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Intense peaks are observed in angular intensity distributions for HD scattering from (@@1Cu
surface. These can be ascribed to coherent diffraction with translational energy transidts of

=0, —11.0, or 33.11 meV to molecular rotational energy. Time-of-flight spectra, at other scattering
angles, display inelastic peaks that are assigned to phonon creation or annihilation processes with
either the HD rotationally elastic or inelastic transitions. The HD phonon dispersion curves suggest
a strong HD coupling both with surface Rayleigh modes and with bulk phonon modes of the metal
surface. Comparisons of both elastic and inelastic scattering intensities are also made with those
reported for the NDO2) surface. To explain an apparent anomalous diffraction peak intensity ratio
for Ni, a preferential coupling for the HD=0 rotational state into a predissociation channel above

the Ni surface is proposed. @001 American Institute of Physic§DOI: 10.1063/1.1403001

I. INTRODUCTION prisingly, little/few pure phonon scattering events were ob-
served. In addition, the measured rotational and phonon loss
There have been many studies of hydrogen scatteringeatures for HD on ND01)* give evidence for a coupling of
from copper surfaces that look at various aspects of thehe rotational transition to the transverse bulk edge phonons
molecule-surface interaction. State resolved dissociativef the metal surface. Note also, unlike the symmetric
adsorption? and thermal induced desorption studiéhave  (H,, D,) isomers, HD can undergo a facile=0 to J=1
looked at the dissociation/reassociation channel, whereastational excitation. We show that this is indeed a common
lower incident energy scattering has been used to investigateccurrence on surface scattering. The rotationally inelastic
the influence of the physisorption potential welt’ Fewer  (J:0—1) “specular” peak can be of order 3—5 times larger
studies have been made of molecular diffraction andhan the elastic specular peak, just as was observed for the
molecule-to-surface energy transfer for the copper substrate€u(111),” Au(112),” Pt111),'%'* and Ag112)®*° surfaces.
The studies to be presented in this paper are all performed These studies concentrate on molecular HD scattering
with incident translational energi€s<100 me\j too low to  from a Cy001) surface. The surface phonons of this sub-
promote dissociative adsorption. All work uses the groundstrate have been well characterized by inelastic He scattering
vibrational state of hydrogen, and the incident molecularstudies:®” This paper will focus on two main issues,
beam is rotationally cold)=0. In addition, care was taken namely the observed ratio of rotationally inelastic-to-elastic
to avoid selective adsorption conditions; i.e., scattering condiffraction features, and the apparent dispersion of phonon
ditions that can couple into bound state resonances throughodes observed with inelastic HD scattering. In both cases
means of either rotation excitation or diffraction. In this in- we shall make close comparison with the prior results for HD
cident energy regime energy redistribution and partial acscattering from a NDO1) surface'® The paper begins with a
commodation to the surface is observed. With the aid of alescription of the new molecular beam scattering apparatus
new apparatus we are able to resolve both separate and coand other experimental details. The measured angular distri-
bined HD rotational excitation and surface phonon creationbutions for HD are presented and an “inelastic Ewald” con-
annihilation events. struction is shown which aids in the assignment of the ob-
Combined hydrogen rotational excitation and inelasticserved diffraction peaks. An asymmetry in diffraction peak
phonon scattering was observed first for hydrogen scatteringitensities is discussed. HD-surface elastic and inelastic
from the alkali halides. Allison and Feuerbacher performeddebye—Waller factors are investigated. Time-of-flight re-
time-of-flight measurements on scattering gfad D, from  solved phonon dispersion curves along two high symmetry
a LiF (100 surface to find that single Rayleigh phonon scat-azimuths, measured with HD, are compared to those mea-
tering events can occur concurrently with molecular rota-sured with He on the same @01) surface. Finally we com-
tional transitions: A similar result was seen for scattering of pare the results presented here with the data taken from the
D, from NaF*? For HD—Ni (001) scattering:® perhaps sur- Ni surface.

II. EXPERIMENT

dpresent address: Infineon Technologies, Balanstrasse 73, D-81541 Munich. . . .
bElectronic mail: bishopgg@aol.com The apparatus for these experiments was primarily de-

“Present address: CHESS G-line, Cornell University, Ithaca, NY 14853. signed for studies of surfaces using both elastic diffraction
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FIG. 1. Schematic of the beam scattering instrument in two different perspectives. The label numbers refer to the vacuum chambernliénGérs thbel
letters refer to: DP—diffusion pump; A—aperture; MVariable aperturemanual valve, PV¢electroj pneumatic valve; TP—turbo molecular pump; SP-Ti
sublimation pump; CP—-cryopump; MAmanually controlled variable apertuiieis). A more detailed description of the components can be found in Table I.

and inelastic scattering of He atoms. In the majority of ex-der 1x 10" °mbar. The molecular beam impinges directly
periments described here an HD beam seeded in He is Utgn a well-prepared crystalline surface and a small fraction of
lized. Specific details of this beam are discussed further behe pack-scattered moleculéstoms pass through another
low. The main components of the apparatus are a beafyyr stages of differential pumpinghe time-of-flight sec-
source chamber, an ultrahigh-vacuum chamber, a time-Okjop) to the detector chamber. The nominal angle subtended
flight section, and a mass-resolved atom/molecule detectqjy the detector at the target is 0.12°. In this last chamber the
(see Fig. 1 More details of the specific components in- gcatered beam flux is measured using electron beam ioniza-
volved are presented in Table |. tion (ionization region~8 mm diameter mass selection

l(Flrgtthwe descnbe. t);]p|lgal e;penment:ill Iqond|t|orlts forthrough an rf quadrupole mass spectrometer, and pulse
work with a supersonic helium beafsome helium scatter- counting after a channeltron multiplier. While a maximum

IL?r? d(;?tgi ar:e ?fszg:gseirég? Irt;;?\;\?evevr?m;lt;izg%pbl;gyei? specular intensity is not measured directly, as the detector
gh p ypically turates, the specular He count rate is in excess of 10 MHz

panded into vacuum through an electron beam etched, rom a clean C(001) surface with total reflectivity-20% at

um diameter, Pt nozzle. The energy of the surface incident ™ .
helium atoms in the beam can be changed by varying thex 130K. The E)?lse pressure in the detector_cha OHED) .
is of order 810" **mbar. A considerable fraction of that is

temperature of the nozzleE(=5/2kT,,). T, Can be con- i i
trolled in the range of 40—330 K& =10—70meV). Intrin-  Ydrogen (H). A high mass resolutiot—1000 ensures no

sic to the supersonic expansion source, a skimmer is placéfiScernable count rate from mass(8lp). Only a dark count
at a variable distance before the beam nozzle to separate tffd€ (~5 cps is observed around mass(He), derived pre-
central section of the beam from the stray background gaSUmably from x-ray induced ionization.
pressure, and forming the boundary between a heavil For measurements of inelastic scattering rates a pulsed
pumped first chamber and a second chamber. The molecul@am is used. A mechanical chopper in chaniiéy can be
beam passes through two further differentially pumpedowered into the beam. A four-slit aluminum alloy disk, 203
stages and is collimated again by the series of apertites MM in diameter, with gating fractions between 0.7% and
dicated as A2/3, MV3/4, and A4/5 in Fig).IFinally, when  2.7% is used. The chopper disk rotation is driven by a water-
the beam enters the scattering chamber its size is usualfpoled brushless dc motor, which is held in vacuum, and its
determined by the diameter of aperture MV3/4. For the matotation frequency can be varied easily in a range of 100—
jority of data reported here, a 3.5 mm diameter aperture i200 Hz without compromising the motor bearing lifetime.
utilized giving an angular spread of 0.11 °. Both smalless  The gating fraction and rotation speed parameters allow in-
divergenj and broadeftotal surface illuminatingbeams are dependent variation of intensities and duratigwidths) of
also possible. the beam pulses. Beam pulse durations range fromu8.5
The UHYV scattering chamber has a base pressure of 0f0.7%, 200 Hz to 64.3 us (2.7%, 100 Hz A fast LED/
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TABLE I. Apparatus components.

Energy transfer in HD collisions with Cu(001) 7715

Component
Pumps

Description
Backing pumps

Intermediate

Roughing

DP1 (Varian HS-20,

17500 I/s, 22 000 | of HeJs
DP2 (Varian VHS-6, 2400 I/s
DP3 (Alcatel Crystal 63, 200 ljs
TP4 (Pfeiffer TMU260, 210 I/$
TP5 (Leybold TMP1000, 1000 ljs
TP6 (Pfeiffer TPUO60, 56 I/5
SP5(Ti sublimation pump

CP5 (Varian, 4000 I/s cryopump
DP7 (Varian VHS-4, 1200 I/s
DP8 (Varian VHS-4, 1200 I/s
TP9 (Pfeiffer TPUO60,

56 1/9)

TP10(Leybold TMP360,

340 I/9

PV4, PV5, PV6

In-line Valves

PV3/4, PV6/7, PV8/9
MV3/4, MV8/9

In-line Apertures

A2/3, A4l5, A5/6
A7/8, A9/10
MA 6/7
Nozzle
Skimmer
Manipulator

Detector

roots pump(Leybold RUVAC

RP1 Alcatel 2063,

WSU-501, 350 CFM 40 CFM

- RP2/3 Alcatel 2033,

- 21 CFM
DP4 (Edwards Diffstak 63/150 RP4/5/6 Alcatel 2033,
170 1/9 21 CFM

RP7/8 Alcatel 2033,

- 21 CFM
DP (Edwards Diffstak 63/150 RP9 Alcatel 2008,
170 1/9 6 CFM
DP10(Edwards Diffstak 63/150 RP10 Alcatel 2012,
170 1/9 9 CFM

Electro-pneumatic security valves

Electro-pneumatic valveédDC GV1000

Variable aperture manual valvés; 1; 3.5; 10 mm

Replaceable apertures, currently with 2.5; 8; 8 mm diam s
Permanent apertures with 8; 8 mm diam s

Iris (aperture variation in 0...13.5 mm range

Supersonic nozzle 20m diam, platinum

0.5 mm diam, NiBeam Dynamics

6 axis manipulator based on Thermionics Northwest

GP17 goniometer head with virtual tilt axis

Extranuclear Quadrupole mass spectrometer, 0.75 in. diam.

rf rods, axial ionization region and off-axial channeltron
multiplier

photodiode pair monitors the passing chopper disk slits andignal-to-noise ratios in the TOF spectra, scattering measure-
is used to initiate an electrical trigger pulse. This pulse ini-ment times have ranged between 3 and 180 min, depending
tiates a programed delay time in the multichannel scalabn total beam fluxes and back-scattered fractions. Typical
(MCS). The time of arrival, or time-of-flighTOF), of indi-  experimentally determined He-beam velocity resolutions, at
vidual scattered and detected particles is then recorded dugxample operation conditions, are presented in Table 1.

ing repeated cycling and/or beam pulses. Compensation fora The sample is mounted on a commercial six-axis goni-
small chopper-frequency-dependent time offset, caused bymeter. Back-scattered intensity distributions can be mea-
misalignment of the phototransistor position with the chop-gyred as a function of the polar ang@sthe tilt angley, or

per slit center and beam position, is included with one fixedne azimuthd®. Most routine total intensity distributions of
parameter in the data evaluation software. This paramet§fe scattered He atoms are recorded with rotation of the crys-
was established by the measurement of elgst|c scatterlng_ {81 about an axis perpendicular to the plane containing both
TOF spectra at the syrface specu!ar reflecnon. angle, for difg, incoming beam and detecttscattering plane Angular
ferent chopper rotation frequencies. To achieve adequatt?lstributions are thereby recorded as a function of the polar

or incident angle®;, measured with respect to the surface

TABLE Il. Operating parameters and velocity resolutions of helium beams.rwrrr_]aI (see Fig. 1 Typlcal measuremen_t tlmes for tqtal In-
tensity (nonenergy resolvedangular distributions are in the

Nozzle He beam Nozzle  Chopper pulse Aufv, Velocity range of 3—8 min. “Out-of-plane” angular distributions can
temperature, energy, pressure, frequencies, resolution, % be recorded as a function of the polar an@e with the
K meV bar Hz .. . .
addition of a surface normal tilt out of the scattering plane.
42 10 3 400 0.8 Repeated “out-of-plane” scans can also be used to raster
1;2 ;g 3‘3 %%% %; across many scattering directions, thereby producing 2D
273 60 55 600 15 scattered intensity images.

In addition to the total intensity angular distribution
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FIG. 2. Schematic view of the instrument scattering geometry with respect E pot’
to the target. Only beam/resolution defining apertures are inclutiede: = .
components are not to scale. g b) Elastic
g 100¢ J:0-50
g
scans described above, time-of-flight energy resolved polar @ 10 it ; ; i -
angle scans are also readily achieved. This type of scan can 1000 C) Inelastic
be used to select for definite inelastic features. Such energy J:0-1
resolved scans are presented in Sec. Il below. ,
For the measurements reported here, théd@1) sample 100¢
was cleaned by cycles of ion bombardment at room tempera-
ture (30 min, N&, 600eV, 5uA/cm?) and annealing up to 10WMM WW\M
675 K for 10 min followed by a final heating to 900 K. 20 .30 40 50 60 70 80
Sample heating is achieved through either radiative or elec- Scattering Angle O, [degree]

tron beam heating from an adjacent tungsten filament.

Sample cooling uses a liquid nitrogen reservoir and a flexibleIG. 3. Angular distributions for HD scattering in th&10] direction from
copper braid. Crystal temperatures, between 100 K and 90e Cu00D surface aff, =323 K, andg; =36 meV,k=7.2A"". () The
total intensity distribution shows many peaks, each is labeled with a rota-

K, are measured with a SpOt-WeldEd Chromel-Alumel ther-tional transition and a diffraction index. The lower panels show angular

mocouple tied to the crystal under tantalum supports. Aftegjstributions with TOF energy selection. (b) elastic 4J=0) and in(c)
cleaning,in situ Auger analysis, with a double pass cylindri- inelastic @J=1) scattering channels are shown.

cal mirror analyzer, showed no measurable carbon, sulfur, or

oxygen contaminant$<<0.005 ML). Angular distributions

recorded from the clean surface reveal specular diffractiogitation, with zero parallel momentum exchange. The rota-
peaks with full-width at half-maxim&WHM) as small as tionally inelastic coherent scattering is detected at incident
0.35°, angles less than that of the truly elagpeculay diffraction

The high quality, low velocity spread, typical of the su- peak. These types of characteristic angular intensity distribu-
personic helium expansion, withu/v~ 1%, is carried over tion combined with the TOF have been used for calibration
to the HD molecular beams by use of HD seeded in He. Thgurposes. This calibration was achieved through TOF mea-
molecular HD beam originates from a gas cylinder mixturesurements of the rotationally elastically and inelastically
of 5%H,, 5%D,, and 90% He. The gas mixtutat ~20-50  (with rotational excitationscattered molecules. The Appen-
ban is passed over a Mg granule catalyst which is heated tdix details the calibration procedure for determination of ap-
600 K, thereby producing molecular HD. The time-of-flight paratus parameters. We concluded that the angle between
energy analysis technique typically showddwv for He and  incoming and outgoing beams is 99:00.1° and the dis-

D, (mass 4 of order 1%. No attempt was made to evaluatetances, crystal-detector, and chopper-detector, are 1.796
the H, characteristics in the beam as the signal to noise ratig- 0.001 m and 2.5250.001 m, respectively.

was anticipated to be poor. There is, however, no background

in_terference _to the signal at mass 3. HD is resolved clearly; resuLTs

with Ad/v typically ~1.5%.

The seeded beam, of H{i, and D) in He, produces all Figure 3a) shows an observed angular distribution of
HD molecules in thel=0 rotational state due to rotational the HD scattering intensity along th&10] azimuth. Each of
relaxation in the expanding bedfhRotational excitation of the observed intensity peaks have been labeled with both a
the molecules can occur only on scattering at the surfaceotational transitior{if any) and an in-plane diffraction order,
Excitation from theJ=0 to J=1 state §:0—1) is associ- n. At the given incident energy of 36 meV only theO
ated with a transfer of 11.063 meV of energy into the rota-—1 and 0—2 rotational transitions are allowed as the inci-
tional degree of freedom. As the largest fraction of thedent beam comprises only=0 molecules, and thd=3
molecular-Cu scattering is elastiwith respect to the rotational state has an associated rotational ene®fy meV
surface-molecule energy transferthe most intense features (well in excess of 36 me) The peak assignments are, in
in our angular diffraction scans correspond td:8—1 ex-  part, confirmed by the energy resolved angular diffraction
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FIG. 4. Ewald representations of the instrumental geometries for HD scat-
tering along thg 110] direction and for incident beam energies of 36 meV.
Three different cases are presented separatalyjo rotational excitation, S )
(b) J:0—1, and(c) J:0— 2 rotational excitation. Vertical lines designate the FIG. 5. Angular distributions for HD scalttenng from the (001) surface at
position of reciprocal lattice rods for @01) in the[110] direction. Note: ~ 1x— 133K, ﬂ]dEi_z 29_ meV, ki=6'5_'& : .(a) Total intensity scan taken
for inelastic scatteringk;|#|k;|. Case(c) shows a kinematic construction ~along the[110] direction. (b) Total intensity scan taken along tfi20Q]
for a diffraction intensity peak that is not physically observable. Tt® direction.

diffraction condition illustrated in(c) has nonphysicak; that does not

emerge from the surfacé<ﬁ< 0).

Scattering Angle @, [degree]

total angular scans. Figure 5 illustrates two scans taken at a

scans in Figs. ®) and 3c). Figure 3b) displays the contri- lower HD incident energyg; =29 meV). The twn=0 fea-
bution of the total intensity that is truly elastic. In contrast tures remain the most intense. Note, the relative strengths of
Fig. 3(c) displays an intensity contribution that is associatedthese two intense features are scarcely affected by the change
with an 11.0-0.1 meV translational kinetic energy loss, i.e., Of the scattering azimutfrompare Figs. @) and §b)]. The
a J:0—1 transition on surface Scattering_ The peak Corre.aZimUth doeS, as anticipated, affect the pOSition and intensi-
sponding to the):0— 1 rotational transition and no diffrac- ties of then=0 diffraction peaks.
tion (with n=0 at®,;=41.5° is the most intense and, espe-  The temperature dependence of the two intensed
cially, this peak is more intense than the true specular peafliffraction peaks have been investigated in Fig. 6. The peak
(with n=0 at®;=49.5% andAJ=0. intensity attenuations, with increasing temperature, are con-
An Ewald representation of the scattering kinematicssistent with the Debye—Wall¢DW) behavior
(Fig. 4), a useful visualization of the scattering processes, is | =| g~ 2W, (1)
shown in Fig. 4. Figure @) illustrates the case when no ) )
rotational excitation occurs. Figuregb} and 4c) show the Wher_eW is propc_;rtlonal to the surface temperature. For the
scattering kinematics fotb) J:0—1 and(c) J:0—2 rota- rotatlonally_ela_st|m=0 peak it has been sugge§t%tihat the
tional excitations. The angle between the incoming and outPW factor is given by
going scattering wave vectors is kept constant as the total 24m(EZ+D) Ty
scattering anglé = O, + O¢(=99°). The incoming k;) 2W=—-——,
. Mkg®g
and outgoing ks) wave vectors and the wave vector transfer
(AK) rotated about th€000) point as the sample is rotated. wherem is the mass of the incident particle, aMlis the
The scattering angle for each diffraction conditio®; is  mass of the surface specieE,z. is given byEizin cog 6
equivalent to the angle between the incident vekt@nd the andD is a potential well depth. The dataot shown indi-
surface norma[AK=(00) line]. The Ewald constructions cate a surface Debye temperatuB, e, (@s seen by the
clearly illustrate that the HD molecules which undergo purehelium atomgto be approximately 302 K. A value of 269 K
rotational excitations always show correspondirty order  in agreement with other workéfsis achieved only if the
diffraction peaks at smaller scattering anglées, well depth is assumed to be 0. For HD scattering the
Comparable diffraction features are to be seen in othemeasured Debye temperatures are much lower if the well

)

Downloaded 16 Sep 2008 to 129.100.41.190. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



7718 J. Chem. Phys., Vol. 115, No. 16, 22 October 2001

13) k=6.6 A"
5. O oot
10} o ® J0-0 -
5 o
an
2% 8}
2 (W) =0.00269
2 7t 301 :
g . (W/T)}J:Oﬁ0=10.003:49 :
= b) k=73A"
o) . A J0-1
= 10} ‘A\A\A A 007
9t *A\A\
‘A
8t T
S(W/T),, = 0.00274
. (W/T)Imqo = 0.003‘43 ‘
0 100 200 300 400 500
T [K]

FIG. 6. Temperature variation of the=0 HD diffraction peaks.(a) E;
=30meV, k;=6.6 A"; (b) E;=37 meV,k;=7.3 A~L. Solid symbols rep-
resent peak intensities for the elastid:@—0) specular reflected peak.
Open symbols show the higher rotationally inelasficd— 1) n=0 diffrac-

tion peak intensities. Best fit straight line gradients are displayed for the fou
curves.

depth is ignored(see tabulated data in Table)lllYet the
hydrogen/Cw021) well depth is well characterized for both
H, and D,,?° and also for HD?! Inclusion of the well depth
Dyp=30.5meV restore®) pp, to the order of 290 K; this
value is also observed for two incident beam enertfies.
For the rotationally inelastic peaks, the incid&ftis not
equivalent to the finakfz. Thus in analysis of the=0 ro-

tationally inelastic peak we have utilized the more general

form of Eq. (2);
_ 3h%(Akgy) Ty
~ Mkg03

Equation (3) can also include the Beeby effétof a
potential well before a hard wall surface; the effectivie? is

)

Goncharova et al.
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FIG. 7. A series of TOF spectra, converted to the energy transfer scale, for
He scattering from G@01) along the[110] direction. All spectra show
sharp inelastic peaks which can be attributed to the creation of the vertically
polarized surface Rayleigh phonon mdé. The surface longitudinal reso-
nance(LR) and bulk edgéB) modes can also be observed at incident angles
far from the specular®;=49.5°).

raised appropriately. For the rotationally inelastic peak a

slightly higher® pyp) is found (~324 K).
Figures 3 and 5 show not only the coherent diffraction
intensity peakgwith AJ=0, 1 and 2, but also weaker in-

TABLE Ill. Debye—Waller temperatures.

Assumed 0, [K]
Scattering Incident energy well depth

species [meV] [meV] R.E. R.I.

0 2694 —

He 39.0 5.7 302+4 —
296 0 155+ 3 161+4
HD ' 30.8° 287+7 3217
36.6 0 1753 178-4
’ 30.8° 299+8 327+7

aReference 22.
PReference 21.

tensity shoulders around both the=0, AJ=0 and 1 diffrac-
tion conditions. The background levels in the scans of Figs.
3(b) and 3c) suggest that some of the shoulder intensity is
incoherent scattering of either the elastic or the purely rota-
tionally inelastic types.

Other inelastic components, namely inelastic phonon
scattering, are also present. By a comparison of the time-of-
flight spectra for C(D01) along the[110] azimuth, mea-
sured both with HgFig. 7) and with HD (Fig. 8), the HD
spectra have the additional nondispersing feature-At.1
meV. Also, while the helium time-of-flight spectra show
sharp features which disperse away from (A& =0, AE
=0) specular condition, the HD spectra have additional in-
elastic features dispersing from the rotationally inelastic ori-
gin (AK=0, AE=—11meV).

The helium energy and parallel momentum transfers are
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o scattering. Data were collected from TOF spectra with incident energies
6} . 6=37.5] ranging from 17 to 37 meVK=5.7-8.4 A™1); (b) dispersion curves
measured with HD beam & =29 meV k;=6.5 A~1). The position of the
9)
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0 previously in(a) above with He are indicated by the dotted lines. The

-15-10 -5 0 5 10 15 anticipated dispersion associated with Rayleigh phonon modes coupled with

AE [meV] rotational excitation are labeld®; andR,. The additional horizontal line at
AE=—-AE,(0—1) shows the dispersionless energy losses expected for

FIG. 8. Typical energy-transformed TOF spectra for HD scattering from thepyre rotational excitation alone. The near parallel scan curuesing gen-

clean Cy00)) surface along th€110] direction. The rotationally inelastic  erally from lower left to top right show the kinematic conditions of the

dispersionless modAE= —AE,,(0—1)=—11meV] is clearly presentat measurements presented in Fig. 8 and provide the wave vector assignments,

all scattering angles. The rotationally elastic peAEEE 0 meV) is observed  AK, of observed features. Possible positions of decepton features are

only at angles close to the specular. In the regir-41.5°-49.5° two  marked by the short dashed line labeled.”

other types of inelastic feature can be identified. One type disperses into the

elastic origin, the other to an inelastic origidK=0, AE=—AE

—11 me\). Note that at®;<41.5° all of the inelastic peaks are of the « D.”

latter inelastic origin type. ’

Points can arise on this decepton dispersion curve by
the false analysis of weak features originating with non-
monochromatic incident particles. They can be observed as
distinct features either close to diffraction conditions (

shown in Fig. 9a). Several inelastic energy modes ares0)!®?gr, in the case of HD scattering, close to rotational

clearly identified: the perpendicular polarized Rayleighexcitations (and diffraction. Observed decepton features
modes R), the longitudinal resonance modésR), and the  near theAE= — AE,,(0— 1) condition are not displayed in
transverse bulk edge mod€B). The dispersion curves mea- thijs dispersion plot.

sured here are in good agreement with experimental data |nelastic peaks displayed in the positive energy transfer

obtained by other worker$:*" A similar dispersion plot is region can be associated with Raleigh wave modes, similar

shown of the HD inelastic modes from (@01) along the to those observed in the helium spectra. AYE

[110] direction [Fig. 9b)]. The bars through data points <—11.06 meV all the displayed inelastic peaks can be fitted

indicate the full-width-at-half-maximum of the observed fea-well to the Raleigh mode curve passing through tkig

tures. Bars without data points are drawn to indicate broad=0, AE=—11.06 meV origin. The intermediate—(11.06
plateau regions of intensity. On the same picture, the posi<AE<0 meV) region shows evidence of the two types of
tions of the helium inelastic scattering modes, i.e., Rayleighmodes, i.e., those dispersing from tAd==0 origin and
wave ([R), longitudinal resonancé.R), and transverse bulk those from theAE= —11 meV origin. The detailed observa-
edge(B) [just as in Fig. 9a)] are indicated by dotted lines, tions in this region, however, show that simple mode assign-
originating from theAK=0, AE=0 point. For clarity also ment is more complex. Figures (E#)-10(d) are designed to
the Raleigh wave mode&; and R, are shown dispersing illustrate the apparent difference of modes seen in helium,
through theAK=0, AE=—11 meV origin. and HD scattering. One paii@) and(b), shows nearly iden-
The positions of the so-called “deceptons” have alsotically positioned inelastic features for He and HD scattering
been mapped out in Fig(l¥) as a short-dashed line, marked but, as one concentrates on a region closer toAke=0
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FIG. 10. A comparison of energy-transformed TOF spectra measured witlrIG. 11. Energy-transformed TOF spectra for HD scattering from the clean
He (a, 9 and HD(b, d) at two incident angle?,=45.5° for a—b, 46.5° for ~ Cu(001) surface along thg100] direction. Note: one TOF scan is shown for
c—0d. For a clearer comparison the Jacobean transformation was not applie@;=41.2° (slightly away from the rotationally inelastic peak positiomhe

to the HD data. A blow up of the dispersion curves nA&=0, AK=0 strong inelastic feature maps onto the deception dispersion curve in Fig. 12.
region is presented ife) with He data(open circleg and HD data(closed

circles superimposed. The scan curves for the He scattering are depicted by

fjotted lines, and those fo_r the HD scattering by solid lines. Incident energieR, pISCUSSION

in these He/HD comparison measurements are chosen such that the scan

curves run nearly parallel and cross in the=0, AK=0 region. The main observations are as followr the most in-
tense HD diffraction peak corresponds to th®—1 rota-
tional state transition and zero parallel momentum transfer;
(ii) the ratios of the rotationally inelasti&:0—1 n=0 to
origin, the other pair of energy-transferred TOF scaoy, ~rotationally elastic:0—0 n=0 peak intensitieRI/RE)
and (d), shows distinctly different intensity peak positions. are essentially independent of the scattering azinfiiththe
The apparent mode energy is displaced by as much as otwo major elastic and inelastic HD peak intensities show

meV. The simple assignment of the HD inelastic features td/vell—behaved Debye—Waller dependenge) the first order

the Raleigh wave mode is not possible. Figufe 8hows an diffraction peak_s of .the rqtationally inelastically scattered
. . HD are of significant intensity but are not symmetiie) the
enlargement of the measured dispersion curves, near the . . :
AK=0, AE=0 origin. measured HD ph.onon dlsper3|on curves do not lie exactly on
’ ) N the surface Raleigh mode dispersion curves.

Last, a series of TOF mea;urements, shown '|n Fig. 11, (i) The molecular charge density contours and the inter-
were performed for HD scattering along tfE00] azimuth.  5tion potential of hydrogen with any other molecule cluster
These measurements were taken with an identical surfagg gyrface are, to first approximation, spherical. Hence, for
temperature(133 K) and beam energyE;=29meV, ki  H, and D, surface scattering, only a small fraction of the
=6.5A"") to those used in the measurements shown isymmetric scattering molecules undergo  rotational
Figs. 8 and 9. Figure 12 shows the mapped out dispersiogxcitation/de-excitatiof?° In contrast, this and other work
curves along th¢100] azimuth. Again, the simple assign- show that HD has a high probability for rotational excitation
ment of the HD inelastic features to the Raleigh wave modesn surface scattering. This can be broadly understood within

is not possible. a classical discussion of angular momentum exchanges. For
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angular scans. Using a simple Eikonal calculation and con-

10

HD © sidering only the intensity in rotationally elastic channels, the

5 kciég_)][{oo]\ ‘ “elastic” HD corrugation amplitude is of order 0.06 &.

ol LR B This corrugation change from He to HD has been
= ) explained® in terms of a deeper HD physisorption potential
g 5 well, and the closer approach of HD molecules to the surface
E o than for He atoms With cor_npar_able incident _ene_rgies.
< : ; An unorthodox “inelastic” Eikonal approximation could

ash //’ R also be applied for the calculation of inelastic diffraction
DR, @~ intensities. However, there remains a fundamental problem

20 06 00 06 12 18 in the application of any kinematic approach to the inelastic
AK [A™] data. Namely, the first order diffraction peaks of the rotation-

ally inelastic HD are not symmetric. F& '°=36 meV and
FIG. 12. Dispersion curves of features measured with (H#>=29 meV, J:0—1. the (_]0) peak is approximately five times more in-
ki=6.5 A~1) from the C{001) surface along thg100] direction. For other : .
details, compare directly with Fig(/8). Note also, one decepton featfe) tense than Tor thélO) peak. The asymmetry factor rals_es _to
is shown here. ~X8 askE; is decreased to 29 meV. For a surface with in-

version symmetry the asymmetry factor is not expected ki-

nematically, as the perpendicular momentum transige$

HD the center of mass of the molecule is displaced by #re identical for both th@:0—1 n=1 andn=—1 peaks.
distancea=0.164 A from the molecular electronic center. More complete close coupling calculatiortbeyond the
For a sudden impact, any molecule undergoing a momentur$cope of this papgmwould be required to accurately repro-

transfers Ak would also have an angular momentuti,,  duce the experimental diffraction intensities. Note also the
imparted to it on scattering: n=+1 diffraction peak for aJ:0—2 event, is illustrated in

. Fig. 4(c). This diffraction condition is not physically obtain-

|AL[=af|Ak|sina, (4 able, as the “requiredt; vector” is directed into the surface.
wherea is the orientation of the molecular axis with respect This is an extreme example where clearly, contrary to kine-
to the momentum transfersAk). For a typical momentum matic calculational approaches, the 1 andn=—1 diffrac-
exchange(say ~ 2% kiz! of order 1£JsA 1) the imparted tion peakscannot show symmetric intensities. A similar
angular momentum may be as large asil18 (depending asymmetry was observed for HD AD1) scattering’® also
on the instantaneous molecular orientaliofhus it is of no  for D, NaF scattering? Surprisingly, the asymmetry was not
surprise that HD can undergo the 0 td: Totational excita- detected(or was not so pronouncgdor Ni(001)*® and for
tion with high probability on most surfaces, just as is illus- Ag(111).%*%In the latter case the instrumental angular reso-
trated in Figs. 3 and 5. lution was only just sufficient to resolve diffraction peaks.

(i) In the above arguments, no reference is made to th¥Ve speculate only that the removal of an asymmetry in the
nature of the scattering surface. The surface is presumed onlyi data may be an incidental side effect of other factors
to have high speculan=0 reflectivity (with little corruga-  pertinent to Ni that we discuss at the end of this section.
tion), and to have a low probability of energy transfer either ~ (v) The results of the time-of-flight measurements indi-
from, or into, the surface. The above assumptions may bgate that there is a strong coupling of the HD molecules to
good for Cu: consistently the scattering azimuth apparentlgurface phonons at the @01 surface. However, it is also

does not affect the relative probability 6f0—1 andJ:0  apparent, that the strongest coupling is not necessarily to the
—0 processes fon=0, i.e.,RI/RE surface Raleigh modes, such as is the case for He scattering.

(i) The simple kinematic argumenfassumingW A similar conclusion was drawn by Berndt al. when con-
oc<(Ak§ﬁ uz)?)] explains well the relative magnitudes of the sidering the HD scattering from the (Q0D1) surface. For Ni
HD Debye—Waller factors of the twAK =0 (or n=0) HD the dispersion of the measured rotationally inelastic points
diffraction peaks. Also, we note that an experimentally defollowed most closely the surface projected bulk band edge
termined value for the HD well depthD(p,=30.5meV) over a range from-0.35 A"*<AK<0.4A™*. For Ni(00D)
gives consistent values for the surface Debye temperaturelsi00] the ratio of the transverse bulk edge and Raleigh dis-
0, for both HD and He scattering. Unfortunately we could persion gradients is only 1.2&dicating the excellent accu-
not determine whether the same Debye—Waller behavior exacy and resolution of the data 5bt For the C(001) [110]
tends to H and D, scattering on C{001). A discrepancy for azimuth the gradient ratio of the bulk edge and Raleigh dis-
the homonuclear molecular isotopes was observed for hydrgsersion curves is as high as 2.84. Despite careful measure-
gen scattering from Ag111).° ments, however, we have not been able to assign one edge

(iv) The surface corrugation and transfer of perpendicu{or one modg to the dispersion of the HD/Cu data. The
lar to parallel energy cannot be ignored for scattering frommeasured dispersion appears to waiver between the Raleigh
this surface as the diffraction peaks do represent a significamind the bulk edge. For Ci@01) there is also the possibility
fraction of the scattered intensity. While @01) exhibits  of coupling into the longitudinal mode. As a reminder, the
anomalously low first order diffraction peak intensities for longitudinal mode on C@01) has an unusually large cross
helium (a corrugation amplitude below 0.005'% HD dif- section for the He prob¥. Can the same be true for HD?
fraction features are much more clearly observable in the HD  For both scattering azimuths investigated, the widths of
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the observed inelastic features, as indicated by bars on the/drogen adsorptionis to be prevalent on Ni at the low
HD diagrams of Figs. 9 and 12, are substantially broadesurface temperatureT(=133K). It is, however, with the
than the instrumental resolution and are often broad enoughdsorbed H species that tlRd/REy;y ratio is restored to a
to include all three(Raleigh, longitudinal, bulk edgeea-  value (e.g., RI/REyy~6:1 for T,=150K, E;=32me\)
tures. Thus HD must couple more strongly than He to eithethat is, comparable with the data seen on other surfaces. An
the longitudinal and/or the bulk phonons. We propose thereanticipated effect of H adsorption would be the mass induced
fore that the central peak position is governed by the relativehanging of the vibrationally elastic intensities. A corre-
cross sections for the three modes for the two directionssponding increase in the Debye—Waller factors with H ad-
Coupling of HD to the three modes will be tied closely to the sorption would be observed. Thus the anticipefd(RE ra-
azimuth, to impact energies, to energy losses as well as to tti® ought to increase further with H adsorption, which is
exact nature of the surface interaction potential. Enhancesontrary to that seen experimentally. We conclude that there
ment of HD-bulk phonon cross sectiof@ver He-bulk pho- is an anomalou®|I/RE ratio for the clean Ni surface. Hy-
non cross sectiongnay be anticipated as the increased po-drogen adsorption apparently removed this anomalous be-
tential well depth of HD allows for closer approach distanceshavior.
and overall stronger coupling. The availability of the HD adsorption channel on Ni is
Last, we wish to make other comparisons with the pubihe only, as yet not discounted, factor unique to the clean Ni
lished dat& for the Ni(001) surface. A most surprising dis- surface. According to six-dimensional quantum dynamic cal-
tinction is that the CW:0—1/J:0—0, i.e., “RI/RE," ratios  culations of dissociative adsorptiGhH, in the J=0 state
(e.9.,RI/REg,~5:1 for T,=323K, E;=36meV; or~2:1 exhibits an enhanced sticking probability on(G@il) over
for T,=133K, E;=30me\) are markedly different from the other rotationally excited states. The implication for
that shown for the Ni surfacé.g., RI/REy~20:1 for T, Ni(001) might be that the near surfade=0 molecules have
=390K, E;=32me\). Explanation of this distinction could @ higher probability of accessing a predissociation channel.
depend on several factors includif@) HD scattering geom-  This channel then either allows complete dissociation or al-
etries, i.e., O, (D) incident HD beam propertiesic)  lows further J:0—1 conversion before coherent re-
Debye—Waller factors and surface temperatuféssurface ~ emergence from the surface. Either case would explain a
defect densities(e) coincidence with the resonance features,Preferred reflection of the rotationally excited HD molecules
and/or(f) the surface purity, especially adsorped H. from the clean Ni surface, i.e., at surface temperatures above
The nickel experiments were performed with an apparathat for H, HD, or D, desorption.
tus utilizing @,,5=90° compared to ours at 99°. At any
given E;, the magnitude of the elastic momentum transferV: SUMMARY

vectors, |4 Ak|, are 8% higher for the Ni experiments than  \we have measured the angular intensity distributions and
for Cu. The ratioRI/RE is only weakly Ak* dependent; time-of-flight spectra for HD scattering from the G001)
factor (a) would raise the peak intenSity rat®I/RE for Ni surface. Both the Cu and N)Ol) surfaces behave Sim“ar]y
by only a small fractior{less than 20% The experimentally in that scattering HD molecules do not couple exclusively to
observed peak widths, one of which can show velocitythe surface Raleigh phonons: strong HD coupling with bulk
spread broadening, are not significantly different from Cu tophonon modes of the metal surfaces are implied. Coupling of
Ni, as similar HD beam energies and comparable energiesD to the surface longitudinal modes of copper also cannot
resolutions(~1.5%-2% were used in both experiments. pe discounted. In addition, we have suggested th&dQd)

This implies that factoib) is insufficient to explain the Cu  showed an unusually low elastic specular feature and have
and Ni RI/RE ratio difference. The bulk Debye proposed that there is an enhanced probability for the HD in
temperatures for Cu and Ni are, respectively, 343 K and the J=0 rotational state to couple into a predissociation
450 K. This difference, if mirrored in surface Debye tem- channel above the Ni surface.

peratures, would only lead to enhand®t!RE for Cu com-

pared to Ni; in contrast with the observed distinction. FactorACKNOWLEDGMENT

(c) is discounted; it is not contributing to a larget/RE for

Ni than for Cu. The Ni work showed evidence of coupling of
defects with incoherent rotationally inelastic scatterititat

is not apparent in this Cu woykBut there was no evidence
that scattering into incoherent channels preferentially attenu- The study of inelastic scattering processes, using atomic
ates the cohereml peak intensity over the cohereREpeak  and molecular beams, ideally requires back-scattered energy
intensity. Thus facto(d) is disregarded. Regardirig), in our ~ determinations to a precision of order 0.1 meV or better.
measurements resonance conditions have been avoided.Tlhis degree of precision demands very accurate measure-
the incident energy used in the Ni experiment would havements of both times-of-flight as well as the time-of-flight
coincided with a resonance condition, then RE intensity  distances. Typically, flight distances cannot be measured so
would be enhancedcoupling into a resonance maximym accurately within UHV chambers. Also, the ionization region
and theRl intensity would be reduce@oupling into a reso- of the detector is elongated and it is not possible to predict
nance minimurff). Therefore, an incident energy region co- the position of maximum ionization probability. Thus one
incident with an HD on Ni bond state resonance conditionapproach to calibration of the distances is to use a standard
can only reduce th&®I/RE ratio. Factor(f) above(namely  such as the rotational energy gain and transnational energy
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of the flight distancesS;p and S¢p is achieved through a

=11.063meV). The analysis used here for the time-of-flightminimum of two data setéeach with atcp ejast@nd tep inel
distances and the total scattering angle determination irpair) taken with differing incident energy valueg; . Self-

volved a number of details that are described below.

Time-of-flight distances

For a rotational transition, the conservation of energy

gives:

Ei=E;—AEq, (A1)

whereAE,; is the change in transnational energy of a rota-

consistency is also checked with additional data sets.

Total scattering angle

The value of the total scattering angle(angle between
incoming and outgoing beam®;,= ©; + ©;) has also been
calibrated:

O:1=0O a0 . (A4)

tionally excited molecule, far from the surface. The rota-The conservations of energy and of parallel momentum com-

tional energy is considered to have a precigas-phase
quantum valug(—11.063 meV for the J:0—1 excitation.

The energy terms can be expressed in terms of the velocity

of the particles in the following manner:

2 2
my; m( SCD)
Ei=—=— A2
I 2 2 tCD,eIas ( )
and
2 2
_Mmyy  m(Srp
“=5 =3 el "

whereSis distancef is time-of-flight and indexe€, T, and
D stand, respectively, for chopper, targetysta), and detec-
tor. Substitution into Eq(Al) gives

m St

AErot:E

? [ Seo |\
STD) tCDeIas
tepinert 1- — '
CD,inel CD,eIas( SCD

The last equation includesgp gjast@ndtep el Which are ex-

ponents can be stated:

h2k? kK2
W: W-FAEWI! (AS)
K;=K;+G, (AB)

wherek;, k; are the magnitude of the incident and final
molecular wave vectorsn is a molecular mass of HIX is
the parallel component of the incident wave vecterjs a
surface reciprocal lattice vector, atkdE,; is the transfer of
transnational to rotational energif any). The parallel pro-
jections of the incoming and outgoing wave vectors &6)
can be restated in the following way:

. 2 ZmAErot .
ki sin®@;=nG,= \/ ki + —hrsm(@mta,— ®,)

=K; SiN(Oyo1a— 0)), (AT)

whereG, is the projection of the reciprocal vect@, on the
scattering plane. Equati@A7) gives us the unique positions

perimentally observable flight times. The suffix “inel” refers of all the elastic and rotationally inelastic diffraction peaks
to the observed inelastic time of feature that corresponds tand an expression for the incident scattering angle in terms
the pureJ:0—1 transition. The independent determination of the total scattering angle:

k.
nG, k—; +€0SO, 14

+5iN O K2+ K+ 2k ks cOSO g1 — N°G2

sin®;(n)= 2

k_i + 2K; c0SO,giat+ Ki
f

(A8)

Only the relative positions for variou®,(n) are easily measured, as initially there is an unknown offsék; inin practice, the
offset together with the one value féh, are established by checking for self-consistency for many diffraction conditions;

typically atn=0, for largen, and for varyingg; .
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