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Dipole interactions among adsorbates at solid surfaces can strongly affect the intensities, positions,
and line shapes of vibrational resonances. An understanding of these effects has been important in
spectroscopic investigations of surface structure. Here, the adsorbate dipole interactions are shown
to create transient spectral intensity and resonance position changes when vibrational modes are
excited in ultrafast pump—probe laser experiments at surfaces. The spectral changes occur because
the intensities and positions of vibrational resonances are dependent upon the magnitude of
interadsorbate dipole interactions, and vibrational excitation modifies the effective oscillator
dynamic dipoles that determine these interactions. The vibrational modes are different
(renormalized) after excitation because of the change in coupling. The effects account for unusual
spectral transients observed in recent pump—probe experiments on the Si—H stretching modes of
vicinal H/Si(111) surfaces [K. Kuhnke, M. Morin, P. Jakob, N. J. Levinos, Y. J. Chabal, and A. L.
Harris, J. Chem. Phys. 99, 6114 (1993)]. The predicted effects serve as a novel time-resolved probe
of the strength of dipolar interactions in adsorbate layers, and will arise in any adsorbate layer where
the vibrational dynamic dipole interactions are large enough to cause spectral intensity borrowing

among different adsorption sites or different adsorbates.

1. INTRODUCTION

Dipole interactions among adsorbates at solid surfaces
are often important in determining the intensities, positions,
and line shapes of vibrational resonances.!® An understand-
ing of these effects has been important in using vibrational
spectroscopy as a quantitative tool for investigations of sur-
face structure.” Ultrafast dynamic studies of adsorbate vibra-
tional responses, such as recent studies of vibrational energy
flow in adsorbate/surface systems,®~* introduce a new as-
pect of this problem. In such studies, changes in the vibra-
tional spectrum of the system are measured following vibra-
tional excitation of a selected vibrational mode. In particular,
in recent studies of stepped vicinal H/Si(111) surfaces with
multiple Si—H stretching normal modes, the spectral changes
have been interpreted in terms of energy diffusion among the
vibrational modes.!>!* However, vibrational excitation of a
mode modifies the vibrational polarizability of the oscillators
involved in the mode, and instantaneously changes the dipole
interactions in the adsorbate layer. The characteristic normal
modes of the surface are therefore changed, or renormalized,
by vibrational excitation. In this article we show that the
excitation-induced renormalization of the vibrational modes
produces transient spectral resonance intensity changes and
resonance line shifts in pump-probe experiments of systems
with several spectroscopically active normal modes. The
spectral changes can mimic the spectral saturation that oc-
curs upon vibrational excitation and therefore can affect the
interpretation of dynamic experiments. In addition, the mag-
nitude of the transient spectral changes can, when interpreted
correctly, give a measure of the strength of the dipole cou-
pling among oscillators.

We present a model to calculate the spectral effects of
renormalization and apply it in particular to the transient
spectroscopy of Si—H stretching modes of a stepped vicinal
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H/Si(111) surface, which has monohydride-terminated ter-
races and dihydride-terminated steps.'* The calculation is
shown to qualitatively account for unusual spectral effects
observed in recent pump—probe measurements of vibrational
energy flow on that surface,'* and the predicted effects are
large enough to modify conclusions about the Si—H vibra-
tional energy flow kinetics. The model that we present as-
sumes that vibrational dephasing occurs prior to the spectral
probing process, and that the coherent vibrational exciton
site-to-site hopping rate is small compared to the dephasing
rate so that vibrational excitations can be treated as quasilo-
calized and incoherent. These assumptions appear to be ap-
propriate for Si—H oscillators. Our approach is similar to that
of Persson,'® who recently applied these assumptions to cal-
culate the excited state spectrum of the flat H/Si(111) sur-
face.

The assumption of complete loss of phase coherence
among oscillators is itself a source of energy transfer among
modes since several modes involve different motions of the
same set of oscillators. This is, however, a minor effect in the
present case, since the degree of overlap is small. The spec-
tral changes discussed here, both from renormalization as
well as from the less important mixing of energy among
modes by dephasing, are complete on the time scale of vi-
brational dephasing [~10 ps for H/Si(111) at 300 K]. They
are rapid compared to interoscillator energy diffusion by in-
coherent dipole—dipole spatial energy transfer, which is be-
lieved to occur on this surface on time scales of >100 ps.'%
The slower incoherent energy diffusion itself has been pre-
viously modeled,'? and is not treated here.

Effects discussed here may also occur following vibra-
tional excitation of a single isotopic component in an isoto-
pically mixed adsorbate system, or in excitation of one sub-
set of adsorption sites on a surface with multiple adsorption
sites. The assumption of quasilocalized, incoherent excita-
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FIG. 1. Surface and adsorbate geometry of the chemically prepared
hydrogen-terminated vicinal Si(111) surface miscut in the {112) direction.
Steps are terminated by dihydrides. H(1), H(2), and H(3) label the Si-H
bonds involved in the three step modes. The 9° miscut discussed in this
paper gives terraces with an average of 4.3 rows of Si—H oscillators,
neglecting H(3) which becomes part of the step modes. Reproduced from
Ref. 13.

tions used here may, however, not be appropriate for calcu-
lations where the interadsorbate coupling is very strong, or
where the dynamics are probed on a time scale short com-
pared to the dephasing time (e.g., CO/metal),>!! and differ-
ent methods for the calculation of the spectral transients may
then be needed.

The dynamic experiments on stepped H/Si(111) surfaces
are briefly described in Sec. II. The method for calculation of
transient renormalization is described in Sec. III, starting
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with a homogeneous surface, and then extending to the case
of multiple oscillator types consisting of rows of different
oscillators, intended to model the stepped vicinal H/Si(111)
surface. Section IV describes the calculation of the Si—H
stretching normal modes of the stepped surface, and their
changes upon vibrational excitation, and compares the re-
sults with recent experiments.

Il. INFRARED PUMP-PROBE EXPERIMENTS ON
STEPPED H/Si(111)

Several results of picosecond experiments used to mea-
sure vibrational energy diffusion among the Si—-H stretching
modes on hydrogen-terminated, stepped vicinal Si(111) sur-
faces are summarized.!>* Throughout we focus on surfaces
cut 9° from the (111) plane along the (112) azimuth. The
geometry of such a surface’'*' is shown in Fig. 1. It has
monohydride-terminated (111) terraces with an average
width of 5.3 rows of surface silicon atoms, and dihydride-
terminated steps. An infrared absorption spectrum'® of this
surface in the region of the Si—H stretching modes shows
four resonances (Fig. 2). The mode labeled A is localized on
the terrace, and the three modes labeled C,, C,, and C; are
localized near the steps, involving primarily motions of H(1),
H(3), and H(2), respectively, in Fig. 1. A more detailed dis-
cussion of the mode assignments is deferred to Sec. IV.

Dynamic experiments to determine the extent and rate of
vibrational energy flow among the Si-H oscillators of the
surface are carried out by pumping a vibrational normal
mode with a short, intense infrared pulse, and probing the
same or other vibrational modes by vibrational spectroscopy
as a function of delay after the pump.'*'* In the present case,
the modes are probed by sum frequency generation (SFG)
spectroscopy, whose vibrationally resonant signal on any
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FIG. 2. Infrared absorption spectrum of H/Si(111) 9°, taken at 90 K by attenuated total internal reflection spectroscopy with p-polarized infrared light, and
with the scattering plane perpendicular to the step edge. Reproduced from Ref. 16.

J. Chem. Phys., Vol. 100, No. 9, 1 May 1994
Downloaded 02 May 2005 to 134.105.248.20. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6898

r a Pump A

<
[F8]

(]

)

= o025} 0 Pump C,
Zz

pd 2t

O 0.000 |ati —
}—

<

}: 1 —1 i
< P c
% o025t € ump &,

0.0 =
.000 ;

b

1.
0 500 1000

PROBE DELAY (ps)

FIG. 3. Transient apparent excitation n,(obs) on the dihydride-stepped vici-
nal H/Si(111) 9° surface with the SFG probe set to the A mode. The IR
pump is set as labeled on each graph. Solid points: experimental data; solid
lines: results of a kinetic model described in Ref. 14. Dashed lines: include
a transient negative excitation component proportional to the instantaneous
excitation in the step modes, whose lifetimes are much shorter than that of
the A mode. Reproduced from Ref. 14,

particular mode is proportional to (ng—n,)?, where ng and n,
are the fractional populations of the ground and excited
states of the probed transition. Thus the SFG signal decreases
when population is moved from the ground to the excited
level, and the apparent observed fractional excitation n(obs)
of a probed mode can be extracted by'*

-r
n,(obs)= 5
where
S(7,)
r= S() » (1)

and where S(7,) is the SFG signal at delay 7; from the
pump, and S is the signal with no pump present, and we
have assumed that ny+n;=1. Data calculated in this way for
the transient excitation which appears in the A and C, modes
following an infrared pump pulse resonant on various normal
modes of the dihydride-stepped surface are shown in Figs. 3
and 4.

The excitation levels in Figs. 3 and 4 for the A and C,
modes, shown as a function of probe delay from the pump,
generally show positive excitation levels, no matter which
mode is pumped. This illustrates that energy flow from one
mode to another can be mapped using the pump—probe tech-
nique. The decay of excitation, with decay times ranging
from 60 to 500 ps, results from different energy flow rates
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FIG. 4. Excitation transients of the dihydride-stepped surface with the SFG
probe set to the C, mode. Solid points: experimental data; solid lines: results
of a kinetic model described in Ref. 14. Reproduced from Ref. 14.

out of the probed mode into both substrate phonons and into
other vibrational modes of the overlayer. General conclu-
sions about the energy flow on the stepped H/Si(111) sur-
faces can be formed simply based upon the decay kinetics of
the various modes. In more detail, however, it is appealing to
assume that the observed transients are all direct measures of
the energy transferred into the various modes. Under this
assumption, the data were used'* to construct a kinetic
model, which gives the solid line fits to the data in Figs. 3
and 4.

However, vibrational renormalization can also lead to
intensity changes of all normal modes after excitation of one,
even in the absence of substantial energy transfer. As an
example, note that in Fig. 3, when mode C; or C, is pumped
and mode A is monitored, there is a negative spike in the
excitation plot at early time. This corresponds to an SFG
signal increase on mode A, which cannot be accounted for by
energy transfer into mode A. The transient lasts as long as
the step modes remain excited, and the dashed lines in Fig.
3(b) and 3(c) add an arbitrary negative spike on the excita-
tion plot proportional to the time-dependent energy in the
step modes. The renormalization model in the following sec-
tions will account for these negative transients, and also pre-
dicts that positive excitation transients can arise from renor-
malization. The positive transients are predicted to contribute
substantially in at least some cases to the transients shown in
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Figs. 3 and 4 and therefore to obscure the detailed energy
flow kinetics.

iil. RENORMALIZATION AFTER VIBRATIONAL
EXCITATION

The calculations will refer to the integrated infrared ab-
sorption intensity A of the normal modes of the adsorbate

................. L LAl AAAiial ILUULS UL WL alsUioall

Iayer This absorptxon is proportional to the square of the
normal mode effective dipole, which is in turn obtained from
the vector sum of the amplitudes of all oscillators in the
normal mode, under the assumption that the external field
and the bond dipole derivatives are the same at all sites.
Upon vibrational excitation, the apparent excitation of a nor-
mal mode is calculated from the saturation of the absorption

by

1 A’
"1(0b5)“§ (1—7'), (2)
where A and A’ are the integrated absorbance of the ground
state and excited systems, respectively. The apparent excita-
tion is a useful quantity to characterize signal changes, even
if they derive from renormalization effects, and will be used
throughout. The experiments discussed in Sec. II, however,
involve an SFG probe. The SFG signal scales as the product
of the infrared and Raman polarizations of a mode. The ex-
citation calculated from SFG [Eq. (1)] thus scales as the
square root of this product. Under the assumption that the
visible probe field used in SFG and the Raman bond polar-
izabilities are uniform at all surface sites, and that the Raman
bond polarizability for each Si—H bond is highly anisotropic
along the bond, then the infrared and Raman polarizations in
a normal mode scale together as the vector sums of the mo-
tions of the Si—H bonds in that mode. In that case the exci-
tation observed in SFG [Eq. (1)] and the excitation observed
in infrared absorption [Eq. (2)] are the same. Both the as-
sumption of uniform visible probe field and the assumption
of highly anisotropic bond polarizability are roughly true,
based upon the results of recent surface Raman spectroscopy
on the H/Si(111) surface.'”'® We will assume henceforth that
the apparent excitation calculated from the normal modes is
the same for infrared and SFG probes.

The model is focused on application to the stepped
H/Si(111) surface, and several approximations are introduced
which are appropriate for that system. Vibrational excitation
is assumed to largely remain within one subset of oscillators,
for instance on the terrace, for a time long compared to the
dephasing time of the vibrational modes (which is ~10 ps at
room temperature for the Si—H modes). Then, if the coherent
vibrational exciton hopping rate between sites is slow com-
pared to the dephasing time, which appears to be valid for
Si~H modes at room temperature,'® the vibrational excitation
can be considered to be localized randomly on individual
oscillators.

The changes in the normal modes induced by vibrational
excitation are calculated for a system consisting of several
types of oscillators. In the present case, each row of Si—-H
oscillators parallel to a step edge will be considered a differ-
ent oscillator type. In general, the types might be isotopically

different molecules or different adsorption sites. The calcu-
lation takes two parts. First, the effective vibrational polariz-
ability of each type of oscillator is determined based upon its
degree of vibrational excitation. Second, the normal modes
of the surface are determined by diagonalizing the potential
energy matrix using the effective vibrational polarizabilities
in the dipole interaction terms. In Sec. III A the effective
vibrational polarizability of a vibrationally excited oscillator
type is discussed. In Sec. III B, the infrared active normal
modes of a ground state system of interacting rows of oscil-
lators is developed using a potentjal energy matrix which
condenses the k=0 mode of each row into a single element
(row-as-oscillator) to simplify calculation. Section III C
combines these to calculate the changes in the normal modes
upon vibrational excitation.

For a uniform adlayer in the vibrational ground state, the
spectroscopic response is determined by starting with the
molecular, or site, complex polarizability of a ground state
oscillator®!?

b
(Wi~ —iyw "
Here a, is the electronic polarizability, w, and vy are the
frequency and damping of the ground state transition, and
b=(e*)*/m*=wda,, where ¢* and m* are the effective
charge and mass of the oscillators, and «, is the zero fre-
quency vibrational polarizability of the ground state. The
spectroscopic response of the uniform layer to an external
driving field E, must include the interaction among the di-
poles in the layer. For a homogeneous layer, the induced

dipole moment is the same at every site in the infrared active
k=0 vibrational mode,

aglw)=a,+

3)

p(@)=a(w)| Eg— X Uyp(w) |=aulw)E,, @)

itj

where U,; is the geometric factor in the dipole interaction,

1+«
UVy=—3—,
i
«=€e—1/e+1 is the magnitude of the image dipole (dipoles
normal to the surface), and € is the dielectric constant of the
substrate (e=11.7 for silicon).

Equation (4) defines the effective layer polarizability
@eg. The absorption of the overlayer is determined by
Im[ aree(w)]. Solving for a{w) in Eq. (4), and substituting
from Eq. (3),

w 2 a
Im[ e )] = LA ( )

{0gl1+U(0) e/ €] 0?2+ Y20 \ &

)
where U(0) is the lattice sum of U;; for k= 0 [equal to
11.0(1+«)/a? for a hexagonal lattice w1th lattice constant a,
assuming perpendicular dipoles], and the quantity
€=1+U(0)a, represents the effective dielectric screening
of fields by the layer. Equation (5) illustrates the two primary
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effects of the dipole interactions among oscillators in a ho-
mogeneous layer.'® First, there is a resonance frequency shift
of Aw~U(0) @, /2¢€, of the k=0 mode from the frequency of
the isolated oscillators, due to interaction of the vibrational
dynamic dipole moments. Second, the vibrational polariz-
ability is screened by an effective dielectric response arising
from the electronic polarizability of the adsorbates, which
reduces the absorption for perpendicular dipoles by (1/€,)*.

How is the spectrum of the homogeneous overlayer al-
tered upon vibrational excitation? For quasilocalized, inco-
herent excitations, the vibrationally excited system can be
considered as a random mixture of two types of oscillators,
with vibrational polarizabilities ay and a;, where oy is again
the vibrational polarizability of the ground state oscillator
[Eq. (3)] and e is the vibrational polarizability of the excited
state oscillator.

2b
[(wo—E) - w’]-iyw
b

=i ©

al(w)=ae+

Here, £ is the anharmonic shift of the excited state transi-
tion. The first vibrational term in ¢, gives rise to the excited
state absorption which is shifted by the bond anharmonicity
from the frequency of the ground state transition, and the
second vibrational term is the source of emission from the
excited state, at the same frequency as the ground state ab-
sorption. It is assumed that the electronic polarizability is
unaltered by vibrational excitation.

For a system of randomly localized excitations, the ef-
fective polarizability of the layer after excitation can be cal-
culated by methods used for a random mixture of two iso-
topes. The usual method is to introduce an effective single
site polarizability. The simplest approximation for that polar-
izability is the average polarizability approximation®

a(w)=ca;(w)+(1-c)ag(w)

- 2b
T X (- B - —iyw
b
+(1—-2¢) —m )

where c is the fraction of excited state molecules in the layer.

When the anharmonic shift = is large, the magnitude of
either vibrational term in Eq. (7) is small in the resonance
region of the other, and this results in two essentially inde-
pendent resonances in the overlayer when Im[a.g(w)] is de-
termined, arising from the ground state and excited state
transitions. This is the appropriate limit for Si—-H bonds,
where E~60 cm ™!, compared to a linewidth and dipole in-
teraction of a few cm™! or less. The ground state resonance
is then obtained simply by substituting (1-2c¢)e, for «, in
Eq. (5). First, this leads to the obvious reduction of the
ground state absorption signal by a factor (1-2c¢) [consistent
with the integrated absorption scaling as ny—n; or (1—c)
—c=1-2c]. Second, the resonance line shift of the k=0
mode is reduced from Aw~U(0)«,/2€, in the ground state

system to Aw~(1—2¢)U(0)a,/2¢, in the vibrationally ex-
cited system. Similar effects occur for the excited state tran-
sition: the strength grows as ¢, and the resonance position of
the transition shifts as more oscillators are excited.

The essential point is that, within the average polariz-
ability approximation, and for a large anharmonic shift of the
excited state transition, the effect of vibrational excitation of
a fraction ¢ of the oscillators can be described by a reduction
in &, of each oscillator to a value (1-2¢)a, . Thus, in the
region of the ground state transition, which is the concern
here, excitation can be approximated by the substitution
a,=(1-2c¢)a,. Note that since av=(e*)2/w%m*, this re-
duction is equivalent to a change of e* by the square root of
(1-2¢): e*=(1-2¢)2e*.

The emphasis in the calculations that follow is on
changes in integrated line intensities and line shifts. The
simple average polarizability approximation used here has
previously been shown to give accurate values for these’
properties in isotopically mixed overlayers, and will be used
in the calculations. It does not, however, reproduce line
shapes well, because it does not include inhomogeneities
which arise from random distributions of the different oscil-
lators. Persson has applied a more accurate coherent poten-
tial approximation to calculate the spectrum of the vibra-
tionally excited flat H/Si(111) surface.’® Such methods could
be applied, at the cost of complexity, to calculate spectral
changes on the muitiple normal modes of the stepped vicinal
H/Si(111) surface considered here, when detailed experimen-
tal data justifies the effort.

B. Interactions among oscillator rows

To calculate the infrared active normal modes of the
stepped surface, each row of Si—H oscillators parallel to the
step edge in Fig. 1 is treated as one oscillator type.2® Each
oscillator row i, for instance H(1), H(2), or H(3) in Fig. 1,
has a characteristic frequency for its in-phase infrared active
mode, w,,, ;. The interactions between the rows to form
normal modes of the surface are calculated by diagonalizing
the potential energy matrix of the system. The normal mode
calculation will be set up for the case of two interacting
rows, to simplify presentation. The extension to the multiple
rows of the unit cell of the stepped surface is straightforward,
and is discussed in Sec. IV. In this section, the results for the
ground state are illustrated. In Sec. III C, the modifications
due to vibrational excitation are outlined.

Consider the interaction between the & =0 modes of two
adjacent oscillator rows, with oscillator vibrational coordi-
nates z, and z,, effective charges e and e} zero-order fre-
quencies wg; and wg,, and identical reduced masses m, em-
bedded in a dielectric layer with dielectric constant e,.
Figure 5 illustrates, for instance, the geometry of two rows of
Si—H oscillators parallel to the step edges of the dihydride-
stepped vicinal H/Si(111) surface. The frequencies of the
in-phase vibrations of the rows are shifted from the fre-
quency of the isolated oscillators by Aw;= Wy j— Wy,
~ wo; U ow(0) a,,;/2 €, Where a,; is the zero frequency vibra-
tional polarizability of the oscillators in row i, and the dipole
sum U, (0) is analogous to U(0) in Sec. Il A, but the sum
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FIG. 5. Geometry of Si-H oscillator rows on (111) terraces of the vicinal
H/Si(111) surface shown in Fig. 1, used to model dipole interactions be-
tween rows with different frequencies in Secs. III B and IV A of the text.
The oscillator rows are parallel to the {110) crystal axis.

is only over one row. For a row of perpendicular dipoles with
uniform separation between oscillators of lattice constant a,
U 0w (0)=2.40(1+k)/a®. The interaction of the dynamic di-
pole moments between the k=0 modes of the two rows adds
a potential energy term per oscillator of f,z,2,, where f, is
the coupling factor

U (0)efes

f12=ﬂ%—2‘ and f71=f12, (8)
where U oy 2(0) is a sum of U,; between one oscillator in
row | and all the oscillators of row 2 for the k=0 modes of
each row. For the rows shown in Fig. 5, for instance,
U, row 2=2.59(1+«)/a®, where a is again the lattice constant
of the hexagonal H/Si(111) lattice. The normal modes of the
interacting rows (for k=0 along the rows) are obtained by
treating the k=0 mode of each row as a single oscillator
(row-as-oscillator). The potential energy for the in-phase
modes of the coupled rows can then be written (m/2)z! :M:z
where M is the matrix

2 fl 2
y Wrowi m (9)
| e
m row2

and z is the column vector (2).

The normal coordinates which diagonlize M are ob-
tained by finding the matrix U such that U"'MU=D where
D is a diagonal matrix. Then the elements D;; are the eigen-
values of M, w(2+_) and the columns of U are the eigenvec-
tors of M, the normal coordinates of the system g(4_). The
eigenvalues are

1 1
2 __ 2 2 2 2
w:-i (wrowl+wmw2)t5 [(wrowl_wroWZ)

21172
w2
m

(10)

In the symmetric case that the two rows have identical
initial frequencies, @, | =W 2=wy, the frequency shifts
are (+/—)f,/2mo}, and the eigenvectors are in-phase and
out-of-phase vibrations of the two rows, with all the absorp-

tion strength in the higher frequency in-phase mode. For the
asymmetric case w,>w;, we define a coupling parameter (3,

f12

2
row2

B=m(w 0oL (1)

Assuming weak dipole coupling, 8<I1, then the frequency
w, and normal coordinate g, are small perturbations of
W 2 and z,, respectively, and the frequency w_ and normal
coordinate ¢_ are small perturbations of w,, ; and z;. De-

fining the frequency shifts Aw,=w,—w,,, and
Aw—=w—_wmw 1>
Aw, _ fi2 Aw_ _ f12
Wrow2 2mw20w2 ’ Wrowl 2m(“)rowl ’
12
8 L (12)
= Z Z Y
RNy N e
1 B
= 21— 2.
N TNy

The relative absorbances A, and A_ of the two modes are
obtained directly from the normal coordinates in Eq. (12),
and are A, =Ao(1+B%(1+ %) and A_=A(1- B4 (1+ ),
where A, is the absorbance of either row without coupling
(assuming e¥ = e¥). Since the two oscillators are in-phase
for g . and out-of-phase for ¢ _, the higher frequency normal
mode gains absorbance at the expense of the lower frequency
mode, with conserved total absorbance. This is the well-
known intensity borrowing effect.” The fraction of the vibra-
tional energy on the majority and minority oscillators in a
given mode are 1/(1+8%) and B%(1+ f°), respectively. Note
that since B is assumed small, meaning that the intrinsic
frequency separation of the rows is large compared to the
dipole interaction, the frequency shifts caused by interaction
between the two rows are small compared to the self-shift of
each row’s k=0 mode from the frequency of its isolated
oscillators.

C. Vibrational excitation of interacting oscillator rows

Combining the approaches of the last two sections, the
changes in the normal modes of the interacting rows after
vibrational excitation of any one normal mode can now be
calculated. Upon excitation, each row is treated as a uniform
set of oscillators as in Sec. III A; the e* of each row is
modified based upon the extent of vibrational excitation of
that row. The interactions among the in-phase modes of the
rows are then recalculated as in Sec. III B, and the new nor-
mal modes of the surface are obtained. The changes in the
integrated intensities and frequency positions directly follow.
To estimate the degree of vibrational excitation in each row,
we assume complete vibrational dephasing, both within each
row and between rows, after the vibrational pumping pro-
cess. The excitation is then localized on each row with a
probability given by the fraction of the vibrational energy
which is on that row in the pumped normal mode.

Explicitly, the normal modes of the system are first cal-
culated as in Sec. III B using the ground state value of e* for
each row. A normal mode x to be excited is chosen and the
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fraction P;, of its vibrational energy which is on each row i
is calculated. This fraction is obtained explicitly from the
square of the amplitude of the vibrational motion of the row
i in the normal mode x which is to be pumped. Then for a
fractional excitation of mode x given by n,, the fractional
excitation of each oscillator row i is ¢;,= P;n,. The effec-
tive charge of the oscillators in row i is then modified by the
factor (1—2cix)”2, the normal modes are recalculated, and
the absorbance change of each mode is obtained. The
changes in the absorbances will be discussed in terms of the
apparent excitation 7n;{obs) [Eq. (2)]. Changes in the posi-
tions of the vibrational resonances can also be calculated.

This is illustrated with the two row model of the last
section. Consider excitation of mode g, , with an excita-
tion, n,,. The concentrations of excited oscillators on
rows i, c; =P.n;, are c . =n [f1+)] and
Cor=n,[1/(B*+1)], from Eq. (12). Designating properties
of the excited system by a prime (") the effective charges
of the rows in the excited system are (ef)’
= (1-2¢;4)""2e¥ . The primary effect of this change is to
modify the interrow coupling in the excited system:
f12= Ul wow 2(eF) (e3)'/ €5 . Ttalso modifies the zero-order
row frequencies, Aw] = w), ; — 0o = Upw(0)a, /26
where @/ = (1-2¢;;)ea,;. Both changes affect the interac-
tion parameter in the excited system

= fl2

—m[(w;owz)z_ (w;owl)z] )

(13)

The new normal coordinates after excitation, g/, and g_. , are
calculated from Eq. (12) using 8’ in place of 8. The changes
in the intensities of the normal mode resonances are deter-
mined by both the changes in the vibrational amplitudes of
the rows determined by 8’ and by the changes in the effec-
tive charges of the rows in the excited state (e*)’. In the
present example, for instance, the integrated absorbance of
the g mode after vibrational excitation of the ¢, mode, is

C[W1=2¢1, = B'N1-2c5, )
- 1+ (B Ao

contrasted with the ground state value A=A o(1—B)%(1+ 8.
To first order in B, the excitation of the g, mode leads to
a renormalization transient on the ¢g_ mode of
n,_(obs)~—2Bn,.. In the reverse case, the apparent excita-
tion of the ¢, mode after pumping the g_ mode is
ny(obs)~+2p8n,_ for small 8. Both of these occur in the
absence of substantial intermode energy transfer, and are
renormalization effects.

We note, however, that a consistent interpretation of the
above result does indicate that some instantaneous energy
transfer has occurred between modes. This is because in or-
der to carry out the calculation assuming complete dephas-
ing, we have projected the energy of the pumped normal
mode incoherently onto each oscillator row. If this energy
distribution is projected back onto the starting normal modes,
without renormalization, some energy appears in the mode
that was not directly pumped and a slight reduction of the
energy in the pumped mode is observed. This effect is small
as long as B is small. In order to be consistent, when discuss-

’

(14)

ing an excitation of, for instance, 10% the level of excitation
of a normal mode x will be chosen so that after dephasing
the projection of the energy back onto the pumped mode
(before renormalization) gives a chosen excitation level
n9.=0.1. In the case of two interacting rows, this leads to a
projection of energy into the other mode of n?y~232n?x
whose magnitude is less than the renormalization effect
(which is approximately linear in 8) for small B. In the re-
sults of Sec. TV, the calculated renormalization effect is com-
pared to this incoherent projection of energy among modes.
The renormalization dominates the intensity changes of the
modes that are not directly excited.

IV. H/Si(111)

In Sec. IV A, these relations are applied to an example
of two interacting rows of Si—H oscillators with characteris-
tic parameters, in order to illustrate the order of magnitude of
the expected effects for the H/Si(111) system. In Sec. IV B,
the model is applied to calculate both the ground state nor-
mal modes, and the changes in the normal modes upon vi-
brational excitation, for stepped H/Si(111) surfaces.

A. Interacting rows on a Si(111) terrace

We consider two rows of Si—H oscillators on a H/Si(111)
terrace, parallel to the dihydride-terminated step edge in Fig.
1 (rows oriented along the (110) direction). The assumed
geometry is illustrated in Fig. 5. The effective charges of the
oscillators are as in the real system, but the frequency sepa-
ration between the intrinsic frequencies of the two rows is
arbitrarily set to 10 cm™! to roughly model the characteristic
frequency separations of step and terrace modes on the
stepped vicinal H/Si(111) surface. The oscillators of the ter-
race are oriented perpendicular to the terrace, arranged in a
hexagonal lattice with lattice constant a=3.84 A. The sepa-
ration between oscillators along the row is a, and the sepa-
ration between rows is ay3/2. The unscreened effective
charge of Si—H oscillators on the flat surface?! is e*/e =0.24.
It is assumed that all dipoles are placed into a thin dielectric
layer with an effective dielectric constant of €,. The experi-
mental value®® of €, is approximately 2. The interaction pa-
rameter between the rows is

Ulrow2(0)(e*)2

o

f12= =560 dyn/cm. (15)

This choice of parameters gives a shift of the in-phase mode
for the flat H/Si(111) surface, Aw~U(0)a,2€,, of 9.6
cm™!. This is consistent with the value of 9 cm™' measured
by electron-energy-loss spectroscopy (EELS).”> Note how-
ever that it is 1.8 times larger than the coupling used in Refs.
20 and 21 where image effects were not explicitly included.
The row frequency for row 1 is set to
Viow1 = Orowi/(2mc) =2075 cm ™', and the row frequency of
row 2 is set 10 cm ™! above this. The coupling parameter 8 is
then $=0.227. When the intensities of the normal modes are
calculated, intensity borrowing is found to be a strong effect,
with A /A _=[(1+B)/(1~B)]*~2.5. In contrast, the fraction
of the vibrational energy of the normal modes which is on
the minority oscillator 8%(1+ /) is still only ~5%, so that
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_m] ) +)
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Calculated Excitation
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Probed Mode

[ Projected Excitation
Modes Not Renormalized
Calculated n, (obs)
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FIG. 6. Calculated excitation of the Si—H normal modes of the two row
system of Fig. 5 after (a) pumping the (—) mode and (b) pumping the (+)
mode. Each mode is assumed pumped to a zero-order excitation of 0.10. The
frequency gap between the two rows is set to 10 cm™, and the interaction
parameter B is 0.23. Unshaded columns: excitation projected into each zero-
order mode by the assumption that all oscillators lose phase coherence after
the pumping process; shaded columns: the apparent excitation r,(obs)
which would be observed in a transient experiment by an absorption probe
following mode renormalization. )

the mode energy is still well-localized on the majority oscil-
lator. The self-shift of the row frequencies from the isolated
oscillator frequencies is +2.1 cm™! for each row. The shift
due to coupling between the two rows is much smaller, less
than 0.1 cm™!, because of the frequency gap between the
TOWS.

The effect of vibrational excitation on the vibrational
spectrum of the two row system in the asymmetric case is
calculated according to the method in Sec. HI C. A level of
excitation of one normal mode x, n,,, is chosen so that after
complete dephasing the projection of the energy back onto
the same mode n{, is 0.10. The results for the apparent ex-
citation of each mode after renormalization, n,(obs), as well
as the incoherent projection of the energy onto the zero-order
modes are shown in Fig. 6. The apparent excitation of both
modes, shaded columns, are substantial after the excitation
of either mode. For the pumped mode the observable inten-
sity change (shaded column), is not very different than that
which would be predicted from using the zero-order modes,
and calculating the intensity change due to the presence of
excitation energy in the mode (unshaded column). In this
case, the renormalization effect is a minor correction. How-
ever, for the mode which is not pumped, the renormalization
effect dominates the observable intensity change shown by
the shaded column; the effect of instantaneous energy trans-

6903

FIG. 7. Zero-order normal modes of the dihydride-stepped vicinal H/Si(111)
9° surface, before terrace-step dipole coupling is included. Step modes C;
are assumed to be vibrations of single bonds (see the text).

fer among the zero-order modes due to the dephasing process
(unshaded column) is a minor contribution. Note also that
the observable signal changes of the unpumped modes are in
opposite directions for the two cases of pumping the (+) or
the (—) mode. Excitation of the lower frequency mode leads
to a positive apparent excitation of the higher frequency
mode. A naive interpretation of an experimental measure-
ment would indicate that substantial energy has transferred to
the higher frequency mode, although in fact most of the ap-
parent excitation is due to the changes in the normal modes.
In contrast, excitation of the high-frequency mode leads to a
negative apparent excitation (absorbance increase) of the
lower frequency mode. This latter effect cannot be confused
with energy transfer, and is a clear signature of the renormal-
ization effect.

B. Normal modes and excitation of the H/Si(111)
stepped surface

To calculate the Si—H stretching normal modes of the
dihydride-stepped vicinal H/Si(111) surface, the k=0 mode
of each oscillator row parallel to the step is modeled as a
single oscillator, as in Sec. III B. The unit cell perpendicular
to the step edge for the 9° cut surface is approximated as
having seven oscillator rows, with the geometry shown in
Fig. 7. The geometry is determined by the predictions of ab
initio calculations,'®*® which show a strong steric interaction
between the first Si—-H bond of the lower terrace and the
dihydride on the step, causing a relaxation of the geometry of
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the step Si—H bonds by a rotation toward the upper terrace.
The vibrational motions shown in Fig. 7 represent the zero-
order modes of the system in the absence of step-terrace
dipole coupling. Each of the zero-order step modes is chosen
to be the vibration of a single Si—H bond. This choice is
somewhat different than the step normal modes given by the
ab initio calculations,? but is in better agreement with the
measured geometries of the step modes from recent Raman
scattering!"!® than are the ab initio results.* The four rows
of terrace oscillators are chosen to be identical, consistent
with the spectroscopic evidence that the terrace Si—H oscil-
lators are all essentially identical to those of the flat
surface.?

To apply the rows-as-oscillator model to this surface, the
matrix M is a 7X7 matrix for the seven rows of Si—H bonds
of Fig. 7. The interaction of row i with row j, f;;, is obtained
from Eq. (8); U; row ;(0) is obtained by summing the pair-
wise oscillator interactions over 50 lattice units of row j in
each direction along the row, and by summing over 8 other
rows j on equivalent terraces or steps; 4 each up and down
the staircase (assuming all terraces in-phase; only the spec-
troscopically active k=0 modes are considered). Thus inter-
action with adjacent terraces and steps is included. The form
of the interaction energy between each individual dipole m
and dipole n that go into the row sums must take into ac-
count that the dipoles are not perpendicular to the surface,
and is

. - -
y PnPr g (P )S(p,. ) , (16)
rmn rmn

where p; is the effective dipole vector, and r,,, is the inter-
dipole vector. The source dipole m includes an enhancement
of its vertical component by (1+x)=1.84, and a decrease in
its parallel component by (1—x)=0.16, to approximate the
effect of image dipoles. The focus is on the dipole interac-
tions between the step and terrace modes. Within the steps
themselves, the actual harmonic interactions that give rise to
the step normal modes include both strong steric and kinetic
coupling in addition to any dipole interactions. It would be
very difficult to separate these effects, and we therefore do
not attempt to model the dipole interactions among the step
modes, or any changes in those interactions upon excitation.
Instead, the final interaction matrix M has all direct cou-
plings among the step oscillators set to zero, so that the final
step modes, in the absence of step-terrace coupling, would
remain single bond vibrations. This approach therefore gives
final modes which are consistent with the observed geom-
etries in Raman spectroscopy. The calculation will not, how-
ever, accurately reproduce intrastep intensity borrowing in-
teractions. As we will show, however, it reproduces the
qualitative features of the step-terrace interactions, and in-
cludes indirect coupling among step modes, mediated by the
terrace oscillators.

The results for the normal modes of the ground state
system are shown in Fig. 8. Consistent with the magnitudes
of mixing observed in the two-row model of the last section,
the modes are only slightly delocalized, with several percent
of the energy of a step mode actually on terrace oscillators
and vice versa. The intensity borrowing is however substan-

FIG. 8. Normal modes of the dihydride-stepped vicinal H/Si(111) 9° surface
with terrace-step dipole coupling included.

tial. Figure 9 illustrates the unscreened effective dipole mo-
ments of the four modes before (dotted lines) and after (thin
solid lines) the inclusion of dipole coupling. The thick solid
lines represent the experimental measurements from internal

Unscreened Dynamic Dipole Moments

— Exparimental
Calculated
------ No Dipole Coupling

A C, C, Cs

FIG. 9. Unscreened dynamic dipole moments of the Si—H stretching normal
modes of the dihydride-stepped vicinal H/Si(111) 9° surface, with orienta-
tions shown with respect to the macroscopic surface plane. The mode dipole
moments are calculated assuming that the dipole derivative of all Si-H
bonds are identical. Dotted lines: dynamic dipole moments based upon zero-
order normal modes, without terrace-step dipole coupling, as shown in Fig.
7. Thin solid lines: dynamic dipole moments based upon normal modes
which include dipole coupling as shown in Fig. 8; thick solid lines: dynamic
dipole moments measured by infrared spectroscopy (Ref. 25).
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reflection infrared spectroscopy.” Only relative amplitudes
are meaningful, so the A mode amplitude is scaled to be
identical in the three cases. There is intensity transfer from
the A mode into the C modes when dipole coupling is in-
cluded. This qualitatively accounts for the observation that
the intensity of the step modes is far greater than would be
expected from their relative density on the surface. Overall,
the dipole coupling leads to better agreement of the intensi-
ties with the experimental measurement. The quantitative
agreement might well be improved further by the inclusion
of intrastep coupling. We note that despite the substantial
intensity borrowing, the orientation of the modes is not
strongly affected by the dipole interactions.

Next, we consider the results of vibrational excitation on
the normal modes of the stepped H/Si(111) surface, with an
excitation of 0.10. The energy of excitation for each mode is
projected incoherently onto the oscillator rows and the nor-
mal modes are recalculated. However, because of expected
rapid energy diffusion on the terraces, the excitation energy
of mode A is distributed equally among the oscillators of the
terrace. Figure 10 presents the values of the apparent excita-
tion of each mode (shaded columns) and the incoherent pro-
jection of the energy onto each mode due to dephasing (un-
shaded columns). As in the example of Sec. III, the
renormalization is a small correction to the excitation of the
pumped mode, but dominates the observed excitation for un-
pumped modes in comparison with energy transfer by
dephasing alone. The renormalization again gives positive
apparent excitation on modes at higher frequency than the
one that is pumped, and negative apparent excitation on
lower frequency modes. The largest effects come when A is
pumped and the C modes are probed. This is because four
oscillator rows are approximately equally involved in the A
mode, so that an A mode excitation of almost 0.4 must be
assumed in order that the net zero-order excitation is 0.1
after dephasing (four terrace modes are being excited by
pumping the only one which is spectroscopically active.)

Particularly interesting in Fig. 10 are the values for the
apparent excitation of A when the step modes C, and C, are
pumped. These predict a negative apparent excitation of A,
lasting as long as the step modes remain excited, consistent
with the results shown in the experimental transients in Fig.
3. The predicted effects can be compared to the experimental
results. We adopt the notation X— Y to refer to a pump mode
X, probe mode Y experiment. For the data in Figs. 3 and 4,
the ratio of the negative initial excitation in the experiment
C,—A (—0.01) and the peak excitation observed in the ex-
periment C,—C, (0.12) is ~0.08 and can be compared to the
ratio of the corresponding values in Fig. 10, —0.014/0.091
= —0.15. No direct measurement for the C;—C, experiment
is available, because C; cannot be probed directly.’* How-
ever, the estimated excitation in C, is similar or slightly
higher than that of the C, mode, based upon its transition
dipole. Therefore we expect the negative transient in C;—A
compared to that in the experiment C,—A to scale roughly
as the negative values in Fig. 10, or about 1.6 times larger.
The actual ratjo in the experimental results of Fig. 3 is a
factor of 2 in the other direction. The order of magnitude of
the negative transients is appropriate in both cases, and sup-
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Calculated Excitatibn
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FIG. 10. Calculated excitation of the Si—H stretching normal modes of the
dihydride-stepped vicinal H/Si(111) 9° surface (ground state modes are as
shown in Fig. 8) after pumping each mode to a zero-order excitation of 0.10.
Unshaded columns: excitation projected into each zero-order mode by the
assumption that all oscillators lose phase coherence after the pumping pro-
cess; shaded columns: the apparent instantaneous excitation n,(obs), which
would be observed in a transient experiment by an absorption probe follow-
ing mode renormalization.

ports the argument that these negative transients arise from
renormalization. The coupling strength in the calculation ap-
pears to be a factor of ~2 larger than that in the experiment,
but this result is obtained without any adjustment of dynamic
dipole moments or screening for the stepped surface vs the
flat surface, and is well within the uncertainty of the model.
The poor relative agreement of the negative transients on A
after excitation of C; vs C, may indicate that the relative
strengths of the calculated couplings for C, and C, with the
A mode are not correct, and may be related to the absence of
intrastep coupling in the model.

The interaction of the modes A and C, also occurs in
reverse; when the lower frequency mode A is pumped, posi-
tive apparent excitation occurs in mode C,. The calculated
values from Fig. 10: A—C, (0.063) and A—A (0.076) give a
ratio of +0.82. Using the size of the negative transient in the
reverse experiment as a guide, this calculated ratio is prob-
ably too large by a factor of 2. An estimate of ~0.4 can be
compared to the experimental ratio from the measured exci-
tation; A—C, is 0.04 and A—A is 0.12, giving a ratio of
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0.33. Therefore, the renormalization transient is predicted
roughly to account for the entire observed signal change on
mode C, following vibrational excitation of mode A! While
there is considerable uncertainty in the calculated renormal-
ization effect, this clearly indicates that a simple assignment
of signal transients in this system to energy flow from one

mode to another is not appropriate. Since both the renormal-
jzation and enerov flow into C, will last as long as the long

1ZauUil aliu Cliligy nUW U g Wiil 28050 QS Uiy 4o 2L VU5

lifetime mode A is excited, the two effects cannot be easily
distinguished in this case.

This result affects conclusions about energy flow on the
surface. In particular, the original fit of a kinetic model for
energy flow to the measured transients appeared to place t0o
strong a coupling between A and Cz m order to account for
the large transient and its rapid rise.!* Both of these effects

can now be attributed at least in part to renormalization. A

detailed refitting of this coupling would depend sensitively

on the accuracy of the present calculation, which is poor, and
such a calculation is therefore probably not justified. How-
ever, we emphasize that the existence of interadsorbate en-
ergy flow and estimates of the kinetic parameters can still be
extracted from the data since the time scales of the transients
due to renormalization are sometimes different [e.g., Figs.
3(a) and 3(b)], as discussed previously.!* Quantitative con-
clusions will, however, be affected by the renormalization
transients discussed here.

V. CONCLUSIONS

We have presented a simple technique to evaluate the
role of vibrational excitation-induced renormalization of the
vibrational modes in a dipole-coupled system. The method
assumes that local dephasing of vibrational motions is rapid
enough so that vibrational excitations can be considered as
localized, incoherent excitations of single bonds on time
scales longer than the dephasing time. The primary effect of
excitation is to modify the effective charge of the excited
oscillators, so that intralayer interactions are weakened. The
resulting changes in the normal modes of the surface cause a
reduction in intensity borrowing among the oscillators and
therefore substantial spectral effects. The method is applied
to the vibrational modes of the stepped vicinal H/Si(111)
surface. The calculated intensity changes of the normal mode
resonances on the dihydride-stepped surface following vibra-
tional excitation are consistent with negative excitation tran-
sients observed in dynamic experiments. We emphasize that
our previous discussion of a model for the energy diffusion
by incoherent dipole—dipole coupling'® which occurs after
dephasing is not modified by the present discussion. The
predicted intensity changes do however suggest that renor-
malization, which occurs on the time scale of vibrational
dephasing, may interfere with the experimental study of such
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slower time scale effects as energy diffusion. Thus, although
step-terrace energy flow has been confirmed for the stepped
H/Si(111) surface,' some of the detailed kinetic parameters
obtained in that work are questionable. More generally, the
transient effects discussed here will be important in systems
where the static spectrum shows intensity borrowing interac-
tions.
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