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Coherent elastic and rotationally inelastic scattering of N >, O,, and CH,
from a 10 K Cu (111) surface
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We report observations of coherent elastic and rotationally inelastic scattering &@,Nand CH,

from a 10 K Ci111) surface, kept clean by pulsed laser heating. The related sharp features in the
measured angular distributions decrease drastically in intensity at elevated target temperatures. At
low temperature rotational transitions reduce the elastic scattering probability by about an order of
magnitude. This effect is weak for,Dat the impact conditions of concern. Quantum scattering
calculations for N and D, show that this difference is primarily caused by the large difference in
rotational constants and the associated rotational transition energies of these molecu®90 ©
American Institute of Physic§S0021-96060)70344-§

I. INTRODUCTION the almost spherical molecular charge distribution. dhd
Coherent quantum scattering of molecules from solid'\|2 have equwalgnt rotaupnal spect(@/3 qnd 1/3 of the
surfaces is usually associated with light particles like hydro—mOIeCUIeS In even an.d odd states, respectiveljut N2 has
gen and its isotopic variants. Early experiments using hydro‘:’l much smal_ler rotational gqnste(targer momem of inertia
gen molecular beams established important physical phéban D, thej .:.OHZ transition energy 1s aroun(_j 1.5 mev.

nomena in molecule—surface collisions like diffraction, One may intuitively argue that rotational tranSItlong should,
selective adsorption and rotationally inelastic diffraction.for this reason alone, influence the elastic scattering prob-

Nowadays, such measurements allow, in the case of physicglJIIIty m_uch more for N than for D. . .
adsorption, precise and detailed determination of the In this paper we report observations of coherent elastic

molecule—surface interaction potential. Even fine details Iikeand rotationally inelastic scattering 05DN,, O,, and CH

the orientational dependence can be measured using hydr'cﬁp—(jleCUIar beam; from a cold QL1 surface. The d|ffergnt
gen beams of different composition with respect to even an oherent scattering events have been analyzed by varying the

odd rotational states scattering angle and the substrate temperature. In particular,
Diffraction of thé weakly bound hydrogen dimer has we have disentangled the effects of rotational and phonon

been reporteldbut otherwise observations of coherent quan-IneIaStICIty on the elac'is,tfhscatt(.arlntg;{'Thelrole'of Ehe rOta?O?r? :
tum scattering events involving heavier diatomic and poly—energy spacing -an € orientational anisotropy of the

atomic molecules are in general lacking and seem difficult t olegule—stjrggcg ]:nteract:;)n on _the rotat;onal met:as_nmty
obtain. The probability for such events to occur is, for ex- as been studied for Dand N, using quantum scattering

ample, profoundly influenced by the target temperature calculations with potential energy surfaces, which are partly
’ : %ased on density functional calculations. The calculations

slow heavy molecule will exert a slowly varying force on the how that the relati itude of the rotational ies t
surface atoms and hence predominantly interact with th ow that Ihe relative magnitude ot the rotational €nergies to
{ e kinetic energy at the potential energy minimum has a

low-frequency lattice vibrations whose populations are mosd tic infl the rotational itati babilit
sensitive to a low surface temperatdreAt elevated tem- ramatic infiuence on the rotational excitation probability.

peratures the lattice thermal motion will, via the Debye—
Waller factor,e” 2", drastically reduce all coherent elastic |l EXPERIMENT
and inelastic scattering probabilities. In general, heavier mol- g4, the impact conditions of our experiment, NO,
ecules also experience deeper physisorption wells and copy, g CH, physisorb on the cold Gu11) surface and desorb
sequently interact more strongly with the lattice vibrations, temperatures in the range 35-50 K. As an atomic refer-
further increasing the influence of the lattice thermal motiongce heam we have used Ar. which desorbs just below 40 K.
on the scattering pattern. o Below these temperatures, beam particles stick and accumu-
The elastic scattering probabilities of low-energy&hd  |a¢6 on the surface and the coherent scattering pattern is, as a
D, beams from a cold inert metal surface are substantial andynsequence, rapidly obliterated. Desorbing the stuck par-
only weakly affected by rotational eXC|t_at|(_)fH§.h|s ISacon- tcles by pulsed laser heating turns out to provide a simple
sequence of_t_he large rotational excitation energies,jthe athod to overcome this problem, at least for, \CH,, and
=0—2 transition occurs at 44 and 22 meV fop End Dy, Ar 5 For this purpose we have used a Lambda Physik XeCl
respectively, and the weak anisotropic forces associated Withy cimer laser operating at a laser powe8 MWi/cn? and
20 ns pulse duration. A repetition rate around a few hertz is
¥Electronic mail: tymp@fy.chalmers.se in general sufficient to keep the surface clean, while the
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beam energies of 36 meV for,Nand 45 meV for @ and
CH,, respectively. Data for Nobtained at three target tem-
peratures(see the top panglkeveal that pronounced sharp
features in the angular scans are observed only at a low tem-
perature. The features comprise elastic and inelastic scatter-
ing events like an intense specular elastic peak at 70° and
various peaks involving rotational transitions of the mol-
ecules during the interaction with the surface. In the angular
range 30°—70°, the peaks follow the kinematic conditions
for diffraction and rotationally inelastic diffraction associ-
50° 60° 70° 80° 90° ated with surface reciprocal lattice vectdsg, and with ro-
tational transitions— |’ of energyej;,, €;=€—¢€j and
K=K+ Gy. Hereg;, €, K;, andK refer to the energies
EI% 111) Mtegifured tangl:lar dtistributiotns 0} J\Tl%, and CH fstcr?tt?re% frotn; and the wave-vector components parallel to the surface of
o e e 10 o e ncident and scattered beams. We have labeled prominent
surface normal. peaks by the relevari, andj—j’ indices. The first-order
elastic diffraction peakdq,10), are in general quite weak and
most of the diffraction intensity appears in the rotationally
mean surface temperature is almost unaffected. We havaeelastic diffraction peaks. In the case of Hnd D, scatter-
used specular elastic He scattering measurements to monitimg, the situation is in general the reverse, that is, the rota-
possible laser-induced surface dam&g. the modest de- tionally inelastic diffraction peaks are weaker than the elastic
sorption temperatures required in our low-temperature scagliffraction peaks. An angular scan, shown in Fig. 2, for,D
tering measurements such damage presents no disturbancscattered from Od11) at 10 K illustrates this pointinci-
The scattering experiments discussed here were pedence conditions as for ).
formed in a cryopumped ultrahigh vacuum chamber operat- The angular scans are more complex in the range
ing in the low 10! Torr range and attached to a differen- 70°—90°, in particular for Bland Q.. While the CH, data
tially pumped nozzle beam source. Incident and scattererkbveal a distinct Gyg,1— 2) peak around 75°, theNnd G
beam intensities were measured using a rotatable stagnatisoans show several sharp peaks superimposed on a broad
detector with an angular resolution of 0.8°. The angular diphonon emission peak. The latter situation is clearly illus-
vergence of the incident beam is around 0.1°. The lowtrated in Fig. 3, which presents a comparison between the
energy molecular beams ¢N O,, CH,) are rotationally angular distributions for Nand Ar. The broad, smooth peak
cold; the rotational temperature is around 15 K. Thél@d)  centered around 77° in the Ar scan originates from phonon
specimen was oriented so that at off-normal incidence, themission processes, while the intensity of the complementary
scattering plane defined by the incident and specular particleghonon absorption processes at scattering angl€0° is
beams comprised the surface normal and[fl#?] direction  strongly suppressed at the low target temperature of concern.
in the surface plane. The x-ray aligned Q.2°) and polished The peaks superimposed on the broad phonon emission peak
specimen was cleanéd situ by standard methods involving for N, (and Q) are not related to rotational transitions in the
argon-ion bombardment and heating cycles. Further detailsimple manner discussed previously. This is illustrated in
concerning the apparatus, the specimen preparation, and th&. 4, which displays the measured peak positiglhss €; ,
experimental procedure are presented elsewhere. together with the kinematical conditions for relevant rota-
Angular distributions of N, O,, and CH, beams scat- tional transitions. The peak closest to the specular one, in the
tered from a C(L11) surface kept at 10 K are shown in Fig. range 70°—90°, follows reasonably well the dispersion of a
1. The distributions were measured in the scattering plane fdByy,0—2 event for N (Ggg,1—3 for O,) while the other
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Al
features in this range have no such simple interpretation. The 2 -A‘\‘ .
most likely explanation is that these peaks involve simulta- A
neous rotational transition and phonon emissfoH. 4 _9%:\‘ |
The sharp details of the angular distributions shown in <§
Fig. 1 decrease drastically in intensity when the target tem- - ‘i‘%
perature is increased. As shown foy N Fig. 1, only a weak = 6 3 ]
specular elastic peak superimposed on a broad inelastic dis- Ag
tribution remains at 88 K. Diffraction peaks are weak relative -8l N Cu(111) §,=70° |
to the specular peak in the angular distributions and we can ‘A‘ 4 Are=36 meV
regard the specular elastic peak as a good measure of the 10 N * 0,8=36 meV
elastically scattered fraction. We will consider the tempera- = » ©  CH, =41 meV+
ture dependence of the elastic scattering in more detail start- ! =t : : :
0 100 200 300 400 500

ing from the data shown in Fig. 5, where in the top panel we

have plotted the normalized specular reflectivity for &nd TX)

N?' as InIOO versus target tgmperatufé,DaFa are plotted for FIG. 5. Normalized specular reflectivityoy, plotted as Iy, vs target

different values of the initial translational energy, temperature. The upper panel shows data foafd N, obtained for a beam

= ¢ cog ¢, perpendicular to the surface, with incidence con-energy of 36 meV, with angles of incidenge=70° and§,=60° for e,

ditions given bye;=36 meV andg;=70° for e, =4.2 meV =4.2 meV ande, =9.0 meV, respectively. Data for,Oneasured at 45° and
_ —RO° _ 112 meV are included for comparison. The lower panel shows data for Ar,

(N and D)), €=36 meV andg;=60" for €, =9.0 meV 0,, and CH obtained at 70° and 36 me1 meV for CH,).

(N,), ande;=112 meV andg;=45° for e, =56 meV (D).

The lower panel shows data for, OCH,, and Ar. Incidence

conditions aree, =4.2 meV (g;=36 meV and#,=70°) for tor & it for A h in Fio. 5. ext late th

O, and Ar ande, =4.8 meV (¢;=41 meV andg,=70°) for Ipr © d ' ngfr Tr’ "’;SI SI OWS n 'g' t,h(_axhrapto ate the

CH,. Data for Ar have been included for comparison sincen€ar decay, =BT, of Inlg, observed at higher tempera-

the inelastic scattering in this case only involves phonon pro'gures, 0T=0 K, we obtain a value of If, around—0.1

cesses and hence the data represent a good measure of 'iﬂ@er than 0, W_h'Ch we would expect for a r'g'd Iatt_lce_ in the
case of weak diffraction. We believe that this deviation de-

elastically scattered fraction given by the Debye—Waller fac-" . X i .

rives from diffuse elastic scattering due to surface imperfec-
tions. The linear decay of Iy with T for D, also extrapo-
lates to a value of liyy around—0.1 atT=0 K.

The data for N, O,, and CH, behave in a different
manner. Extrapolating the linear decay fop Mt €, =4.2
meV to T=0 K gives a value of Iy, around—2.9 rather
than a small value-0.1 as we found for Ar. The correspond-
ing values— 2.5 and— 2.3 for O, and CH,, respectively, are
also large. This difference we attribute to rotational transi-
tions, which introduce new inelastic scattering channels for
the molecules and reduce the specular scattering,offo

20 ! | example, by more than an order of magnitude at our impact
50° 60° 70° conditions. At the same incidence conditiors € 4.2 me\)
SCATTERING ANGLE D, behaves just like Ar, which implies that rotational transi-
FIG. 4. Angular positions of peaks in the,Ncan at different incident tions are rther unimportant for FhIS molecule at these inci-
energies,¢;. The solid curves are kinematical free particle dispersion d€nce conditions. Data forobtained ate, =56 meV (see
relations for rotational inelastic diffraction events. Fig. 5 show a different behavior, however. In this case the

2W

50 -

€ [meV]




J. Chem. Phys., Vol. 113, No. 20, 22 November 2000 Scattering of N,, O,, and CH, from Cu(111) 9265

normal energye, is substantially larger than the=0—2  scale asm? wherem is the particle mass. The measured
rotational excitation energy around 22 meV. Extrapolating,gjue for N; is clearly smaller than the valye=[28/40]2
the linear decay td'=0 K gives a value of Il around  » 0.067=0.056 we estimate from am'? scaling of 8 for
—0.5 while for Ne, for example, at similar incidence condi- oy, This observation is consistent with the weakened

tions a small value of-0.1 is observed. The specular elastic N,—phonon interaction due to translation—rotation energy
reflectivity of D, is hence reduced by about 30% in this casetransfer.

most likely due to rotational transitions. When evaluating the
D, data we note that the [heam is not rotationally cold in
the same way as the,Nbeam!? We estimate the rotational
temperature to be around 100 k;£36 meV) and 300 K lll. THEORY
(€= 112 me\, respectively.

N, has just like B a rotational energy spectruntg
=Bj(j+1), with 2/3 of the molecules in evep states

To scrutinize our intuitive picture of the behavior of ro-
tational transitions and their influence on the elastic scatter-
: g ) ! ing intensity for various molecules, we have calculated prob-
(ortho) and 1/3 in odd states(para) but with widely differ-  pjjities for rotational transitions of Nand D, scattering
ent rotational constant&=0.248 and 3.70 meV for Nand  fom 4 cold C111) surface. The calculations are based on a
D,, respectively. One may intuitively argue that rotational ,merical wave-packet propagation on a rigid two-
transitions should influence the elastic scattering probability;ensional model potential energy surfad®ES, which
much more profoundly for hthan for D, because of the gepends on the distance, between the molecule and the
small rotational transition energies of, NOther factors like surface, and on the anglé, between the molecular axis and
the potential well-depth and orientational anisotropy of theine syrface normal. The rotational transitions of the molecule
molecule—surface interaction potential also contribute ange then governed by the orientational anisotropy of the PES,
we will give a detailed discussion of the relative importancenat is, the dependence of the potentialrand the moment
of rotational transitions for these molecules in relation to theyf inertia. By monitoring the rotational distribution of the
guantum scattering calculations presented in the fo”OWi”g-time-evolving wave packet, we obtain the probabilities for

The plots in Fig. 5 also give information about the inter- rotational transitions during the scattering event.
action of the particles with the phonons of the solid lattice. At the low translational energies of concern here, the
Toward lower temperatures all the data in Fig. 5 deviatenplecules experience physisorption interaction with the sur-
from a linear behavior and eventually level off at approxi-face. We have used the current theoretical description of mo-
mately temperature independent values. At 10 K &nd |ecular physisorption® with the laterally and rotationally av-
=4.2 meV, Inlgg=—4.0 and—3.8 for N, and G, respec-  eraged interactioryo(z), described by a superposition of a

tively, and we can obtain an estimate of the low-temperaturgayli repulsive branch and a van der Waals attractive branch
Debye—Waller exponent for these molecules by subtractingiven by

the contribution due to rotational transitions, which gives B
2W=4.0-2.9=1.1 for N, and 2V=3.8—2.5=1.3 for . Vr(2)=Cre™ @
Experimental observations for Ar and Rrare consistent gnq
with predictions from semiclassical thedry,which state
that the probability for elastic scattering of heavy atoms is f(2ke(Z—zZygw))
independent of particle mass at low surface temperature and Vvawl(2) = = Cvaw————— 35—
(Z ZvdW)
depends on the square root of the mass at elevated tempera-
tures. The elastic scattering depends sensitively on the welespectively. HereCr describes the strength andalbe-
depth of the gas—surface interaction potential and the impa@cribes the range of the repulsive interactiagy is the
parameters. The potential well depths fog,ND,, and Ar position of the van der Waals reference plane. For
ought to be rather similar since they desorb at almost equdP2—CU111), Vo(z) is well characterized from previous
temperatures. We would then expect the low-temperatur&ork.*® For N,—Cu(111), we have used parameters derived
value of 2W for N, and Q to be close to the value of\g  for Ar—Cu(111),% since thermal desorption experiments sug-
=2.23 for A, if the molecules interact with the lattice vibra- gest similar well depths in these cases. The anisotropy of the
tions in the same way as the heavier inert gases at low supotential was described, in a conventional manner, by the
face temperature. Our estimated values of 1.1 and 1.3 aféwest order term in an expansion in Legendre polynomials,
cIearI_y smaller anq the phonon. melgstlc scattering .for di- V(z,0)=Vo(2)+V,(2)P5(cog ), ?)
atomic molecules like Nand G is evidently substantially
weaker than for a corresponding inert gas atom. This effect iwhere the anisotropic term is written as a linear combination
well established in gas—surface scattering and derives froraf Vr(z) andV,gw(2),
translation—rotation energy transfer, which cushions the im- _
pact and consequently weakens the particle—phonon Va(2)=BrVR(2) + BuawVvaw(2)- @
interaction* The cushioning effect of this energy transfer The coefficient3, g was determined from the static polariz-
also reduces the slope of I observed at higher tempera- ability of the moleculé while Bz was determined from
tures. The measured values Bf in the linear region, &  total energy, density functional theory calculatidhswe
=BT, are 0.038 and 0.067 for,Nand Ar, respectively. From find that the resulting rotational splittings of the bound levels
the previous discussion we would expect thevalues to  of H, in the D,—Cu potential are in good agreement with

@
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’ ‘ . N, from a Cy11)) surface. Initially, the molecule is in the=0 state with
solid and dashed lines correspond to molecules perpendicular and parallel 1o ormal translational energy ef =4.2 meV.

the surface, respectively. For,Dthe z axis has been offsetybl A for
clarity.

€, =9.0 meV, the maximum probability for rotational exci-
. . . tation increases, slightly, to 89%.
experimental data for jHon Cu(100).1° This agreement gives gntly 0

) . e ; Our results for a rotationally cold D(j=0), with two
us confidence in our approach for determining the rOtat'ona{jifferent initial translational energieg, =4.2 and 56 meV
anisotropy. X '

; _ . are shown in Fig. 8. For the lower energy, there is at most
In Fig. 6, we show our resulting potentials for molecules

only a 2% probability for rotational excitations §&=2. No

oriented perpendicular and parallel to the surface. Note thar%al excitations tgj=4 can occur energetically. The=2
the anisotropy for B favors a perpendicular orientation of '

h lecul hich | ) ith its f . State is a closed channel and is trapped in the potential well,
the molecule, which Is c?gnsstent with results from a previ-pe .oy se the rotational energy, 22 meV, jfer0—2 is much
ous study of H—Cu100).”® Otherwise, we find that the or

|- . . .
larger than the initial energy. For the higher initial energy of
entational anisotropies of the PESs for &d N, are similar ¢ 9y g 9y

. . 56 meV, there is about 22% probability for excitation to the
in magnitude.

. o . ]=2 state, which in this case has enough translational energy
The rotational distribution of the molecule scattering ) yraverse the potential well

from the surface was determined by the time evolution of & rpq caiculations show that the larger rotational excita-

wave packet using a pse_udospectral method. This mgthod fon probability for N, than for D, is not caused by differ-

(kj)ased on a Q'Scre.tﬁ van_aZ!e tr)eprejent&?mnﬁd_the S(_:hr‘(; ences in the rotational anisotropy of the respective PES. This
Inger equation with periodic boundary conditions In e it is demonstrated by the results for the rotational distri-

Qirection and the split-operator approximation for the S,hort'bution for D, in the model PES for Nat an incidence energy
time propagator. To prevent the scattered wave from INtr5¢ 4.2 meV and rotational state ¢& 0. In this situation we

acting_ with the backside of t.he repulsive potentigl barrier, W&ind that the calculated maximum rotational excitation prob-
have mtrpdgced an abso_rbmg poterftiait the grid bound- ._ability is about 15%, which is much less than the correspond-
ary. The initial wave function was represented by a Gaussian

function in thez coordinate, with an energy uncertainty of

10%, and a definite rotational state in thecoordinate. The 1
probability, p;(t), to find the molecule in a rotational stgte E =0
was calculated by projecting the wave packet, at each time osk
step, onto the rotational eigenstates of the free rotor. =0
In Fig. 7, we show our results for the rotational probabil-
ity distributions for scattering of a Nmolecule with an ini- A°-6 ¢, ~42meV
tial translational energy, =4.2 meV perpendicular to the -
surface and rotational state=0. Evidently, there is a maxi- oal €L =56meV
mum of 85% probability for rotational excitation when the .
molecule is located in the region of the physisorption well . a
and the dominant part gb;(t) is in the j=4 state. After 0'2§
several tens of picoseconds the molecule leaves the phys- F j=2
isorption well and the rotational energy is transferred back to % 5 m m m 700
the translational coordinate, resulting in a final state with a

t{ps)
probability of about 35% in rotationally excited states. Note _ o _
that for J >4 states the rotational energy is Iarger than th FIG. 8. Calculated rotational probability distributiqn(t), for scattering of

L. . D, from a Cy111) surface. Initially, the molecule is in the=0 state and
incident energy, so these states are trapped in the potentlﬂL

) -0 solid and dotted lines correspond to a molecule with initial translational
well and are closed channels. For a higher incident energynergy of 4.2 and 56 meV, respectively.
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ing probability of about 85% for )\ Thus the large differ- Vvealed that this difference is primarily caused by the large

ence in rotational excitation probabilities betweendnd N, difference in rotational constants and the associated rota-
is instead caused by the large difference in the moments dfonal transition energies of these molecules.

inertia. This result also illustrates the effect that the relative

magnitude of the rotational energies, compared to the kineti© CKNOWLEDGMENTS
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