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Dipole Active Vibrational Motion in the Physisorption Well
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We demonstrate by electron energy-loss measurements that the vibrational motion in the phys-
isorption well is dipole active. This is a general phenomenon and data for adsorhed,Hand
HD reveal a strong nonlinear dependence of the induced dipole moments on displacement. We
find that a good estimate of the dipole moment function can be obtained from a van der Waals
model. [S0031-9007(97)02691-4]

PACS numbers: 82.65.Pa, 33.20.Ea, 67.70.+n, 68.45.Kg

The ubiquitous van der Waals forces manifest themeones derived from the HCu(100) physisorption potential
selves at interatomic distances larger than typical chemidetermined by selective adsorption measurements [4].
cal bond lengths. They are of key importance forThe data also reveal that the fundamental rotational
many physical, chemical, and biological systems andransition of physisorbed HD is associated with a much
their frequent surface manifestations include physisorpenhanced dipole moment.
tion (physical adsorption), gas-surface scattering, and We have determined dipole strengths for the different
atom-force microscopy. The conventional description oftransitions from the measured spectra using dipole scatter-
the physisorption interaction is in terms of a competi-ing theory, while the permanent dipole moment was ob-
tion between a long-range van der Waals attraction and &ined from a work function measurement. We find that
short-range Pauli repulsion, in analogy to inert atom-atorma van der Waals description of the-#€u interaction ex-
interactions. The adsorbate-substrate electron correlatioqdains our experimental observations and provides a good
give, for example, a van der Waals potential which fallsquantitative estimate of the dipole moment function.
off with distance like(z — z0) 3, wherez, is the well- The spectroscopic measurements reported here were
defined van der Waals reference plane [1], but with arobtained with use of a high-resolution electron-energy-
additional precision in the theory, an advantage that is extoss spectrometer (EELS). The instrument, which is
ploited here. a modified version of a construction that has been

The van der Waals forces also polarize the absorbatéescribed briefly elsewhere [5], has an optimum energy
so that the valence electrons are displaced towards thresolution of about 1 meV. Analyzer and specimen can
metal surface. This induced permanent dipole momene rotated so that angles of detection and incidence
varies like (z — zo)* [2]. Density functional calcula- can be varied independently and angular distribution
tions, intended for closer distances, also reveal a rapidlyneasurements were performed by rotating the analyzer
varying polarization with distance [3]. Both models will, at the fixed angle of incidence. The Cu(100) specimen
evidently, lead to the prediction that vibrational motion in was cleanedh situ by standard methods involving argon-
the physisorption well should result in a fluctuating dipoleion bombardment and heating cycles and could be cooled,
and excitations among the well states should be dipole agt an ambient pressure in th&0~!' Torr range, to
lowed and observable by, e.g., infrared spectroscopy. Sudiemperatures below 10 K using helium as a cryogen
spectra will in principle give a direct measure of the gradi-and it was heated resistively. The EEL spectra were
ents of the polarization at distances where electron-electromeasured for uncompressed physisorbed monolayers of
interactions gradually change from nonlocal to local, aH,, D,, and HD of approximately equal adsorbate density
challenging regime to electron structure theory. determined to be around.7 x 10" moleculegcn? in

In this Letter we present experimental evidence fromprevious desorption experiments [6]. A lower density just
high-resolution electron energy-loss measurements akesults in a weakening of the spectral features while a
dipole excited vibrational transitions among the boundhigher density causes energy shifts in the spectra.
levels for H,, D,, and HD physisorbed on the Cu(100) Figure 1 shows the low-energy region of the EEL spec-
surface. Established potentials and fairly large excitra from the physisorbed hydrogen monolayers. The spec-
tation energies make Hfeasible form a spectroscopic tra were taken for specular scattering at an incident angle
point of view, though we expect this effect to existof 48 and an electron energy of 3 eV. The sub-
for physisorbed species in general. Both fundamentadtrate temperature was kept around 10 K during the short
and overtone excitations are observed. The overtongs=5 min) measurements. The Hand D, spectra show
are intense; a striking consequence of strong nonlinegwo loss peaks in the region 5—20 meV corresponding to
variation of the dipole moment with displacement. Thethev = 0 — 1 andv = 0 — 2 vibrational transitions in
observed excitation energies agree very well with theghe physisorption well. The peaks at 7.4 and 13.6 meV
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L LI tempting to suggest that these spectra result from resonant
iy e-H, scattering. This is not the case, however. Angular
distribution measurements reveal that all the excitations
observed in Fig. 1 are dipole excited. Example of such
g distributions for H, (v =0— 1,v = 0— 2) and HD
(v=0—1,j =0— 1)are givenin Fig. 2. The elastic
intensity distribution (solid curve) is symmetrical around
the specular direction and has a full width at half
maximum of 1.7 (H,) and 1.4 (HD). The inelastic
distributions are sharply peaked in the specular direction
which is characteristic for dipole excited transitions. The
inelastic electron scattering involving these excitations
. hence takes place via this long-range interaction. The
j = 0 — 2 rotation transition of H at 44 meV, which is
excited by resonant scattering, exhibits a broad angular
distribution (see Fig. 2) which does not peak in the
specular direction. The resonant scattering contribution
to the intensity of the dipole active transitions is clearly
small (<10%).

The experimental results discussed above show that
the long-range dipole interaction is the predominant
mechanism contributing to the inelastic electron scattering
process involving the vibrational and rotational transitions
displayed in Fig. 1. The differential scattering cross
section is then to a good approximation given by [7]:

2 2
FIG. 1. Electron energy-loss spectra from monolayers gf H do _ Y< ne > M2 M L Ik kol ,
‘ " lkol cosa |k; — kol*

- =n
HD, and D, adsorbed on Cu(100) at about 10 K. The spectra  d{}

are measured in the specular direction for a 3 eV electron beam . . .
incident at 48 from the surface normal. where n; is the number of adsorbed species per unit

area,u, is the dipole matrix element between vibrational

are the related transitions in the HD spectrum. Thestates O and, ko, k4 andk(l)l,kll| are the wave vectors and
9.9 meV peak in this spectrum is the= 0 — 1 rota- their surface components of the incident and scattered
tional transition of the HD molecule. The energy is con-electrons, respectively, ardis the angle of incidence. It
siderably lower than the free molecule value of 11.1 meMs straightforward to evaluate experimental dipole matrix
and we will discuss this observation in more detail be-elements for the observed fundamental and overtone
low. We have listed the observed vibrational transitionexcitations x; and w,, respectively, from Eq. (1) by
energies in Table | together with the corresponding enintegrating over the solid angle of detection. The values
ergies derived from the HCu(100) physisorption poten- obtained for B, D,, and HD are listed in Table II.
tial determined from selective adsorption measurements The absorbed molecules also acquire weak permanent
[4]. The two sets of data refer to predominanjly= 0  dipole moments which is manifested via a reduction
molecules and agree within the accuracy (0.1-0.2 meVf the work function by about 0.1 eV at monolayer
of the two methods, an observation which in fact confirmscoverage. The positive end of these dipoles points away
the correctness of the potential and also shows that theom the metal surface. This behavior is qualitatively
potential depends very weakly on the density of adsorbedimilar to what has been observed for adsorbed rare gas
molecules. layers, in which case the work function reduction can
One striking feature of the spectra in Fig. 1 is thebe as large as 1 eV. It has been pointed out that this
large intensity of the overtone excitations, and it ispermanent polarization of the adsorbate can be ascribed

INTENSITY (RELATIVE UNITS)
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TABLE |. Energies in meV of the vibrational transitions= 0 — 1 andv = 0 — 2 for H,, HD, and D, measured in this work
(EELS) and derived from the HCu(100) physisorption potential determined from selective adsorption measurements (SA) [4].

H, HD D,
v=0—1 v=0—2 v=0—1 v=0—2 v=0—1 v=0—2
EELS 8.9 15.3 7.4 13.6 7.1 12.7
SA 9.0 15.6 7.7 13.8 6.9 12.6
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astic in order to obtain quantitative estimatesgf The model

o gﬁe'\c, (x500) 1 takes into account the retarded response of the metal elec-
o 15meV (x500) trons and deﬁnes_ a reference plagefrom which the ad- .

& 44 meV (x2000) sorbate position is measured when the dipole moment is

evaluated. From Egs. (14) and (15) in Ref. [2] we have
p. = f/z = 20)*, 2

0.5}

20 — zp = 8lze — ), ©))

, wherez, is the position of the positive jellium background

) - andz. is the centroid of the induced surface charge. The
elastic ..

HD o 7 meV (x500) guantitiesf andg depend on the surface plasmon energy

© 10 meV (x1000) hwg and a common valuédw, for the spectral represen-

tation of the adsorbate electronic excitation energies. We

have treated Cu as a free electron metal with one electron

per atom which givedio, = 7.6 eV and we findz, —

zp = 1.45a¢ (1ag = 1 bohp interpolating in the data of

Ref. [8]. Treating the H molecule as a simple oscillator

with two electrons givesiwy = 16.5 eV from the aver-

6 age static electronic polarizabilityg, = 5.414j. Using

0 (DEGREES) these value we obtaifny — z, = 1.01ag from Eq. (3).

The dipole matrix element for the — 1 fundamental
FIG.2. Experimental elastic peak intensities (solid curves)vibrational transition is given by
and inelastic peak intensities vs collection angie

—
T

INTENSITY (RELATIVE UNITS)

0.5¢

(6 =0 specular, & <0 toward surface normal) for K w1 = piN{z?), (4)
E,} _ 8: i E:g;} :8__’, 12((:))]’_] go%&’ifn(fﬁl inalgig. 1?—'D wherep! is the derivative of the dipole moment function

and /(z?) is the rms. displacement of the oscillator in

to the van der Waals forces acting between the adsorba{Ee ground state. The corresponding matrix element for
and the metal substrate [2]. The net effect is that thd1€0 — 2 overtone transition has contributions from both
adsorbate valence electrons are attracted towards ttfaectrical and mechanical anharmonicity
metal surface by long-range dynamical image interaction. p! Xe
The van der Waals treatment yields an induced dipole M2 = ﬁ<z2> + Pé\/@\/; (5)
momentp., which varies ag~* with distance from the ] o ]
surface. Local density calculations [3], on the other handWhere p?' is the second derivative of the dipole moment
reveal explicitly a valence electron distribution displacedfunction. The second contribution is from mechanical
towards the metal due to short-range exchange-correlatiofharmonicity and is derived for a Morse potential [9];
effects. Calculations for Xe on a jellium of Al density [3] the parametex, is a measure of the anharmonicity of the
show a rapid variation of the induced dipole moment withPotential with an energy level spectrum, = fiw,(n +
adsorbate-substrate distance. 1/2) = hwex.(n + 1/2)% For this potential we also
We are, of course, in this work, particularly interestednave(z®) = /i/2mw, wherem is the reduced mass of the
in the dynamic dipole moment, i.e., the variation of the©Scillator [10]. , . _
dipole moment with distance around the adsorbate equi- We have evaluated the dipole moment and its deriva-
librium position. Polarization induced dipole moments tives at the equilibrium position of the Hmolecule in the
seem to be a likely source of our observations. We willPotential well which isc, — zj, = 4.55a, outside the jel-

apply a van der Waals treatment presented by Zaremba [#F'M €dge [11]. The calculated valugs, = —0.016 D
and u, = 0.0056 D for H, are listed in Table Il and

agree remarkably well with the corresponding experi-
TABLE Il. Measured dipole momengk, and dipole matrix ~mental values0.020/D and [0.0089|D. Previously we
elementsu; andu, for H,, HD, and D,. The calculated values noted that the overtones were surprisingly intense, about
for Hy, /.L(CI:fC), are derived from the van der Waals treatment0.2 of the fundamental intensity for H Mechanical an-

described in the text. The unit is Debye (D). harmonicity would give only a relative contribution of
M(le) H, HD D, x./2 = 0.05 [see Eq. (5)]. The two contributions to the

experimentalu, are 0.014 D and-0.005 D from electri-

Mo ggi 8'81266 IOO(')%L(‘)? 10,018 10.017] cal and mechanical anharmonicity, respectively, adopting
M1 —U. . . . H . in
s (D) 0.0056 10.0089| 10.0083| 10.0070) the signs from the model. It is clearly the strong nonlin

ear variation of the polarization induced dipole moment
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that causes the intense overtones. The calculated permghallow anharmonic potential well and the strongly non-
nent dipole momenji, = p, for H, is also included in linear dipole moment function encountered in the-EGu
Table Il together with the experimental value deducedsystem suggests the possibility of direct bound-free in-
from the work function changd ¢ = —0.12 eV, mea- frared photodesorption of the adsorbed molecules [15].
sured for the H monolayer [12]. We note that the dif- The rates are presumably small and we have made no at-
ference between thg, values is somewhat larger than tempt to study this effect in the present work.
between the matrix elements. We thank M. Persson and B. I. Lundqvist for useful and
It is straightforward to derive the isotope effect for the stimulating discussions about this work and C. G. Tengstal
matrix elementsw; andu,. Assuming that the substrate for his efforts with the spectrometer. Financial support
mass is infinite one obtains forand D, from the Swedish Research Councils for Natural Science
wi1(D2) = wi(Hy) (1/+/2)2, and Engineering Sciences is gratefully acknowledged.

pa(D2) = pa(Ho)1/42

Using the experimental values for ,Hwe get u; =
[0.017|D and u, = |0.0063|D for D, which agree very
well with the measured Pvalues u; = [0.017|D and [1] E. Zaremba and W. Kohn, Phys. Rev.18, 2270 (1976).
no = [0.0070|D. [2] P.R. Antoniewics, Phys. Rev. Lett32, 1424 (1974);

We can also apply the model to the dipole active  E.Zaremba, Phys. Leth7A, 156 (1976).
(j,m) = (0,0) — (1,0) rotational transition of HD. First [3] N.D.Lang, Phys. Rev. Letd6, 842 (1981).
we note that the orientational dependence of the moleculel4] S- Andersson and M. Persson, Phys. RevA® 5685
surface interaction is dominated by the van der Waals[s] (Slgf’gaersson inVibrations at Surfaces.edited by
interaction [11] which shifts the (1, 0) rotational sublevel ! ' 4

R. Caud , J.M. Gilles, and A.A. L Pl , N
of HD by —1.0 meV [13] from 11.1 meV to 10.1meV  voi 1080 p. 160, ucas (Plenum, New

in 900d_ agreement with the meas_ured energy 9.9 meV.g] | wilzén, S. Anderson, and J. Harris, Surf. S205, 387
The orientational dependence will also influence the (1988).
induced dipole moment but the magnitude of this effect [7] B.N.J. Persson, Solid State Commi24, 573 (1977).
is not known. The measured dipole matrix element [8] N.D. Lang and W. Kohn, Phys. Rev. B 3541 (1973).
ur = 0.0077 D is, however, much larger than the free [9] H.B. Rosenstock, Phys. Rev. 8 1963 (1974).
molecule value 0.00058 D [14]. This enhancement muskl0] The parameters, and w, were obtained by adjusting the
in part originate from the separatiohr = 0.124 A of energy levels of the Morse potential to the three lowest
the molecular mass and electronic centers. The induced Yin9 (:el\é)%ls OO‘; ﬁthe _"i'ﬁli(looz/ ]E’Otel_:‘t'a'T;’]"h'Chl g'VefS
polarization will oscillate when the molecule rotates N and nw, = 1 1.5 MV 1or M. € value o

. (z*) has been calculated assuming the copper substrate to
around the mass center because of the motion of the

. . be of infinite mass.
electronic center with respect to the metal surface. Thfﬂ] L. Wilzén. E. Althoff. S. Andersson. and M. Persson

dipole matrix element for the rotational transition is Phys. Rev. B43, 7003 (1991).
given by ug = p/Ar(10|cosf|00) = p/Ar/v/3. When [12] The work function change depends essentially linearly
evaluated in the equilibrium position we gegirz = on surface coverage of Hand is thus given by\¢ =
—0.0039 D which is clearly much larger than the free —4 pons.
molecule value but smaller than the measured value. Thi@3] The shift of the rotational substates as described by
deviation is larger than we observe for; (also «p!) J. Harris and( P-)J- Feibelman, Surf. S5 133 (1982), is
which indicates that other effects contributestq. given by AE" = 4l (Lt — L) where (n]V,|n)

In conclusion, we have shown that the vibrational mo- is the matrix element of the laterally averaged anisotropic

tion in the physisorption well is dipole active and that ~ component of the interaction with respect to the bound

the related dipole moment function can be measured in state wave function of level. In the ground vibrational

substantial detail at equilibrium distance. We find that state <0!V2|0? - —2.(510r)nev for the H-Cu(100) system

. . . - 11] which givesAE; ™ = —1.0 meV.

a good estimate of this function can be obtained from [ .
- 14] K.P. Huber and G. HerzbergConstants of Diatonic

current van der Waals descr|pt|on.of the a_dsorbate—met Jr Molecules, Molecular Spectra and Molecular Structure

substrate interaction. The data give explicit knowledge ’

" Jive ) . Vol. IV (Van Nostrand Reinhold Company, New York,
about the gradients of the polarization in this complex  1979) p. 259.

transition regime between nonlocal and local electrontl5] See, e.g., W. Ho, ilLaser Spectroscopy and Photochem-
electron interactions. Our observations have other in-  istry on Metal Surfacesedited by H.L. Dai and W. Ho

teresting consequences. For example, considering the (World Scientific, Singapore, 1995).
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