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Atom-surface scattering under classical conditions
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Classical limit expressions of the differential reflection coefficient for atomiclike projectiles scattering from
a surface are compared with recent experiments for the scattering of 200-eNoh&afrom Cy001). Good
agreement with the experiment and with previous theoretical calculations for the temperature dependence of
the peak widths is obtained. The calculations suggest that further comparisons with the scattered lobes will
produce important information about the projectile interaction and about vibrational correlations at the surface.
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The surface scattering of atomic projectiles under quanwhich indicate that further comparison with experiment can
tum mechanical conditions, and particularly the scattering ofjive important information on surface interactions and vibra-
He, is an experimental tool that has produced extensive intional correlations.
formation on surface dynamics and on the atom-surface Most quantum mechanical treatments of the inelastic ex-
interaction>? Far fewer experiments have been carried outchange of vibrational energy in atom-surface collisions begin
under the classical conditions for vibrational energy transferPy describing the system in terms of a Hamiltonian of the
which consist of large projectile masses, high incident enerform
gies, and large surface temperatutésUnder such condi-
tions the scattering problem becomes very complex and in- H=Hg+H{+V, (1)
volves the exchange of many phonon quanta. Additionally, . o )
at high energies thresholds for the appearance of new qualthereH g is the unperturbed crystal Hamiltoniai,j is the

tum processes are crossed and such events as atomic eld@Perturbed Hamiltonian of the projectile, avids the inter-

tronic excitations of either the projectile or the crystal coresaCtion potential coupling the two. The potentkdlis then

become possible. An understanding of energy and momerﬁXpanded in terms of the small crystal displacements
tum exchange in the classical regime is very important for
establishing the interaction potentials and the crystal dynam-

:;:]s itft?r?;égsnforg:ﬁs’ r?ngézlalsrgcli(;ee?g;y fg;_aszrl]fgg:r; ttae%'e zeroth-order term describes purely elastic scattering, and
9 pic phy P 9 {re first order term is linear in the crystal displacements.

faces such as energy accommodation, sticking, and drag aigglecting higher-order terms in the displacement leaves the

lift forces. _ . . . , roblem in the form of a general linear forced oscillator.
Recently, a very interesting classical regime eXpe”me”EIigher-order terms in Eq(2) become unimportant in the

has been reported for high-resolution, energy-resolved scagjassical limit®3and they have also been shown to be of

tering intensities of Na ions with energies of several hun- jite importance even for typical He-scattering systems at
dred eV from a C(001) surface’ Of the several features |ow energies?
observed in the spectra, one was identified as a peak due to The classical scattering limit for such a system can be

single-scattering events, and the widths of this peak as @btained in the correspondence limit of large numbers of
function of temperature and polar scattering angle were exguanta transferred, and is effectively independent of the vi-
plained quite well with recently developed semiclassicalbrational spectrum of the surface. The essential approxima-
scattering theories taken in the classical lifitUnder the  tions necessary for passing to the classical limit are as fol-
conditions of this experiment, approximately half or more oflows: (1) to retain only classically allowed trajectorie®)
the incident Na translational kinetic energy was deposited the collision time is taken to be short compared to all phonon
in the crystal surface by the projectiles in the backscattereslibrational periods of the crystalhich implicitly requires
intensity. Theoretical comparisons were also made with thénitial and final projectile energies much greater ttha® ,
semiclassical trajectory approximatioffA) and this ap- where©g is the Debye temperature amkg is Boltzmann'’s
proximation was found to fail completely for these high constant and (3) in order to eliminate quantum effects of
translational energy-loss experiments. the crystal motion,Ts>0O,, whereTg is the surface tem-
The purpose of this paper is to compare these recent megerature.(In actual practice this latter condition is almost
surements with the complete classical theory for the scattemlways satisfied ifTs>©0y/2.) This third condition is not
ing intensity, which is obtained from the quantum mul- necessary for obtaining a closed-form solution, and in fact
tiphonon calculations in the correspondence limit. Inlow-temperature quantum behavior of the lattice can be
addition to reproducing the global width features of the mea+teadily included and is in principle observable in the peak
sured intensities, this theory makes predictions of the angulantensities and widths ags—0 even with high-energy

and energy-dependent shapes of the scattered intensity lob@spjectiles®°
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There are two distinct limiting cases for classical scatter-

ing: scattering from a surface of discrete scattering centers or - .
from a continuum surface. For scattering from a surface 60 | 1
made up of a collection of discrete scattering centers the - .
result, as expressed in terms of the experimentally measur- 40 | 1
able differential reflection coefficient, has the following - §
form:1013 20 | 1
dR m?| p| , - 112 % ol ]
d0,dE, ~ 8 ndp;, "l (AEOkBTS) S5 a0l ]
o) N 4
p[ (AE+AE0)2] G 20 } .
Xexp — —t——=~<= (- (3 el 5 i
4kBT5AEO é 10 - -
whereAE=EP—EP is the difference between the final and % of ]
initial projectile energies, the momentupy of a particle in = s .
stateq is divided into components parallel and perpendicular - i ]
to the surface, respectively, accordingpig= (P, Py, |74 20T |
is the scattering form factor of a unit cell, amd is the 10 F -
atomic massAE,=(p;—p;)¥2M., whereM. is the crystal - .
mass, is the recoil energy shift, arising from the quantum oF T
mechanical zero-point motion. Although E{3) appears 20 [ ]
Gaussian-like iMAE+ AE, the energy dependence AE i ]
can give rise to highly asymmetric peak shapes, for example, 10 | 1
under conditions in whicle P> E P.*° i TN , 1
In the limiting case of classical scattering from a con- 00_3 04 05 06 07 08
tinuum surface the differential reflection coefficient takes on Final Energy [E,/E]
the slightly more complicated forft:217:18 l
2 2 312 FIG. 1. Energy-resolved intensity spectra plotted as a function
dR m-v || ™ X )
= =7 |7-fi|2< ) of final particle energy for 201.2-eV Na scattered from
dQdE;  4m°h7pizSyc AEkgTs Cu(001)(100 for four different surface temperatures with

0,= 0;=45°. The solid lines are the experimental measurements
] ' (4) (Ref. 7 and the dashed lines are the calculations of Bj.

(AE+AEq)%+2v3P?
Xexp, —
4kgTAE,

whereP is the parallel momentum exchanBe=P;—P: , S,. _ Figure 1 shows a set of measured energy-resolved inten-
is the area of a surface unit cell, ang is a weighted aver- Sity spectra taken at four different surface temperatur7es for
age of sound velocities parallel to the surfdcand the term  201-eV Na&' incident at §;=6;=45° on C001)(100).
in the Gaussian-like exponent involving, arises from scat-  Three distinct peaks are observed in each of the spectra; the
tering from vibrational correlations at the surface. peak at the smallest value Bf is due to single scattering of
Both Egs.(3) and (4) are descriptions in the recoil limit, the Na with the surface and is the peak qf interest here.. The
in which the energy exchange is mechanical and due to réwo smaller peaks at larg&f have been identified as aris-
coil of the surface. Relaxation of the recoil energy of theing from multiple scattering:'°and are not of interest for the
surface atoms into the crystal phonon field occurs only aftepresent considerations. The dashed lines in Fig. 1 are the
the collision is finished. Hence the surface temperature dezalculations of Eq(3), and the agreement with the data is
pendence in Eqs3) and (4) arises solely from the mean surprisingly good for a theory with no adjustable parameters.
square displacement of the surface before the collision. Thi$he calculated peak positions agree with the measured posi-
holds true even for temperatures sufficiently high that surtions to within 4% and the calculated widths, although
face anharmonicity is induced, in which caSg would be  smaller than the measured widths, show a similar increase
replaced by a power series iy beginning with the linear with Tg.
term. The calculated peak position is very nearly given by the
It is interesting to note that Eq$3) and (4) are derived zero of the argument of the exponential in E(B),
from trajectory calculations, which is an inherent property ofE P=EP— AE,. This is the classical recoil expression, which
all classical calculations, but they use trajectories beginningssumes that the impulse momentum is deposited in a single-
with the projectile initially having momenturp; and after  crystal atom and can be expressed in terms of the total scat-
collision ending in momentunp;, and the recoil energy is tering angled==— 6;— 6, and the reduced mags=m/M .,
correctly calculated. This marks the distinction with theasEP=f(6)EP, where
usual semiclassical TA in which the recoil energy is taken to

be independent of the final energy. Thus at high incident \/1—,uzsi?0+,u cosd|?
energies and for comparably sized projectile and target f(6)= 1+u : ®)

masses where the recoil can be significant, the TA can pro- _ o N
duce very poor estimates faxE, and can lead to results This equation shows that the peak position is very sensitive
quite different from those of the exact classical expressiongo both projectile and surface mass, even to the extent of
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being isotope dependent, e.g., a change of the mass of either
Cu or Na by 1 amu will cause a 1% or 3% shift in the
calculated peak positions, respectively.

The form factor was chosen as a constant, implying uni-
form weighting in all directions. However, at these high en-
ergies the calculations do not make an appreciable distinc-
tion between, for example, a constant form factor and the
semiclassical hard wall limit given by;; = 2ps,p;,/m. Simi-
larly, often important questions in other time-of-flight ex-
periments such as the difference between intensities mea-
sured by a density or a flux detector, namely, a factgoqf
do not have an appreciable effect at these energies.

The widths of the calculated peaks increase Witras do
the measured widths, but at all temperatures the measured
widths are larger by the same constant value. It is immedi-
ately evident from Eq(4) that the width of the differential
reflection coefficient will be very nearly proportional to
JTs In Ref. 7, careful measurements were made of the
widths betweerTs=141 and 970 K and, expressed in terms
of the second moment of the intensity about the me@d&?),
they were very closely fitted by the linear function
(AE?)=A+29(7— 6,— 0;)EPkgTs with A~8 eV and
0(7/2)=0.291+0.020 for 6;=45°. Reference 7 also mea-
sured the slopg(6) as a function of final scattered angle
for the same fixed initial condition@, =45° andE P=201.2
eV) as in Fig. 1. Their theoretical calculations f@&xE?) do
not predict the temperature-independent part of the width;
however, they agree quite well with the measured sty(s.
Equation (3) produces identical results for the calculated
widths.

50
40
30

N W - N
o O o O o

Intensity (arb. units)
o o

N
o

—_
(@]

20
10

ATOM-SURFACE SCATTERING UNDER CLASSICAL CONDITIONS

2207

vy = 1700m/s

U T W |

0.3

04 05 06 07
Final Energy [E" /E" ]

o
0

FIG. 2. Energy-resolved intensity spectra as in Fig. 1 for
201.2-eV N4 scattered from C@01)(100 for four different sur-

Clearly the temperature and angular dependence of thiace temperatures with = 6;=45°. The solid lines are the experi-
peak widths are well explained by the parameter free theorynental measurements and the dashed lines are the calculations of
either by the expression of E¢B) above or by the classical the continuum model of Eq4).

theory utilized in Ref. 7. However, it is of interest to exam-
ine whether Eq(4) gives a better description than E) for

this s_ystem. Equatio(B)_ is clearly appropriate for projectiles _projectiles penetrate the crystal, while Ed) gives well-
that interact weakly with the crystal atom cores, such as injefined backscattered lobes. This behavior is shown in Fig.

neutron scatterind and the intensity given by Ed3) ap-
pears mostly in the forward direction. Equatiéf), on the

3, which gives the integral of the differential reflection coef-
ficient over all final energiesiR/d();, plotted as a function

other hand, because of the additional dependence on the pajf ¢; in a polar graph. The solid line curve shows the relative

allel momentum transfer caused by the repulsive surface,
gives well-defined lobes backscattered above the surface.
Equation(4) has been demonstrated to be the correct form
for He scattering at incident energies below 1 eV through
direct measurements of the characteridtic*2 temperature
dependence of the maximum multiphonon peak interfSity.
Figure 2 shows the same results as Fig. 1 except that now
the calculations are done with E(f). The average surface
phonon velocity parameter was chosenvas=1700 m/s in
rough agreement with the measured Rayleigh wave velocity
for Cu(001) of 1500 m/s in thg100 azimuth and 1800 m/s
in the (110.%! The calculated peak positions and widths are
very nearly identical to those given by E@) in Fig. 1.
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The calculated peak positions and the widths as measured g 3. Energy-integrated angular intensiti/dQ; plotted as

by g(6) are essentially identical with the previously men- 5 fynction of ¢; in a polar plot for the single-scattering peak at
tioned calculations for Eq3), and are very nearly indepen- 1,—970 K of Fig. 1: The solid line denotes results of the discrete

dent of vg for vg=<5000 m/s, while forvg>5000 m/s the
slopes are somewhat reduced at largerThe relative inten-
sities of Eq.(4) depend orvp.

model of Eq.(3). The other calculations are for the continuum
model of Eq.(4) with different values ob : dotted line,yg=1300
m/s; dashed lineyg=1700 m/s; and dash-dotted linegr=4000

The major difference between the two theoretical expresmi/s. The straight lines are the incident and specular directions at
sions is that Eq(3) implies that the majority of the incident +45°,
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backscattered intensity predicted by E) and the other that is not observed. The lack of evidence for direct low-
curves show the lobes predicted by Hg) for the three energy electron-hole pair creation is consistent with the clas-
values ofvg=1300, 1700, and 4000 m/s, all for the samesical interpretation given by both Eq8) and(4) and that of
temperaturél s=970 K. The lobes produced by E@) give  Ref. 8 in which the energy exchange is dominated by the
the majority of the intensity at supraspecular angles, and th'@ipial recoil of the surface atomic cores. Only after the col-
lobes move toward the specular direction and become nafision, when the backscattered projectiles have left the sur-
row as a function of increasingg. In fact, in the limit of face region, _does this rec0|l_ energy d|SS|pa_te into the lattice.
vr— one obtains the hard cubes condition of zero parallell € dissipation of the recoil energy goes into both phonon
momentum transfer, i.eP;=P,. This graph also indicates creation and electron-hole pair excitation, but the relative

that for 6=45° the majority of particles are scattered at proportions appear to be unmeasurable by this experiment.

angles greater than 60°, and hence the best place to meas reSome of the constant, temperature-independent term in

€ measured width, which was not correctly predicted by
the temperature dependence of the energy [Esolved SPECHR classical theory, may be due to experimental uncertainty
may be at angleg; near the expected maximum of the single ;

i A n energy and angular broadenihbut additional broadening
scattering lobe. The geometry exhibited in Fig. 3 shows tha the energy-loss side could come from direct atomic elec-
the measurements were taken at the extreme upper edge @bnic excitafions including high-energy electron-hole pair

the predicted single-scattering lobe fog=1700 m/s. This  creation in the core levels, and from surface plasmon cre-

explains why th§3r/r21aximum intensities calculated in Fig. 2 doggion. High-energy atomic excitations are known to be di-
not follow theT g *'“ dependence of the envelope function of rectly created in ion-surface collisions in this energy

Eq. (4); because of the narrowing of the lobes with decreasy,ngel9 25265 this explanation is certainly consistent with

ing Ts, the fixedf;=45° measuring angle intersects the loberjgs 1 and 2, as the additional constant width of the single-
at a position of smaller inelastic intensity at lol. scattering peak is seen to lie always on the energy-loss side
We have shown that well-known classical-limit expres- o the calculated intensity.
sions for the scattered intensity agree quite well with the  The present calculations using the complete classical dif-
temperature and angular dependence of the widths of thgrential reflection coefficients reaffirm and add additional
measured scattered peaks of Nombarding a C001 sur-  eyplanation to the previous conclusion of Ref. 7 that the
face. Tht_ase analytic an_d closed-form classical expressiongmiclassical trajectory approximation is inadequate for
are also in agreement with the mean square energy momenigqge projectile masses and high energies where the kinetic
calculated independently from the energy-projected classicalnergy loss of the projectile to the surface is significant.
probabilities: _ _ These calculations suggest that measurements of scattered
Interestingly, the classical theory with no free parameter%mgmar lobes of the single-scattering peak of Fig. 1 would be
predicts very well the temperature dependence of the widthg ficient to distinguish between the applicability of Eg)
of the measured single-scattering intensity peaks, but dogs; (4). Such measurements would indicate the effects of cor-
not explain the additional temperature-independent constang|ated surface motion through the measured value of the
Wld.th A. One would expect that for a h|gh.—energy char_gedsing|e parametes . The applicability of Eq(3) or (4) can
projectile such as Nathere would be considerable excita- 550 be checked through comparisons with measurements of
tion of Iovzv—energy electron-hole pairs in the conductlor_l eleCthe maximum peak intensity of the energy resolved differen-
tron _sea_z, although the debate over elecgzon-hole pair pro+jg| reflection coefficient for the single-scattering peak as a
duction is far from being completely cle&*However, the  fynction of surface temperature, as the two equations have

complete determination of the temperature dependence of thg,elope functions that give a readily distinguishable differ-
widths by simple mechanical recoil energy exchange at thgnce in behavior.

surface argues against appreciable direct creation of low-

energy electron-hole pairs, because thermal excitation of The authors would like to thank B. Cooper, R. Burke, and
these additional elementary excitations would contribute adb. Goodstein for helpful comments. This work was sup-
ditional temperature dependence in the scattered intensitiggrted by the NSF under Grant No. DMR 9419427,
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