shown in the Hot,is
twice as large a& |, while Fj>F, for rg>3.2. The orien- 0o 1 . ! CL .
tation effect cannot be explained by simple terms. Scattering 0 ! 2 s 4 > o® !
by the two-center potential is a complex pro¢ésepending Internuclear Distance d (a.u.)
both on Fermi energy and internuclear distance which pre- gig. 3. parallel E;, solid line and perpendicularF{, , dash-
cludes any simple prediction of the orientation effect. It iSdotted ling friction coefficients for H in a free electron gas as a
related essentially to interference effects in two-center scafunction of internuclear distanatand forr=2,3,4. The arrows at
tering since one has al$g >F/ for the IA approximation at the right side of the plot represent twice the friction coefficient for
the equilibrium distance. H.

Briction Coefficient (
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[ e two-center potential. One of theitiii) is the sum of two
@ Yukawa potentials

e—Mr—d/Zl e—)\|r+d/2\

—d2 " rrd2]

V(r)= (28
(where\ is the Thomas-Fermi screeening conskamtd the
other (iv) is our self-consistent potential for the embedded
H, molecule. The Yukawa potential corresponds to a linear
description of the screening around each nucleus of the
dimer.
; Calculation (ii) is equivalent to that of Ref. 1kexcept
T S T T SR that only thel=0 phase shift was included in the lajter
0 1 2 8 4 5 6 7 Calculation(iii) slightly improves that of Ref. 16. As can be
Internuclear Distance d (a.u.) seen in Fig. 4, calculation®) and(ii) or (iii) and(iv) do not
differ considerably. However, there is a large discrepancy
between calculations performed with the full two-center po-
tential [(iii) and (iv)] and those using the IA() and (ii)].
I The IA approximation, therefore, breaks down completely in
10 | ~ - .
AN | the most important range af values. The use of a two-
~ N ] center potentialrather than the IA approximati¢ris much
r T more important than the particular form of potential used in
08 i SN ] the calculation. It should be noted that when we use Yukawa
] potentials arising from a linear theory of screening, we per-
I 1 form exact nonlinear calculations of the scattering amplitude.
06 i T The error involved in using linear theory for the amplitudes
A also (first Born approximationis large, as already demon-
strated for embedded atoms, which gives information on the
d=0 limit of our calculations.
R S S S S SR We have used our results to estimate the energy lost
0 1 2 8 4 5 6 7 through electron-hole pair excitation by g kolecule with
Internuclear Distance d (a.u.) thermal translation energl; approaching a metal surface.
To do so, we describe the electronic density of the surface by
a density profilen(z), wherez is the distance to the surface.
The energy loss at a given distanzdrom the surface is
calculations are plottedi) 1A approximation with Yukawa atomic ap_er’X'maFed by the energy _that would lose the_ mol_ecule n
potentials (dash-dotted ling (ii) IA approximation with Kohn- & jellium with electronic density(z) (local approximation.
Sham atomic potential@ashed ling (i) two-center calculation 1he energy lost by the molecule up to a distamgérom the
for a superposition of two Yukawa potentialdotted ling, (iv) ~ surface can be calculated by
calculation for the dimer Kohn-Sham potentiablid line).

Parallel Friction Coefficient F|| (a.u.)

Perpendicular Friction Coefficient F, (a.u.)

FIG. 4. Friction coefficients for a fJimolecule moving parallel
(a) and perpendiculatb) to its axis in a free-electron gas pf=2
as a function of internuclear distande Results of four different

e(zo)=f:odz Ja,n(2)], (29)

The most obvious feature of Fig. 3 is the oscillation of the
friction coefficient as a function od. The period of the os-
cillations is different forF| andF, . F| has a deep minimum where« is the angle between the axis of the molecule and
that moves towards larger distancesradncreases. These the velocity. Although a rough approximation, the local ap-
oscillations are related to an interference effect for scatteringgroximation should give at least an order of magnitude esti-
on the two-center potential of the same nature as the onmate. We use two different descriptions of the surface elec-
found in the IA expressiof27). This interference affects in a tronic density profile(i) a phenomenological one, in which
different way the perpendicular and parallel cross sectiong(z)=nye~ v2792' wheren, is the bulk valence-band elec-

and, therefore, the oscillation period is different ft& and  tronic density andp is the experimental work functiorfji)
oy - the DFT electronic density profile calculated by Lang and
Our results include nonlinear effects both in the mediumKohn?* In this descriptionz represents the distance to the
response to the dimer potential and in the calculation of thgellium edge. We have chosen Al as a test case, because Al is
scattering amplitude. Consequently, they can be taken asafree-electron-like metal. We plot in Fig. 5 the relative en-
reference to check the accuracy of other approximations usegtgy losse(zy)/E; for a molecule approaching the surface
in the literature. In Fig. 4, we give results féj andF, asa along the surface normal for two different molecular orien-
function of the internuclear distance using four differenttations (parallel and perpendicular to the surfacEurther-
models. Two of the calculations are done within the IA ap-more, we plot in Fig. 5 twice the relative energy loss of a H
proximation: (i) with a Yukawa potential with Thomas- atom approaching the surface. The results are fairly sensitive
Fermi screening andi) with the self-consistent potential for to the choice of density profile. In the following, we only
an embedded atom. The other two calculations make use ofdiscuss Fig. &), which we consider more realistic. Several
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I e S B R 7 molecule induces a shift in the threshold apparent position by

C 10-20 % at least toward larger energies. In fact, the error is
certainly larger since the barrier slows down the molecule
with a correlative increase in the relative energy lla$sEq.
(18)]. Another situation for which the error will be signifi-
cant is in using microreversibility to calculate adsorption
probabilities from desorption onés.

(ne) s

Relative Energy Loss (%)

IV. ANGULAR MOMENTUM TRANSFER

Our evaluation of the angular momentum transfer to the
nuclei assumes that the molecule has a fixed internuclear
distance. The problem is more involved if vibrational motion
is taken into account. A more accurate evaluation would re-
quire us to work out the full molecular dynamics.

The quantity obtained in Sec. Il C is the angular momen-
tum lost by the electrons. The angular momentum transferred
to the molecule must be equal in absolute value and opposite
in sign, due to the angular momentum conservation law. The
results that we present in this section are calculated in the
reference frame used for the determination of the electronic
wave function, which we assume from now on to be centered
at the internuclear axis midpoint. Under this condition, the
calculated angular momentum transfer is zero for a symmet-
ric molecule like H. The transformation from this frame to
one centered at the nuclei center of mass can be easily done.
The change in angular momentum transteA when the
origin is shifted byx along the internuclear axisB involves
only the perpendicular friction coefficielt, :

AA=XxF, . (30

Therefore, the knowledge df, allows us to calculate the
FIG. 5. Relative energy |0i$(zo)/Ei] for a |—|2 molecule ap- angular momentum transfer for a molecule ||ke HD Wh|Ch iS
proaching an Al surface. The molecule is incident perpendicular t€lectronically symmetric but whose center of mass is not at
the surface with energlg;= 100 meV. The molecular axis is paral- the internuclear midpoint.
lel (solid ling) or perpendiculadashed lingto the surface. The The transfer of angular momentum from the electron gas
dotted line corresponds to twice the results for H. The right axisto the moving molecule can be intuitively understood using a
refers to the value of the electronic density parametefdash- ~ simple classical picture. If the molecule is viewed as two
dotted ling as a function of the distance to the surfa@.Density  atoms moving independently inside a fluid with different
profile n(z) = nye~ Y2%% (b) density profile of Lang and KohriRef.  friction coefficients, the difference in friction gives rise to an
24). angular momentum transfer, with respect to a fixed origin,
according to the classical law

(n'e)

Relative Energy Loss (%)

Distance from the Surface (a.u.)

conclusions can be extracted from the plot, namélythe

energy loss has a slight dependence on the molecule orien- A=

tation, (ii) the relative energy loss can be as much as 10% for

E;=100 meV, andiii) the vicinage effect causes an impor- Here F(rs) andFg(rs) are the friction coefficients of par-

tant reduction of the energy loss. It is important to notice aticlesA andB when moving independently in the fluid and

this point that the value of the energy loss plotted in Fig. 5 isneasures the angular momentum transfer with respect to the

a lower limit: When the adsorption of Hs dissociative, the internuclear midpoint.

energy lost by excitation of electron-hole pairs through the The latter expression neglects the interference term in the

dissociative adsorption process should be somewhere in b&A approximation. It is exact when one nuclear charge tends

tween results for the equilibrium distance and thosedor to zero. This allows us to check the procedure of Sec. Il C by

infinite, thus increasing its value. Furthermore, if the incidentcalculating self-consistently the potential of a hydrogen atom

angle of the impinging molecule deviates from the surfacen a FEG with the atom set at a distanae-d/2 from the

normal, the path length over which the molecule interact®rigin. The latter potential has axi@iot sphericglsymmetry

with the surface electronic density is larger and, subseand therefore requires the procedure of Sec. Il C to calculate

quently, the energy lost by the molecule is enhanced. A. The results plotted in Fig. 6 show thatdepends linearly
The present results are relevant to the extraction of actien a, as expected from Eq31). The slope of the curves in

vation barriers from experimental threshold positions. WherFig. 6 (F4;=0.254, 0.164, and 0.098 for,=2, 3, and 4,

the experimental threshold is of the order of 0.1 eV, we haveespectively agrees within less than 1% with the friction

to take into account the fact that the slowing down of thecoefficients of H in a FEGsee Fig. 2

d
5)[FA<rs>—FB<rs)]. (3D
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FIG. 6. Angular momentum transfex for a hydrogen atom FIG. 8. Angular momentum transfér for LiH moving inside a

moving inside a free-electron gas, as a function of the distance frorfree-electron gas, as a function of the internuclear distance. The
the origin of coordinates. The results are plotted for three differentesults are plotted for three different values of the electronic density
values of the electronic density of the mediung=2 (solid ling),  of the medium:rs=2 (solid line), r=3 (dashed ling andr,=4
r<=3 (dashed ling andr =4 (dash-dotted ling (dash-dotted ling The thick lines show the results of the full cal-
culation and the thin straight lines are obtained using Eq. 31.
In order to estimate the importance of the electron-hole
pair excitation in the rotation of the molecule, we have cho- We have also calculated the transfer of angular momen-
sen LiH as a model system. We place the H nucleusatd  tum between LiH and a FEG as a function of internuclear
the Li nucleus aB (Fig. 1). We plot in Fig. 7 the angular distance. Results are plotted in Fig. 8 for three different val-
momentum transfeA for LiH moving inside a FEG as a ues ofr, along with the values obtained using Eg1). The
function of electronic density. As a reference we also plot inresults of both calculations follow a similar trend, although
Fig. 7 the value of\ calculated using the classical law of Eq. the classical one is, of course, unable to reproduce the oscil-
(31), with F;(rs) andFy(rg) being the friction coefficients lations created by the interference effects between the two
of Li and H moving independently inside a FEG. Figure 7 molecular centers in the scattering of the electrons. The sense
shows that the sign ok changes when going from low to of rotation depends on electronic density as explained above.
high values ofrg, the crossing point being at;~2.9. In  As a general rule, the absolute valueofncreases for larger
other words, the sense of rotation switches depending on thiaternuclear distances as expected from the classical linear
medium electronic density. This behavior can be explainediependence.
by comparison with Eq31) (dashed line of Fig. )7 for large The most noticeable feature of Fig. 7 is that the magni-
values ofr ¢ the stopping of H is larger than that of Li, but the tude of A ranges between- 1.0 and 0.25 a.u. for the equi-
opposite is true for small values of. Our results follow librium internuclear distance. The same order of magnitude
roughly the same trend. is obtained for molecules other than LiH when calculating
through Eq«(31), which is a reasonable estimate of the order
- T of magnitude of the effect, as Fig. 7 shows. This means that
] the excitation of electron-hole pairs can play a role in modi-
"""""""""""""""""""""""""" 3 fying the rotational state of a molecule of thermal energy
approaching a surface. We can roughly estimate the effect
using again the local approximation to describe the surface
density profile. We discard the angular dependence of

] d<A3y>/dR (i.e., we consider the molecular axis parallel to
] the surfacgand takeA =0.1 a.u. as a typical value since
varies little with density for ¢ larger than 3.see Fig. 7. In

] order to obtain the angular momentum transfer with respect
] to the center of mass of the moleculehich is shifted a
distancex=3d/8 from the internuclear midpoint towards the
Li atom) A.,, we make use of Eq.30). The friction coef-
ficient F, of LiH in a FEG can be calculated following the
same procedure used in the preceding section fgrafd

FIG. 7. Angular momentum transfey for LiH moving inside a  takes values betweeR, =0.05 a.u.(for r=5) and F,

free-electron gas, as a function of the electronic density parameter 0-37 a.u. (for rs=2.5). Hence, the angglar momentum
rs. The internuclear distance is the equilibrium distance in thetransfer with respect to the center of mass is the sum of two

vacuum. The solid line is the result of the full calculation and thet€rms, both of them of the same order of magnitude. We can
dashed line is obtained using E@1). The zero is shown with a estimateA.,~0.2 a.u. Furthermore, we consider that the
dotted line. typical path length over which the molecule interacts with

o

o
T
1

Angular Momentum Transfer A (a.u.)

20 -
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the electronic density of the surface is of the order of 1 a.uapproaching the surface, as well as in its outgoing way after
This yields a value of 0.2 a.u. for the transfer of angulardesorption. For instance, we have estimated the effect to be
momentum(Ajy>_ In a real experiment, the latter number of the order of 10% of the incident molecule kinetic energy
means that roughly 20% of the impinging molecules can bdor H, molecules approaching an Al surface at 100 meV. The
excited/deexcited due to electronic excitations in the surfacdfiction coefficient calculated in Sec. Il can be used as a
Notice that the latter estimate is independent of the molecul&iction force in the description of the dynamics of the mol-

Ve|0city (to first order inv) and 0n|y depends on the inter- ecule. The-evaluation of the ad-SOI'ption threshold energies
action path. from experimental data has to include the effect of these

inelastic processes.
V. CONCLUSIONS Rotational excita}tion of the molecule due to the creation
of electron-hole pairs has been addressed as well. The non-
In this work we have studied the energy dissipation of aadiabatic friction of molecules with the electronic density of
slow dimer traveling inside a free-electron gas, as well as the surface can provoke rotational excitation or quenching. We
transfer of angular momentum to the dimer, due to the exciremark here that the transfer of angular momentum is closely
tation of low-energy electron-hole pairs. Kohn-Sham theoryrelated to the friction coefficient of the molecule when its
allows us to describe these processes in terms of the scatterelocity is perpendicular to the molecular axis. Hence, the
ing properties of one-electron orbitals in the self-consistentingular momentum transfer will be different for molecules
potential of the dimer. We are thus including nonlinear ef-with identical electronic structure but different dynamical
fects both in the response of the medium to the dimer and iproperties(such as H and HD, for examplg due to the
the calculation of the scattering amplitude. We have shownlifferent position of the center of mass of the molecule. In
in Sec. Il that, both of them being important, the latter is other words, an isotope effect should arise in some of the
crucial to obtain an accurate description of the energy losphysical properties that govern the adsorption process, such
for this range of velocities. The single scattering approactas the sticking coefficient or the kinetic energy threshold for
implicit in the independent-atoriA) approximation is un- adsorption.
able to describe in a proper way the scattering properties of
the Fermi electrons in realistic dimer potentials. Neverthe-
less, IA can be used to estimate the order of magnitude of the
angular momentum transfer. This work was supported in part by the Director, Office of
Our results are relevant to the ongoing discussion on th&cience, Office of Basic Energy Sciences and Director, Of-
effects of inelastic processes in the adsorption of moleculefce of Science, Office of Basic Energy Sciences, Division of
on surfaces. Electronic excitations like the ones studiedMaterials Sciences under U.S. Department of Energy Con-
modify the values of, for example, adsorption energies andract No. DE-AC03-76SF00098. R.D.M. acknowledges fi-
activation barriers in the adsorption process. We have shownancial support by the Basque GovernméRtograma de
in this work that the excitation of electron-hole pairs canFormacion de Investigadores del Departamento de Educa-
play a role in reducing the kinetic energy of the moleculecion, Universidades e Investigacio
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