
VOLUME 78, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 10 MARCH 1997

den

phys-

. We
aals

2016
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
isorption well is dipole active. This is a general phenomenon and data for adsorbed H2, D2, and
HD reveal a strong nonlinear dependence of the induced dipole moments on displacement
find that a good estimate of the dipole moment function can be obtained from a van der W
model. [S0031-9007(97)02691-4]

PACS numbers: 82.65.Pa, 33.20.Ea, 67.70.+n, 68.45.Kg
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The ubiquitous van der Waals forces manifest the
selves at interatomic distances larger than typical che
cal bond lengths. They are of key importance f
many physical, chemical, and biological systems a
their frequent surface manifestations include physiso
tion (physical adsorption), gas-surface scattering, a
atom-force microscopy. The conventional description
the physisorption interaction is in terms of a compe
tion between a long-range van der Waals attraction an
short-range Pauli repulsion, in analogy to inert atom-at
interactions. The adsorbate-substrate electron correlat
give, for example, a van der Waals potential which fa
off with distance likesz 2 z0d23, wherez0 is the well-
defined van der Waals reference plane [1], but with
additional precision in the theory, an advantage that is
ploited here.

The van der Waals forces also polarize the absorb
so that the valence electrons are displaced towards
metal surface. This induced permanent dipole mom
varies like sz 2 z00d24 [2]. Density functional calcula-
tions, intended for closer distances, also reveal a rap
varying polarization with distance [3]. Both models wil
evidently, lead to the prediction that vibrational motion
the physisorption well should result in a fluctuating dipo
and excitations among the well states should be dipole
lowed and observable by, e.g., infrared spectroscopy. S
spectra will in principle give a direct measure of the gra
ents of the polarization at distances where electron-elec
interactions gradually change from nonlocal to local,
challenging regime to electron structure theory.

In this Letter we present experimental evidence fro
high-resolution electron energy-loss measurements
dipole excited vibrational transitions among the bou
levels for H2, D2, and HD physisorbed on the Cu(100
surface. Established potentials and fairly large ex
tation energies make H2 feasible form a spectroscopi
point of view, though we expect this effect to exi
for physisorbed species in general. Both fundamen
and overtone excitations are observed. The overto
are intense; a striking consequence of strong nonlin
variation of the dipole moment with displacement. T
observed excitation energies agree very well with t
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ones derived from the H2-Cu(100) physisorption potentia
determined by selective adsorption measurements
The data also reveal that the fundamental rotatio
transition of physisorbed HD is associated with a mu
enhanced dipole moment.

We have determined dipole strengths for the differe
transitions from the measured spectra using dipole sca
ing theory, while the permanent dipole moment was o
tained from a work function measurement. We find th
a van der Waals description of the H2-Cu interaction ex-
plains our experimental observations and provides a g
quantitative estimate of the dipole moment function.

The spectroscopic measurements reported here w
obtained with use of a high-resolution electron-energ
loss spectrometer (EELS). The instrument, which
a modified version of a construction that has be
described briefly elsewhere [5], has an optimum ene
resolution of about 1 meV. Analyzer and specimen c
be rotated so that angles of detection and inciden
can be varied independently and angular distributi
measurements were performed by rotating the analy
at the fixed angle of incidence. The Cu(100) specim
was cleanedin situ by standard methods involving argon
ion bombardment and heating cycles and could be coo
at an ambient pressure in the10211 Torr range, to
temperatures below 10 K using helium as a cryog
and it was heated resistively. The EEL spectra we
measured for uncompressed physisorbed monolayer
H2, D2, and HD of approximately equal adsorbate dens
determined to be around0.7 3 1015 moleculesycm2 in
previous desorption experiments [6]. A lower density ju
results in a weakening of the spectral features while
higher density causes energy shifts in the spectra.

Figure 1 shows the low-energy region of the EEL spe
tra from the physisorbed hydrogen monolayers. The sp
tra were taken for specular scattering at an incident an
of 48± and an electron energy of 3 eV. The su
strate temperature was kept around 10 K during the sh
sø5 mind measurements. The H2 and D2 spectra show
two loss peaks in the region 5–20 meV corresponding
the y ­ 0 ! 1 andy ­ 0 ! 2 vibrational transitions in
the physisorption well. The peaks at 7.4 and 13.6 m
© 1997 The American Physical Society
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FIG. 1. Electron energy-loss spectra from monolayers of2,
HD, and D2 adsorbed on Cu(100) at about 10 K. The spec
are measured in the specular direction for a 3 eV electron b
incident at 48± from the surface normal.

are the related transitions in the HD spectrum. T
9.9 meV peak in this spectrum is thej ­ 0 ! 1 rota-
tional transition of the HD molecule. The energy is co
siderably lower than the free molecule value of 11.1 m
and we will discuss this observation in more detail b
low. We have listed the observed vibrational transiti
energies in Table I together with the corresponding
ergies derived from the H2-Cu(100) physisorption poten
tial determined from selective adsorption measureme
[4]. The two sets of data refer to predominantlyj ­ 0
molecules and agree within the accuracy (0.1–0.2 me
of the two methods, an observation which in fact confir
the correctness of the potential and also shows that
potential depends very weakly on the density of adsor
molecules.

One striking feature of the spectra in Fig. 1 is t
large intensity of the overtone excitations, and it
a
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tempting to suggest that these spectra result from reso
e-H2 scattering. This is not the case, however. Angu
distribution measurements reveal that all the excitatio
observed in Fig. 1 are dipole excited. Example of su
distributions for H2 sy ­ 0 ! 1, y ­ 0 ! 2d and HD
sy ­ 0 ! 1, j ­ 0 ! 1d are given in Fig. 2. The elastic
intensity distribution (solid curve) is symmetrical aroun
the specular direction and has a full width at ha
maximum of 1.7± (H2) and 1.4± (HD). The inelastic
distributions are sharply peaked in the specular direct
which is characteristic for dipole excited transitions. Th
inelastic electron scattering involving these excitatio
hence takes place via this long-range interaction. T
j ­ 0 ! 2 rotation transition of H2 at 44 meV, which is
excited by resonant scattering, exhibits a broad angu
distribution (see Fig. 2) which does not peak in th
specular direction. The resonant scattering contribut
to the intensity of the dipole active transitions is clear
small s,10%d.

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

ds

dV
­ ns

µ
me

p´0h̄

∂2

m2
n

jk1j

jk0j

1
cosa

jk
k
1 2 k

k
0 j2

jk1 2 k0j4
, (1)

where ns is the number of adsorbed species per u
area,my is the dipole matrix element between vibration
states 0 andy, k0, k1 andk

k
0 , k

k
1 are the wave vectors and

their surface components of the incident and scatte
electrons, respectively, anda is the angle of incidence. It
is straightforward to evaluate experimental dipole mat
elements for the observed fundamental and overto
excitations m1 and m2, respectively, from Eq. (1) by
integrating over the solid angle of detection. The valu
obtained for H2, D2, and HD are listed in Table II.

The absorbed molecules also acquire weak perman
dipole moments which is manifested via a reductio
of the work function by about 0.1 eV at monolaye
coverage. The positive end of these dipoles points aw
from the metal surface. This behavior is qualitative
similar to what has been observed for adsorbed rare
layers, in which case the work function reduction ca
be as large as 1 eV. It has been pointed out that t
permanent polarization of the adsorbate can be ascri
4].

TABLE I. Energies in meV of the vibrational transitionsy ­ 0 ! 1 andy ­ 0 ! 2 for H2, HD, and D2 measured in this work
(EELS) and derived from the H2-Cu(100) physisorption potential determined from selective adsorption measurements (SA) [

H2 HD D2

y ­ 0 ! 1 y ­ 0 ! 2 y ­ 0 ! 1 y ­ 0 ! 2 y ­ 0 ! 1 y ­ 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
2017
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FIG. 2. Experimental elastic peak intensities (solid curve
and inelastic peak intensities vs collection angleu
(u ­ 0 specular, u , 0 toward surface normal) for H2
fy ­ 0 ! 1 s≤d, y ­ 0 ! 2 s±d, j ­ 0 ! 2 sndg and HD
fy ­ 0 ! 1 s≤d, j ­ 0 ! 1 s±dg. Conditions as in Fig. 1.

to the van der Waals forces acting between the adsorb
and the metal substrate [2]. The net effect is that th
adsorbate valence electrons are attracted towards
metal surface by long-range dynamical image interactio
The van der Waals treatment yields an induced dipo
momentpz, which varies asz24 with distance from the
surface. Local density calculations [3], on the other han
reveal explicitly a valence electron distribution displace
towards the metal due to short-range exchange-correlat
effects. Calculations for Xe on a jellium of Al density [3]
show a rapid variation of the induced dipole moment wit
adsorbate-substrate distance.

We are, of course, in this work, particularly intereste
in the dynamic dipole moment, i.e., the variation of th
dipole moment with distance around the adsorbate eq
librium position. Polarization induced dipole moment
seem to be a likely source of our observations. We w
apply a van der Waals treatment presented by Zaremba

TABLE II. Measured dipole momentm0 and dipole matrix
elementsm1 andm2 for H2, HD, and D2. The calculated values
for H2,m

sH2d
calc , are derived from the van der Waals treatmen

described in the text. The unit is Debye (D).

m
sH2d
calc H2 HD D2

m0 sDd 0.026 0.045
m1 sDd 20.016 j0.020j j0.018j j0.017j
m2 sDd 0.0056 j0.0089j j0.0083j j0.0070j
2018
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in order to obtain quantitative estimates ofpz . The model
takes into account the retarded response of the metal e
trons and defines a reference planez0, from which the ad-
sorbate position is measured when the dipole momen
evaluated. From Eqs. (14) and (15) in Ref. [2] we have

pz ­ fysz 2 z0d4 , (2)

z0 2 zb ­ gszc 2 zbd , (3)

wherezb is the position of the positive jellium backgroun
andzc is the centroid of the induced surface charge. T
quantitiesf andg depend on the surface plasmon ener
h̄vs and a common valuēhv0 for the spectral represen
tation of the adsorbate electronic excitation energies. W
have treated Cu as a free electron metal with one elect
per atom which gives̄hvs ­ 7.6 eV and we findzc 2

zb ­ 1.45a0 s1a0 ­ 1 bohrd interpolating in the data of
Ref. [8]. Treating the H2 molecule as a simple oscillato
with two electrons gives̄hv0 ­ 16.5 eV from the aver-
age static electronic polarizabilityas ­ 5.41a3

0. Using
these value we obtainz0 2 zb ­ 1.01a0 from Eq. (3).

The dipole matrix element for the0 ! 1 fundamental
vibrational transition is given by

m1 ­ p0
z

p
kz2l , (4)

wherep0
z is the derivative of the dipole moment functio

and
p

kz2l is the rms. displacement of the oscillator i
the ground state. The corresponding matrix element
the0 ! 2 overtone transition has contributions from bo
electrical and mechanical anharmonicity

m2 ­
p00

zp
2

kz2l 1 p0
z

p
kz2l

r
xe

2
, (5)

wherep00
z is the second derivative of the dipole mome

function. The second contribution is from mechanic
anharmonicity and is derived for a Morse potential [9
the parameterxe is a measure of the anharmonicity of th
potential with an energy level spectrumEn ­ h̄vesn 1

1y2d 2 h̄vexesn 1 1y2d2. For this potential we also
havekz2l ­ h̄y2mve wherem is the reduced mass of the
oscillator [10].

We have evaluated the dipole moment and its deriv
tives at the equilibrium position of the H2 molecule in the
potential well which isze 2 zb ­ 4.55a0 outside the jel-
lium edge [11]. The calculated valuesm1 ­ 20.016 D
and m2 ­ 0.0056 D for H2 are listed in Table II and
agree remarkably well with the corresponding expe
mental valuesj0.020jD and j0.0089jD. Previously we
noted that the overtones were surprisingly intense, ab
0.2 of the fundamental intensity for H2. Mechanical an-
harmonicity would give only a relative contribution o
xey2 ø 0.05 [see Eq. (5)]. The two contributions to th
experimentalm2 are 0.014 D and20.005 D from electri-
cal and mechanical anharmonicity, respectively, adopt
the signs from the model. It is clearly the strong nonli
ear variation of the polarization induced dipole mome
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that causes the intense overtones. The calculated per
nent dipole momentm0 ­ pz for H2 is also included in
Table II together with the experimental value deduc
from the work function changeDf ­ 20.12 eV , mea-
sured for the H2 monolayer [12]. We note that the dif-
ference between them0 values is somewhat larger tha
between the matrix elements.

It is straightforward to derive the isotope effect for th
matrix elementsm1 andm2. Assuming that the substrate
mass is infinite one obtains for H2 and D2

m1sD2d ­ m1sH2d s1y
p

2 d1y2 ,

m2sD2d ­ m2sH2d1y
p

2
Using the experimental values for H2 we get m1 ­
j0.017jD and m2 ­ j0.0063jD for D2 which agree very
well with the measured D2 values m1 ­ j0.017jD and
m2 ­ j0.0070jD.

We can also apply the model to the dipole activ
sj, md ­ s0, 0d ! s1, 0d rotational transition of HD. First
we note that the orientational dependence of the molecu
surface interaction is dominated by the van der Wa
interaction [11] which shifts the (1, 0) rotational subleve
of HD by 21.0 meV [13] from 11.1 meV to 10.1 meV
in good agreement with the measured energy 9.9 me
The orientational dependence will also influence t
induced dipole moment but the magnitude of this effe
is not known. The measured dipole matrix eleme
mR ­ 0.0077 D is, however, much larger than the fre
molecule value 0.00058 D [14]. This enhancement mu
in part originate from the separationDr ­ 0.124 Å of
the molecular mass and electronic centers. The indu
polarization will oscillate when the molecule rotate
around the mass center because of the motion of
electronic center with respect to the metal surface. T
dipole matrix element for the rotational transition i
given bymR ­ p0

zDrk10j cosuj00l ­ p0
zDry

p
3. When

evaluated in the equilibrium position we getmR ­
20.0039 D which is clearly much larger than the fre
molecule value but smaller than the measured value. T
deviation is larger than we observe form1 (also ~p0

z)
which indicates that other effects contribute tomR .

In conclusion, we have shown that the vibrational m
tion in the physisorption well is dipole active and tha
the related dipole moment function can be measured
substantial detail at equilibrium distance. We find th
a good estimate of this function can be obtained from
current van der Waals description of the adsorbate-me
substrate interaction. The data give explicit knowled
about the gradients of the polarization in this comple
transition regime between nonlocal and local electro
electron interactions. Our observations have other
teresting consequences. For example, considering
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shallow anharmonic potential well and the strongly non
linear dipole moment function encountered in the H2-Cu
system suggests the possibility of direct bound-free in
frared photodesorption of the adsorbed molecules [15
The rates are presumably small and we have made no
tempt to study this effect in the present work.
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