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Dipole active rotations of physisorbed H and D,
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We have, in electron-energy-loss measurements, observed dipole activity associated y#th-th2 rota-
tional transitions for H and D, physisorbed on a G@00) surface and at Au adatoms on this surface. Such
dipole transitions, which are forbidden for the free molecules, provide for example, via rotation-translation
conversion, channels for infrared photodesorption. Using two simple dipole moment functions, we have, for
the bare C(100 surface, calculated dipole matrix elements for the rotational transition and its combination
mode with they=0—1 vibrational transition in the physisorption well. Our calculations reveal that the
anisotropy of the molecular electronic polarizability induces a significant dynamic dipole coupled to the
rotational and rotational-vibrational motion, but are unable to reproduce the measured relative intensities of the
corresponding transitions.
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I. INTRODUCTION considerably weaker than the measured values and the rela-

In a study in progress, we have found that clusters of Htive trend of the calculated values for the rotation and
and D, preferentially adsorb at Cu and Au adatoms depositedotation-vibration modes is opposite to the measured data. In
on a cold C100) surface! Electron-energy-loss spectros- this context, we note that these relatively intense dipole tran-
copy (EELS shows that the molecules are physically ad-sitions provide, via rotation-translation conversion, channels
sorbed but with a particular and revealing signature: thdor infrared photodesorption complementary to the direct
j=0— 2 rotational transition is dipole active, while such ac- channels involving dipole active transitions from the ground
tivity for the free molecule is forbidden. Pure rotational di- state to continuum states of the physisorption Wdlhe ex-
pole activity for molecules adsorbed on the barg(100) perimental data also show that proximity to a Au adatom
surface is too weak to be detected, and we have used thigcreases thg=0— 2 rotational dipole activity drastically.
difference to discriminate between molecules decorating th&or example, for B the measured dipole matrix element is
Cu and Au monomers and those adsorbed on the bam@bout an order of magnitude larger than the calculated value
Cu(100) surface. However, the EELS measurements fer H for D, physisorbed on the bare (00 surface.
and D, adsorbed on the bare CiD0) surface show relatively
intense dipole active combination modes involving the
j=0— 2 rotational and the#==0— 1 vibrational transition in Il. EXPERIMENT
the physisorption well. This observation implies that the ro-
tation must have a finite dipole cross section also in the bare The spectroscopic measurements reported here were car-
surface case. In order to understand the physical origin ofied out with use of a high-resolution electron-energy-loss
this dipole excitation mechanism, we have measured the dspectrometeEELS). The spectrometer, which is an im-
pole contributions and evaluated the relevant dipole matriyproved version of a construction that has been described
elements. The experimental observations have been conbriefly elsewheré, has an optimum energy resolution of
pared with calculated dipole matrix elements for differentabout 1 meV. The electron analyzer and the specimen can be
contributions to the dipole moment function of the phys-rotated so that the angles of incident and detected electrons
isorbed molecule. can be varied independently. Angular distribution measure-

A permanent dipole, which depends on the moleculaments were obtained by rotating the analyzer. The x-ray
electronic polarizabilitya, will be induced in the phys- aligned(<0.2°) and polished C{@.00 surface was cleaned
isorbed moleculé?® Rotational anisotropy ofa, which in situ by standard methods involving argon-ion bombard-
causes the Raman activity of the0— 2 rotational transi- ment and heating cycles and could be cooled, at an ambient
tion of a free homonuclear molecule like,Hinduces a fluc- pressure in the I8! Torr range, to temperatures around
tuating dipole in a rotating physisorbed, Hinolecule and 10 K using helium as a cryogen. Prior to hydrogen adsorp-
hence a dipole-activg=0—2 transition. Similarly, the tion, the specimen was flash-heated to 900 K and rapidly
n=0—1 internal vibration, which is Raman active for free cooled to 10 K. EELS spectra were taken for uncompressed
H, becausexr depends on the molecular bond lengjtwill monolayers of physisorbed ;Hand D, of approximately
also be dipole active in the physisorption situattdRegard- equal adsorbate density determined to be around
ing H, physisorbed on Ql00), we find, in our calculations, 0.7X 10" molecules/crh  in  previous  desorption
that the rotational anisotropy of causes a significant dipole experiment$.The adsorbate density was routinely monitored
activity in both the j=0—2 rotational mode and the by work-function measurements, for example, an uncom-
j=0—2, v=0—1 combination mode. The calculated dipole pressed full H monolayer causes a reduction of the work
matrix elements for the combination mode are, howeverfunction, A®=-0.12 eV?8
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FIG. 1. In(0°) and off (+4°) specular EELS spectra of an un- % PR Q.7 Treol .
compressed monolayer of,tdsorbed on a 10 K QLOO) surface. E 0 P e 7
Both spectra are normalized to the specular elastic peak and were Z --®=--22 meV (x4000) D
obtained for a 3 eV electron beam incident at 48° from the surface | L O meV (a0 2
normal.
Figure 1 shows EELS spectra obtained in the specular
(0°) and off-specular(+4°) directions for a monolayer of 05l
adsorbed K The low-energy peaks at 9 and 15 meV corre- - oy & ______
spond to thev=0—1 andv=0— 2 vibrational transitions in PR ¢
the physisorption well. These modes are dipole excited and Gmm===- o--o” N o
the spectral intensity peaks sharply in the specular direction. 0 o
A detailed discussion of this spectral range has been pre- 4 -2 0 2 4
sented elsewhefeThe peaks at 44, 52, and 58 meV are due 0 (DEGREES)
to the j=0—2 rotational excitation and its combination
mOdeS W|th th@:0—>1 andV:0—>2 V|bra.t|ona.| transitions. FIG. 2. Experimenta| elastic peak |ntens@0“d Curve and

While the dipole-excited low-energy peaks and the backinelastic peak intensities versus collection anglég=0° specular
ground due to dipole-excited electron-hole pHiriall off 9<0° towards surface normaffor j=0—2 (solid circles and
rapidly in intensity away from the specular direction, thej=0—2,»=0—1 (open circle} excitations of H, HD, and D.
pure rotational peak persists, a characteristic behaviour foConditions as in Fig. 1.
short-range inelastic scattering. Figure 2 shows angular dis-
tribution measurements for +bf the specular elastic peak, The differential cross section for dipole scattering is, to a
thej;0—>2 _pgak and thg=0— 2, v.=0.—> 1 peak..The pure  good approximation, given By
rotation exhibits a broad smooth distribution while the com-
bination mode shows a dipole-excited specular distribution do me | ok, 1 [kj-kg?
superimposed on a broad short-range scattering distribution. aq s ka_o cosé |k, — ko[’
Dipole excitation of the combination mode implies that the
pure rotation must have a finite dipole contribution but thewhereng is the number of adsorbed species per unit guga,
flat angular distribution of the pure rotation shows that thisis the dipole matrix element for a transition between states 0
contribution is clearly weaker than for the combinationand v, whereask,, k;, andkg, k] are the wave vectors and
mode. their surface components of the incident and scattered elec-
Figure 2 also shows corresponding experimental data foirons, respectively, an€ is the angle of incidence measured
HD, j=0—2 at 33 meV and=0—2, v=0—1 at 40 meV from the surface normal.
and D, j=0—2 at 22 meV andj=0—2, v=0—1 at The EELS data reported in Figs. 1 and 2 were obtained
29 meV. The data are qualitatively similar to those for; H for uncompressed physisorbed monolayers of E,, and
flat distributions for thej=0—2 rotation and a dipole- HD of approximately equal adsorbate density around
excited specular distribution superimposed on a broad shor.7x 10*> molecules/cri From the dipole contribution to
range scattering distribution for tjee0— 2, v=0—1 com- thej=0—2, »=0—1 peaks in Fig. 2, we obtain the dipole
bination mode. We have obtained the dipole contribution ofmatrix elements 5.8 1073, 5.7x 103, and 5.5< 1073 D [the
thej=0— 2, v=0— 1 transition by subtracting off a constant unit is the DebydD)] for H,, HD, and D, respectively. For
short-range background as shown by the dashed curves ithe j=0— 2 rotational transitions the dipole matrix elements
Fig. 2. It is straightforward to evaluate dipole matrix ele- must be less than 12107 D since we do not observe a
ments for thgg =0— 2, v=0— 1 transitions from these data. distinct dipole contribution in the angular distributions.
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We noted in Sec. | that fHand D, preferentially adsorb at D 2-Au/Cu( 100)
Cu and Au adatoms deposited on the cold XD surface.

He scattering experimertshow that rapid diffusion of Cu
adatoms on CU00 only occur at temperatures above
300 K. Hence adatom diffusion on the 10 K (@Q0 surface

is negligible and for small coverages the adatom distribution
will be dominated by monomers. We judge, for the same
reason, that diffusion of Au adatoms into the 10 K(©QR0)
surface is highly improbable. We find that, ldnd D, bind
more strongly at the adatoms than on the bar€lQ0 sur-
face. Appropriate adsorption conditions were established at a . .
specimen temperature and pressure where stable adsorption 0 10 20 30
did not take place on the bare surface but only in the pres- ENERGY LOSS (meV)
ence of deposited adatoms. At low adatom concentration,
<4% of a monolayer, we detect approximately six adsorbed
hydrogen molecules per adatom, which appears to be an op-
timal dense two dimensional configuration considering rea-
sonable van der Waals bond lengths.

EELS measurements show that the molecules are phys-
isorbed but with a characteristic signature: a distinct dipole
activity of the j=0— 2 rotational transition. Here we illus-
trate this effect for D adsorbed at Au adatoms. The EELS
spectra for D adsorbed on the bare QD0 surface and at
the Au adatoms show equaj=0—2 rotational and et D s
j=0—2, v=0—1 rotation-vibration features at 22 and 4 20 2 4 6
29 meV, respectively. While the=0— 2 rotational angular 0 (DEGREES)
distribution for D, on CUY100 is smooth and broad
(see Fig. 2 and characteristic for short-range inelastic FIG. 3. (a) Off-specular(+2.6°) EELS spectrum of Padsorbed
electron scattering, the corresponding distribution forad ~ atAu atoms on G100, Au coverage 0.2% 10'° atoms/crd. The
the Au adatoms, shown in Fig. 3, exhibits a dipole-excitec®2stic peak corresponds to specular scattering conditrCor-
specular peak superimposed on a broad short- randgspondlng elastic and inelastic peak intensity versus collection
scattered background. The density of adsorbed, D angle ¢ for the j =02 rotational excitation.
0.45x 10" molecules/cry is obtained directly from the
j=0— 2 short-range rotational inelastic scattering intensity. Vg(2) = Cgre ** (3
This corresponds to approximately zZbnolecules per Au and
adatom at this particular adatom concentration. From the di-
pole contribution to thé=0— 2 rotational intensity in Fig. 3 f2(2k (2= Z,qw)
and the surface density of ,Dwe obtain, from Eq(1), the Vidw= ~ e (4)
dipole matrix element 8.5 1072 D. Note that this value is
even larger than the observgd0—2, »=0—1 matrix ele-  respectively. HereCr describes the strength andthe in-

ment for D, on the bare C(100) surface. verse range of the repulsive potenti@lqyy is the strength of
the van der Waals attractiok, is related to the inverse size

of the molecule, and,yy is the position of the van der Waals
lll. THEORY reference plane. The damping factigtx) takes care of the
singularity atz,q and is described by
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Experimental and theoretical studies of physisorbed H
and D, molecules on low-index metal surfaces show that the 2 .
physisorption affects the lateral and rotational motion, f200=1-{1+x+ 2 € (5)
whereas the intramolecular vibrational motion is essentially
unaffected. The isotopic molecules Hnd D, have the same In the case of physisorption of hydrogen on the(1DQ)
electronic configuration and experience the same physisorgurface, we use parameters from the I|teraiﬂreamely,
tion interaction, which is composed of a van der Waals atCr=5.21 eV, a=1. 248", Cygw=4.74 e\8], k.=0.45a;",
traction and a Pauli repulsion due to the overlap of the elecandz,y=0.563a,.

tron densities of the metal and the molectfié3 These two The interaction also depends on the angleetween the
terms add up to give the laterally averaged isotropic interacsurface normal and the molecular axis. This anisotropy is
tion potential as well described by the leading-order anisotropic term in an
expansion ofV(z, §) in Legendre functions, given by
Vo(2) = VR(2) + Voawl2), @ V(z,60) = Vi(2) + V(2)Py(cos ), ©)
where the repulsive and attractive terms are given by whereV,(z) can be written as
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V4(2) = BrVR(D) + BawVoaw(2) - (7) and the tail of a metal electron wave function decreases ex-
. - ponentially withz
The anisotropy of the polarizability tensor for the freg H * e polarization of the adsorbate due to the attractive van

H — 15 i - . . . . .
molecule givesB,q=0.05 on CU100),™ while 8z=-0.002  4ar \Waals forces gives rise to an induced digdleyhich
was obtained from measured rotational substate splitithgs. varies asz. We find that the well state transitions can be

The. dipole matrix elements were obtained by the use of feproduced by
numerical, pseudospectral wave-packet propagation method
based on a discrete variable and finite basis representation Mudw,0
(DVR-FBR) of the wave functiot® The FBR is built up by Hoal?) = Dz,qm- 1)4f3(x) ©)
a direct product of plane waves in tkzecoordinate and as-
sociated Legendre functions in tifecoordinate. Within the ~With parametersu,gw,o=57 D andz,gw=0.7 ap, f3(x) is a
pseudospectral wave-packet method, the dipole matrix elelamping factor analogous fg(x) in Eq. (5).
ments can be evaluated by studying the Fourier transform of Considering the angular dependence of the van der Waals
the autocorrelation function. Here the autocorrelation funcinteraction via the electronic polarizability(6), we have
tion is obtained by the time evolution of an initial wave modified Eq.(9) to include ad-dependent contribution in the
packet under the influence of a dipole function. The Fourieprefactor, given by
transform spectrum contains peaks at the positions of the
eigenenergies if the transition is dipole active and the square- Loz, 0) = Hudwo * “”dWZPZ(COS&)fs(X)_ (10)
root of the area under each peak can be compared with the (Zz,qw~- "
experimentally measured dipole matrix element. For the time :
propagation the standard split-operator approximation is, (;;eg;anvely, we relate the term,awo tuawzP2(C0s0) to
used!’ In this approximation, the potential-energy operator
is evaluated in the DVR, the kinetic-energy operator is evalu- a(6) = ag+ a,P,(cosb), (11
ated in the FBR, and the propagation of the wavefunction is )
performed by repeated transformations between the DVRNUS uawz2! Muawo= @2/ ap Whereag and a; are given by
and the FBR. The reason for the evaluation of the operators 1 1
in the two different representations is that the potential- ag(0) = —(a + 2a7), a(0) = =(aq — 7). (12
operator is local in the DVR, whereas the kinetic-operator is 3 6
diagonal in the FBR with rotational energies given by theHere o, and oy are the components of the polarizability
gas-phase valués. tensor along and normal to the axis of the molecule and
valued® for free H, give ap=5.3a3 and «,=0.25a3. Hence,
for w,gwo=57 D, we getu,qn2=2.8 D. We note that there
may also be an anisotropic contribution to the dipole func-
The anisotropy of the interactiofsee Eq.(7)] is domi-  tion in Eq. (8) related to the anisotropy of the repulsive in-
nated by the attractive part and hence by the anisotropy deraction. We will discuss this effect below.
the polarizability of the H molecule. The anisotropic com- Using the dipole functions in Eq$3)—(10) and the values
ponentV,(2)P,(cosé) of V(z, ) gives rise to a coupling be- for ugo, Bo, Myawor Zoaws aNd e, gw2, We have calculated the
tween the rotational motion and the vibrational motion in thedipole spectral functior€,(w) for H, and D,, respectively,
potential well. The latter is dipole active and dipole transi-following our previous schenfeThe dipole matrix elements
tions between the well states have been observed in EEL®Y|u|0)| for vibrational excitations in the potential well were
measurementsAs a consequence, the rotational motion will accurately reproduced. Figure 4 shows an example of a cal-
be dipole active. Furthermore the anisotropy of the electroniculated dipole spectral functiol§;,(w), for H, on CU100
polarizability «(6) of the H, molecule will directly make the using Eq.(10) and the relevant parameters given above. The
rotational motion dipole active. sharp peaks correspond to transitions from the ground state
It is not clear, as we have noted earfidrpw to calculate to the j=2 rotational state and its combinations with the
the dipole moment function for a physisorbed molecule in=1 andv=2 vibrational states. Calculated dipole matrix ele-
the spatial region of interest, where we have comparable conments for the rotation and the rotation-vibration combination
tributions from both Pauli repulsion and van der Waals at-mode,|(v,j|u|0,0)| for H, and D, on CU100) are listed in
traction. In particular, we have no detailed knowledge aboutrable | together with the experimental data which include
the repulsive contribution. We found, however, that the meaestimated upper bounds for pure rotations. Note that it is
sured dynamic dipole moments for the transitions among thenly them=0 component of théj ,m) substates that is dipole
well states of H on Cu100) can be reproduced by a simple active since the interaction only depends énComparison
phenomenological model for the dipole moment function,petween calculated and measured data reveal several inter-
given by esting features(i) The calculated values for the rotation-
(2) = ptg o8 PO ) vibration modes are much smaller than the experimental val-
KRS = HRO ’ ues. (i) Including the anisotropic polarizability term
wherez, is the position of the potential minimum and with ,qw2P2(C0s6) in w,qw(z, 6) increases the calculated values
parametersug ¢=0.051 D andB,=0.9 agl. The basic idea substantially but they are still about an order of magnitude
for this form is that the overlap between a molecular orbitalsmaller than the measured onéd.) The calculated values

IV. RESULTS AND DISCUSSION
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x107° ur2=0.0024 D, which corresponds to the anisotropy of

' ' toaw(Z, ), we obtain, forH,, the values 0.8% 103 D and
0.35X 1072 D for the rotation and rotation-vibration matrix
elements, respectively. These values are very close to those
we obtained foru,gw(z, 6) as can be seen in Table | and the
differences with respect to the measured data are the same
for ugr(z,0) and u,quw(z,6). We have found that this also
holds for a combined dipole moment function

/.L(Z, 0) = /’LR(ZV 0) + Mvszv 0) (14)

Depending on the relative signs gk, and g the rota-
| tion and rotation-vibration matrix elements either increase or
A decrease, but their relative strengths remain essentially as for
the two components; i.e. opposite to the measured trend.
In Sec. Il we presented experimental data By phys-
isorbed at Au atoms on the CiD0 surface, which revealed
a significant dipole activity of th¢=0— 2 rotational transi-

Cu(100) obtained from Eq(10). The peaks occur for any dipole tion at %2 meV.. The measured dipole mat”_x element is
active transition between the eigenstates in the physisorption potef-2>< 10~ D, which is much larger than the estimated upper
tial, and the square-root of the area under each of these peaks is tR@UNd observed for pon CL(100 and an order of magni-
calculated value of the dipole matrix element. The unit is Debye. tude larger than the value, 0.8110°° D, calculated forD,

on CU100 from Eq.(10) (see Table)lfor the van der Waals
induced dipole. Part of the large difference between theory
and experiment can be sorted out in a straightforward man-

15 T
(vv’, Jj")=(00,02)

—_
(=]

(w’, ji)=(01,02)

Cy(®) (D'meV™)

(S, ]

(vv’, jj)=(02,02)

0\—4},\

40 45 50 55 60
ENERGY (meV)

FIG. 4. The calculated dipole spectral function for, ln

for the pure rotational transitiof(0, 2|0, 0)|, are, for these

d.'gdﬁ fur:ctlon:, Iarfer t%a% the h\.llall:ﬁs for the rdOtdat'fn'ner. Only them=0 component of th¢=0— 2 rotational mul-
vibration transition|(1,2/0,0)|, while the measured data tiplet is dipole active forD, on the bare C{00 surface.

show the opposite trend. , , _ When the molecule is adsorbed at the Au adatom this condi-
The dipole matrix elements associated with the couplingjon preaks down and all fiven-substates become dipole
between rotational and vibrational motion Wiz, 6) [see  ,ciive. These contribute equally to the measured signal
Egs.(6) and(7)] are clearly very weak for botlr(2) and g4 the relevant measured value to compare with is &5/
mpawl2). Appreciable rotational dipole strength is observed=3 gx 1073 D. This is still substantially larger than the cal-
only when the anisotropic term,qw,P,cos¢ is included in  cylated value foD, on CU100) and the interaction with the
Myaw(Z, 0). However, as we noted above, the calculated valneighboring Au adatom evidently contributes in an important
ues for the rotation-vibration modes are much smaller thajvay to the rotational dipole activity of the molecules ad-
the observed values resulting in a wrong trend of the relativgorbed at the adatoms.
dipole strengths. This aspect indicates that our model lacks
an essential ingredient of the dipole moment function. For
this reason, we also investigated?alependent contribution
to the phenomenological dipole functiek. Such a contri- We have measured the dipole activity of rotation and
bution may derive from the angular dependence of the OVelrptation-vibration modes for hydrogen molecules phys-
lap of the molecule and metal electron densities. We modiisorbed on the bare CLO0) surface and at Au adatoms on

V. CONCLUSIONS

fied Eq.(8) to include a¢-dependent contribution the same surface. We find in our calculations for the bare
Cu(100 case, using a van der Waals dipole function and an
UR(Z,0) = [ g o+ tr 2P2(COSH) Je Pz %) (13)  exponentially decaying dipole function only weak dipole ac-

tivity linked to the coupling between rotational and vibra-
The parameter valuegir, and B, were kept the same tional motion in the potential well. The anisotropy of the
as above; i.e., puro=0.051D and ,80:0.9a51. For  molecular electronic polarizability, on the other hand, affects

TABLE I. Dipole matrix elements(v,j|u|0,0)]| for hydrogen molecules adsorbed on the(1@) surface. Herev and j represent
vibrational and rotational quantum numbers, respectively. Values denot@) &me obtained by the use of the dipole function in (), (b)
comes from Eq(9), and(c) is obtained from Eq(10). The unit is the Debye.

H, D,

V)] Expt. Calc? CalcP Calc® Expt. Calc? CalcP Calc®

0,2 <2x10°3 0.11x 1073 0.19x 1073 0.87x1073 <2x1073 0.3x 1073 0.26x 1073 0.83x 1073
1,2 5.7x 1073 0.07x1073 0.10x 1073 0.27x 1073 5.2x 1073 0.18x 1073 0.13x 1073 0.22x 1073
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the van der Waals induced dipole directly and causes signifiever, that the proximity to the Au adatom is an important
cant dipole activity of the pure rotations but relatively weakfactor contributing to the induced dipole activity.

activity of the rotation-vibration modes. The experimental
data for hydrogen molecules on @00 show the opposite
trend, which indicates that our dipole moment function lacks
an essential ingredient. The measured rotational dipole activ- We thank M. Persson for useful comments about this
ity for H, and D, physisorbed at Au adatoms on @00 is  work. Financial support from the Swedish Science Council
much larger than the values calculated for the bar€l@@  and the Swedish Foundation for Strategic Rese3&H via
surface. Part of this can be explained by the differgnin) Materials Consortia No. 9 and ATOMICS, is gratefully ac-
selection rules operating in the two cases. It is clear, howknowledged.
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