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Abstract

Charge transfer inverse photoemission spectroscopy (CTRIPS), the phenomenon of inverse photoemission at a metal-solution interface,
has been the subject of a variety of experiments. An approximate theoretical model is presented which includes (1) the electronic structure of
the metal; (2) the principal features of the emission spectra, such as the high and low frequency thresholds at a given injection energy of the
electron or hole, and the intensity of the light emission versus electrode potential; (3) the role of surface states; and (4) the question of direct
versus indirect radiative transitions. A broad array of experiments from different groups is surveyed and treated. There is a considerable need
for experiments to fill many missing “gaps” in the data, and various experiments are suggested.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction The purpose of the present article is twofold. First, a the-
oretical model is presented for the electron transfer process
Inverse photoemissiofl—3] at metal-vacuum interfaces and the light emission. A possible explanation of the data
has been extensively studied and used to map the emptyis given in terms of the model, using tight-binding param-
electronic states in the band structures of metals. Severaleters for the metal, with the experimental band structures
years ago, Mcintyre and Sa$4] performed experiments obtained from vacuum inverse photoemission and solution
at a metal—solution interface that were similar in nature to electroreflectance (ER) experiments. Second, there is a wide
vacuum inverse photoemission spectroscopy (IPS). In theirassortment of data, though frequently no two laboratories
experiments, they used an electron transfer redox agent inhave used conditions which serve as a check. The available
solution to inject electrons or holes into a metal electrode CTRIPS data are assembled and their principal features sum-
and create electronically excited states of the metal. Thesemarized. In the process some inconsistencies in the data are
excited states decayed radiatively and nonradiatively, re-also noted. Experimental tests of the model are proposed,
sulting in a very small quantum vyield of the light emis- with the aim of clarifying various features of the spectra.
sion. Because of the electrochemical nature of the experi- A simple model for vacuum inverse photoemission exten-
ments, the electrode—solution potential difference could be sively used in the solid state physics literat{tg consists
varied, and the resulting light emission depended on the of three steps: (1) electron injection into the metal, (2) elec-
redox agent—metal potential difference. Although low in tron transport within the metal and relaxation of the electron
intensity, this spectrum was analyzed and provided infor- by electron—electron collisions, and (3) emission of light
mation on the electronic structure of the metal above and (mostly by direct vertical transitions). In this article, we ex-
below its Fermi level. The electrochemical experimental tend the above treatment so as to include in step (1) electron
technique was termed charge transfer inverse photoemis-or hole injection by electron transfer between the metal and
sion spectroscopy (CTRIPS). A schematic diagram of phe- a reactant in solution and the role of Franck—Condon factors
nomenon is given ifrig. 1 in this electron transfer. The Franck—Condon factors arise
from nuclear motion, e.g. the solvent, and result from the
* Corresponding author. Tel#1-626-395-6566; reaction _SatiSfying the Franck—Condor_l Prin_(:i[ﬂauf
fax: +1-626-792-8485. The difference between electron injection in vacuum
E-mail address: ram@caltech.edu (R.A. Marcus). and electron transfer in solution is that in the former the
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Fig. 1. Schematic diagram for CTRIPS.

electron is injected into a metal energy level 10-100eV The various experiments are summarizediable 1 The
above the vacuum levél], while in the latter both the en-  metals affect the spectra through their band structure, while
ergy level entered by the electron and the level to which it the solvent effect, is at least in part, due to a change in
then falls lie below the vacuum level and above the Fermi reorganization energy involved in electron transfer. One
level of the metal. Electronic levels above the vacuum level effect of different redox agents is due to their redox poten-
are free-electron like in nature and in the inverse photoe- tials (Eg). The potential of the electrode does not change
mission experiments their character is assumed to be wellthe positions of the bulk bands relative to the Fermi level
known [1]. Thus, the spectrum then provides the proper- (Er) of the metal electrode. However, it does change their
ties of the level to which the electron relaxes by photon values relative to the energy levels of the redox reagent in
emission. solution Ep), and so strongly affects the emitted spectrum.
In the solution experiments, in contrast, both the initial Although the effect of temperature on photoemission can be
and the final energy levels are typically bound levels, i.e. be- substantial, its effect on CTRIPS, has apparently not been
low the work function threshold (vacuum level). The optical studied experimentally.
spectrum emitted in electrochemical inverse photoemission The role of surface states in CTRIPS has been quite uncer-
now depends on the detailed band character of both levelstain. In interpreting electroreflectance solution experiments
Since the energy difference between the two levels has a[6], it was inferred that the surface states in a metal are in
maximum of about 3.5 eV in most experiments, due to solu- sufficiently close contact with the solution that a change in
tion stability constraints, it is not as large as in the vacuum the potential of the electrode does not affect them as much as
experiments. It is expected from this energy difference that it affects the bulk bands. The metal bulk band energies vary
the final band into which the electron relaxes is close to the linearly with the electrode potential with a slope of 1, while
Fermi level of the metal. Thereby, it is same irrespective of the surface band energies might be totally pinned to the so-
the initial energy level of the electron (hole) unless there is lution and so not vary at all, depending on the conditions. In
more than one band present at the Fermi level. Accordingly, this case, the effect of varying the electrode potential in in-
it is expected that the change in the shape and position of theverse photoemission depends on whether the emitting metal
spectrum on changing the electrode/solution potential will band states are surface states or bulk states. What is actu-
be determined by the presence or absence of radiative bandally observed in each experiment should depend on the band
at the electron injection energy and by the nature of thesestructure of the metal and the electrode potential, and this
electronic states. aspect is included in treating the role of the band structure.
Electrochemical inverse photoemission spectra have been The emission spectra have in one instance been sorted
obtained with different metals, solvents, redox reagents, into parallel and perpendicular polarization components
electrolytes, and electrode—solution potential differences. [7]. They have also been measured in one case at different



Table 1

A summary of the experimental conditions and voltages from various CTRIPS experiments

Authors Solvent and Donor/acceptor, Metal Reference \oltage range vs. Einj range
supporting Eop vs. reference electrode reference (V) (eV)
electrolyte and vs. SCE (V)
Mclintyre and Sas§4] MeCN Thianthrene:+0.8, 1.18 Au(111) Ag/AgN@ 1073 M (+0.9,-2.1) (=0.1, 2.9)
0.5M TPABR Benzophenone:=-2.0, —1.62 +2.1,+0.9) (-0.1, 2.9)
Ouyang and Bard11] MeCN Benzophenone:-1.9, —1.9 Pt(111)/polycrystalline Pt SCE +0.2,+1.2) (2.1, 3.1)
0.1M TBABF, t-Stilbene: —-2.17, —-2.17 0.2, 1.2) (1.97, 3.37)
Benzonitrile: —2.22, —2.22 0.3,+1.2) (1.92, 3.42)
Ouyang and Bard?20] MeCN Thianthrene+1.1, +1.1 Pt SCE 41.6,-1.4) (=0.5, 2.5)
0.1M TBABF;
Triphenylamine:+1.1, +1.1 (—0.5, 2.5)
Tris(2,4-dibromophenyl)amine: (—0.17, 2.83)
+1.43,+1.43
9,10-Dibromoanthracene: (—0.16, 2.84)
+1.44,41.44
Benzophenone:-2.0, —2.0 Pt/Rh ¢2.5,+1.0) (~0.5, 3.0)
Uosaki et al.[21] MeCN Benzophenone:2.15, —1.71 Au polycrystalline Ag/AgNOs 102 M (—-2.6,40.7) (—0.45, 2.85)
predominantly (111) faces
0.2M TBABF4 t-Stilbene: —2.6, —2.16 (0.0, 3.3)
Benzonitrile: —2.7, —2.26 (0.1, 3.4)
Murakoshi and Uosakj22,26] MeCN Benzophenone:-2.15, -1.71 Au and Pt and Pd Ag/AgNO3 102 M (-0.5,+1.1) (1.65, 3.25)
predominantly (111) faces
0.2M TBABF; t-Stilbene: —2.6, —2.16 (2.1, 3.7)
Benzonitrile: —2.7, —2.26 (2.2, 3.8)
Murakoshi and Uosal{i23] HMPA Solvated Au and Pt predominantly Ag/AgNOs 1072M (-1.0, 0.0) (2.4, 3.4)
(111) faces
0.2M NaCIgy Electron: —3.4, —2.96

A value of 0.38V is added to convert from Ag/AgN@10-3M) to SCE, and a value of 0.44V is added to convert from Ag/AgN®02M) to SCE. In Mcintyre and Sagg], the concentration of

TBABF4 is given as 0.5M in the figures but 0.2 in the text. For light emission due to hole injeEtipe= Eo — EF.
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emission anglepl]. A comprehensive set of experiments of For reactions at metal-solution interfaces, the rate con-
all types is not available for a single system or from a single stantinEg. (2)is used to include all the metal-reactant elec-
laboratory, and so some “piecing together” of the diverse tron transfer energy states, by integrating the right hand side
data is undertaken in a later section. of Eqg. (2) over all energies and all k vectors contribut-
The paper is subdivided as follows:$®ction 2a theoret- ing to a given energy. The energyis measured relative
ical model is presented for the interpretation of the CTRIPS to the Fermi energy of the metgk. Since the Fermi level
spectra. A detailed discussion of the experimental results isof the metalEg is pinned to the potential of the electrode
giveninSection 3Calculations based on the model are given E, the two are used interchangeably in the present article.
and the results are compared with experimentSantion 4 The rate constant for electron transfer is then giveri3®y
Consequences of the overall model are giveisattion 5 Eq. (3)when a classical expressioRd. (4) is used for the
Comparison with an earlier theoretical model is also given Franck—Condon factor FC.
ir! Section 5 and experimental tests of the present mecha- o o G—en+o2/a3kgT ,
nism are proposed iBection 6 ket = - / GWW@' fle), (3)

where is the “reorganization energy” for the electron trans-

2. Theoretical model fer, e is the electronic charge, are) is the overpotential,
o (Eg— Ep), Eg being the standard potential of the redox agent
2.1. Principal features measured on the same scaleEas

The model proposed here for the mechanism of CTRIPS e~ (hmente)?/4rksT

with electron injection can be applied with minor changes  (Amrkg Y2
to hole injection. We begin with the standard expres$&in
for intensityl(w) of photon emission between two bands, in
terms of Vo the optical coupling between the two bands,

(4)

The integration over wavevectorshuy. (3)appears in the
square of an averaged coupling matrix elemar(g)[*:

and the number of available photon states (proportional to 2 3 2
«° [8]) at a given frequency: V(e = fd k| Hpi| "5 (e (k) — €). (5)
I(@) = Co®|Voptl®. () Here, Hpi| is the electronic coupling matrix element,

(Yp|H|¥), between the donor (D) in solution and the
guantum state of the metal represented by the wavevector
k. Later, V(¢)]? is extended to include the coupling between
the upper and lower metal electronic states contributing to
the emission of photon$(e) in Eq. (3)is the Fermi-Dirac
distribution withe measured relative t&g, the Fermi level

of the metal,

Here the numerical constafit contains the dielectric con-
stanteg, and the speed of light [8]. Vopt can be calculated
using the three-step model.

Step one of the model is the electron injection via an
electron transfer to the metal. For simplicity, a nonadiabatic
expression (weak interaction) is used, but the main features
would apply to the adiabatic case also. The first-order rate

constant for a nonadiabatic electron transfer profgkss e/ keT 6

given by O = ot 6)

ket = ZTnFC|HDA|2, ) In the present case, the energy of j[he donqr is much higher
h (>2eV) than the Fermi level, arf(k) is essentially equal to

where FC is the expression for the Franck—Condon factor 1. This substitution is made in the following calculations.
andHpa is the electronic coupling between the donorandthe ~ Thus far, the effect of the electron transfer process has
acceptor. This expression is applicable to a redox moleculebeen included in the expression for photon emission inten-
fixed at some position near the electrode. It is readily mod- Sity. We also need to consider the details of the metal band
ified to the calculation of a second-order electron transfer Structure, i.e. the energetic positions and the nature of the
rate constanfs,9]. band into which the electron is injected by electron transfer
The metal electrode has a continum of levels which con- and the band to which the electron relaxes. To obtain the fi-

tribute to the electron transfer process, each level in the metalnal intensity of photon emission as a function of the overpo-
being represented by a waveveckofTo calculate rate con-  tential, we need to include the probability that the final state
stants at metal surfaces, one needs to model the band strudhto which the electron relaxes is unoccupigt; — n), the
ture, and thus the wavevectors of the metal. The three-stepFermi function for a final state. The emitted light intensity
model and the next few equations can be used with anyis now given by

model of the metal band structure. In the present paper, we (oent 2/ ANkaT

use the tight-binding model for the band structure and for 107, @) o @ _/ e B S WP fe—1)
comparison give a treatment using the free-electron model " (AmrkgDV2 ’

in Appendix A (7)
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where the mean energy level of the metal above the Fermicalculation only when an overlap between atomic orbitals

level into which the electron is injectefl,; is the same as
the overpotentiaén. The w is in units of energy (eV). We

is required. Such a situation occurs only for the calculation
of the overlap of the Gaussian donor with the surface and

assume initially, as in the use of the above expression, thatwhen the overlap between the two metal bands is required.
any optical absorption by the metal does not alter the shapeSince the shape of the Gaussian donor is spherically symmet-

of the spectrum.
The next step is to derive an expression ¥)|? using

ric, the atomic coupling matrix element will not be affected
much by this approximation. For the metal band overlap, the

Eq. (5) The inverse photoemission process in the three-stepcoupling matrix between the two bands is simple, and this

model is, as noted earlier, subdivided into electron transfer

approximation is not expected to affect that aspect signifi-

(step 1), electron relaxation by a nonradiative process (stepcantly. While the final wavefunctions with this approxima-

2), and the light emission (step 3). This separation is intro-
duced next into the equation fo¥(k)[?. We begin with an
expression very similar teq. (5)for pure electron transfer.
Upon renaming the initiak by k1 ande; by €1, and by in-
troducing direct transitions to all statgs in the metal, we
have

IV(e)|? = f f A3k d3k1| Hpryry |28 (€1 — €)8(e1 — €2 — hw),
(8)

where the seconédifunction arises from the conservation of
energy during the photon emissioHp,, includes Hpy,
from Eq. (5)and a termH;;, of the form (¥, |T|¥;,) de-
scribing thek; to k» transition,T being the optical transition
coupling operator. Thus,

(9)

We next introduce a form for thiewavefunction of metal
to calculate the couplings Bq. (9) In the present article, we
use tight-binding wavefunctions. Details of the parameters
used in the tight-binding model are given in the next section.
In the present paper, we treat the metal as semi-infinite,
occupying the positive side of the= 0 plane. The solution
and the donor extend from the= 0 plane into the negative

Hpiyky, = Hpry Hiyky -

side. The wavefunction of the metal is assumed to go to 0 at

z = 0, since there are no metal atoms present ory the0

plane. The distance from the center of the donor to the first

lattice plane of the electrode is denotedAyzp > O.
Tight-binding wavefunctions of metals are of the form

Ui(r) =) ) undn(r — Rj)eXp(ik - R). (10)

j n

wheren is an index which ranges over the orbitalg, is

a coefficient which is calculated from the tight-binding pa-
rameters and gives the orbital content of each bann;
dexes the periodic sites in the crystal, apdr—R;) are
the individual wavefunctions of each orbital, located at
sitej. In the present initial exploration of the phenomenon,
we assume a simplified form of the orbital wavefunction:
¢n(r—R;) is assumed to be,(R; — R)expik(r — R))

in the Wigner—Seitz cell of the atom and zero everywhere

tion become free-electron like as kxq. (11) the calcula-
tion needed for obtaining the coefficients is a tight-binding
calculation. This approximation reduces the computational
complexity, by about a factor of 50, because individual sur-
face atom-donor (Gaussian ball) overlaps do not need to
be calculated for each wavefunctidnt also facilitates the
treatment of the complete planes parallel to the surface in-
stead of a few atoms in each.

Using the approximation described aboveqg. (10)
for the tight-binding wavefunctions takes on a modified
free-electron form:

U (r) = Z ul, explik - r), (11)

i.e.inEq. (10)Zj ¢n(r — Rj)expiik - R)) is approximated

by exp{k-r) ¢,(0) andu) equalsu,¢,(0). Here,u, and

k contributing to a given energy are calculated from the
tight-binding parameterg. can also be written s + k. z,
where k| is the component ok, parallel to the surface
andk, z is the component perpendicular to the surface, thus
¥ (r) can also be written agy «, ().

For the wavefunction of the redox reagent, we use for
simplicity a spherically symmetric donor wave function (as
is the case for a solvated electron). A Gaussian form is as-
sumed B exp(—(x? + y? + (z — z0)2)/(26?)), with o2 being
the mean square radius of the donor’s wavefunction. In the
case of a more complicated donor, an actual electron trans-
fer matrix element would be calculat¢tiO]. However, we
expect that the final shape of the spectrum will not be sub-
stantially modified, because of the averaging over the var-
ious spatial configurations of the donor with respect to the
metal.

The overlap integrals arise from the metal wavefunctions
in Eq. (11)coupling to the Gaussian form of the doror.
The coupling can then be evaluated assuming a proportion-

1 In a previous pap€32], we did not need to make this approximation
since the number of wavefunctions needed was very small (60-600).
In the present paper joint densities of states of two bands need to be
calculated. This calculation requires about 10 000-100 000 wavefunctions
and so the approximation was made to expedite the calculation.

2 Let the planes of the metal perpendicular to the surface be numbered

else. This approximation is equivalent to changing the shapeffom 1 to +cc. The solvent exists everywhere else (0 t@o). The

of the orbital and replacing it by one whose extent is the

boundary condition that is used in the text assumes that the wave function
of the metal inEq. (11) goes to 0 at = 0. The donor wavefunction in

Wigner—Seitz cell and whose shape is oscillatory. The actual gq. (12) nevertheless penetrates the- 0 planes and so has a nonzero
shape and nature of the orbital are important in the currentoverlap with the metal wave function iq. (12)
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Fig. 2. Two band model for the band structung: and themy are the effective masses of the electrons in the lower and the upper bands, respectively.

ality between the electronic coupling matrix element and the structure, the upper band is not accessible at some electrode
overlap integral, potentials. To account for emission in such cases indirect
) transitions are included iAppendix A
| Hpi, | In summary, the tight-binding model is used to calculate
_ [ O Py (emzo)?/26?) 2 the contribution toH;x, in Eq. (9) from direct transitions.
V/ / S Yy (r)dxdydz| As mentioned earlier, such transitions consekyeduring
x,y=—00Jz=0 L. . .. .
(12) the photon emission. Use of the tight-binding wavefunctions
yields

whereV denotesvB andV is a proportionality constant. . )

We next consider steps (2) and (3) of the three-step model, 2 _ —z/1
namely, relaxation through nonradiative and radiative transi- | Hiake|” = ’/OO/Fowkl"‘k“(r)kaZ"ku(r)e dryd| .
tions. The radiative relaxation and resulting photon emission (13)
occur due to an allowed coupling, usually transition dipolar
in nature, between the initial and final electron states in the Thel serves to introduce a phenomenological relaxation of
metal. This transition dipole coupling depends on the type the electron through electron—electron collisidisging the
of bands that exist in the metal. There may also be a directmean free path of the electron at the enetd¥2]. In this
injection from the electron donor into some surface or bulk form, k; is taken to be conserved and thus, the broadening
states which can give rise to radiationless defday. The is only introduced as an exponential in thdirection[12],
surface state coupling is discussed in a later section. e %/l and not as an€’/!. Thel decorrelate®;, fromky|

The question of direct versus indirect optical transitions through a Lorentzian broadening serving as a measure of
in the photon emission also arises. Direct transitions occur how much the two may diffefl’ is a matrix which optically
when there exist at least two accessible energy bands, arcouples the orbitals of the two wavefunctions. Here, we as-
upper and a lower, at the givén This type of transitionis ~ sume a simple form where each diagonal element is 0 and
k-conserving because the emitted photon carries negligibleeach off-diagonal is 1. This form implies zero optical transi-
momentum compared to the electrod’sA schematic dia-  tion dipole moment between two orbitals of the same type,
gram of such a transition when only two bands are presentsuch a coupling being usually forbidden in optical transi-
is given inFig. 2 In the case of a metal with a surface, tions. The integrals over the directions parallel to the surface
only a wavevector conservation bf, the component of the  yield § functions which give momentum conservation along
wavevector parallel to the surface, exists and a vertical tran- k). The remaining integration is then readily performed.
sition occurs in this respect between the two accessible en- When no direct transitions can occur then the electrons
ergy bands. When the optical transition arises from a wave can radiate only through indirect transitions. Photon emis-
function that is situated fairly deep in the metal there is also sion caused by these transitions has been modeled rigor-
an approximate conservation of the component. In the  ously[13]. In the present tight-binding calculation, we ig-
present tight-binding treatment, we have not found it neces- nore the contribution of indirect transitions Hy,,, but as
sary to invoke indirect transitions because of the accessibil- noted earlier we use indirect transitions in the case of the
ity of the direct transitions in that band structure. However, free-electron model ilppendix A The details of intensi-
for the free-electron model, where we fit the vacuum band ties of direct versus indirect transitions are given there.
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Eq. (7)can now be evaluated using a Monte Carlo routine (=Eg) remains approximately independent of changes in the
[14] to obtain the light emission intensity. electrode potential. The surface states in the present model
are positioned to reflect this behavior and are assumed to
be dark states, and so to be states which undergo radiation-
less decay to the lowest unoccupied states. For simplicity

It remains to consider surface states, which in principle in adjusting their position, they are modeled here using the
can be optically active or inactive. If they are optically ac- free-electron modéland the vacuum band structure given
tive, they can be treated in the same way as bulk states within Fig. 3. Being confined to a few layers near the surface,
an extra broadening factor due to an effectively finite length the surface states have zero riealThus, they have a disper-
of the states in the direction. On the other hand, if they fa-  sion of the formh?(kf + kﬁ)/Zm* — Egurf (€V). The details
cilitate a competitive radiationless transition they then need of the position of the surface states, iy and m*, are
to be introduced as sinks in the calculation, so reducing the discussed irbection 4
possibility that the electrons radiate.

In the metals gonsidered in this article (Au(111), 5,45 Summary of approximations
Pt(111), etc.), no image states but only Shockley surface

states have been reported within the energy range of in- ¢ phenomenon of CTRIPS has, as discussed above, a
terest above the Fermi levglS]. The Shockley states, pnymper of theoretical features, and the principal simplify-

intrinsic surface states formed due to the abrupt ending Ofing approximations used in the model are summarized as
the metal at; = 0, are of the same electronic character as follows:

the band that they arise from. In the present case the band
is primarily sp in character. An electron may decay from 1. A three-step model for the inverse photoemission pro-
an sp bulk band to the sp surface band radiatively because cess: One-step models use the full Hamiltonian and the

2.2. Role of surface states

of symmetry breaking in the direction of the surface, i.e.
the transition dipole matrix element is nonzero only in the
z direction. Alternatively, if this breaking of symmetry is

not a large perturbation the band character of both bands2.

being sp, this transition may be largely optically forbidden

but nonradiatively allowed, and so the electrons may decay

nonradiatively through surface states. The optical matrix

direct interaction between the donor in the solution and
the final energy level in the metal through an optical tran-
sition and would be more accurdtg.

A tight-binding model for the metal band structure, with
the use, for calculating?py, in Eq. (9) of simplified
orbitals Eqg. (10) and a Gaussian form for the donor in
solution.

elements within the metals in the present calculation are 3, Use of surface state properties measured independently.
assumed to be such that sp—sp transitions are nonradiative. A linear dependencél?] of surface state energy on
In recent calculationfl6] for Pt(111), it was deduced that metal—solution potential difference was used to locate

the d-states were squeezed out of the first layers near the the position of the surface states. The surface states were
surface. This circumstance might lead to a smaller optical ~modeled using a free-electron model.

matrix element between bulk d-states and the predominantly4, The electron—electron relaxation with the three-step

sp surface states in the first few layers of the crystal, so  model is introduced through a single mean free path of
causing the surface states to be optically dark for electron  the form inEq. (13)

injection into Pt(111). 5. The variation of the optical matrix elements with energy
Next, the position of the surface states with respect to the  and band structure, i.&, is neglected.

bulk states needs to be calculated. As inferred from elec-

troreflectance spectroscof$,17,18] the position of the The CTRIP spectrum was calculated using the above ap-

surface states depends strongly on the constituents in thegproximations and compared with experiments. Before giv-

solution. The surface states extend beyond the surface of théng the numerical values of the various parameters used and

metal and any specific adsorption of ions on the metal sur- other details of the calculations and the results, we first sur-

face leads to a large change in potential at the surface. Therevey the experimental results.

have been several models of the electrical double layer at

the metal[19] and for some of these models the calculated

results [18] have been interpreted as indicating that the — _—— _ o

. L. Surface states can also be modelled using the tight-binding parameters
energetic po_smon of the surface states can move_as mucr'Emd theZ-transform[32]. These states are calculated assuming that the
as 1eV/V with respect to the bulk states on changing elec- energies of the orbitals of atoms on the surface layer do not get perturbed
trode potential. This change in energetic position has beensignificantly from their bulk levels. To vary the position of the surface
attributed to specific adsorptigh7,18] This relative move- band with respect to the bulk bands these surface energies need to be
ment impIies that while the bulk state potential is Changed tuned. We use nine (one s, three p and five d) orbitals in our tight-binding

calculations. There are thus nine parameters that can be varied. Instead

by changlng the electrode potentlal, the surface states areof tuning these parameter ad hoc, we have chosen to use a free-electron

pinned to the solution potential. In this case, the difference type surface band which uses only one parameter which we determine
of redox couple potentiaHp) and the surface state potential from experiment.
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Electron Energy (eV)

Fig. 3. Measured band structure replotted fr{#8]. The symbols are experimental measuremerity. ¢enotes the lower band edge whilelY gives
the upper band edge®) gives the image state. Hatching indicates the projected band structure. The dashed curve is the extrapolation of the dispersion
relation obtained beloviEgr. m* is the effective mass of the electron in the given bands.

3. Survey of experimental results the electrode potential exceeds a certain value, a decrease
of intensity has been observ§tl,22]*

We list below and inTable 1key experiments from 5. Molecules having differerifg’s have the same CTRIPS
several groups, and include the experimental conditions spectral plots, when they have the same driving potential
used. The individual experiments are then discussed and Ef — Eo, provided theEg does not lie outside the cut-off
some of the experiments are compared. At present the re- region[20,22]
sults exist usually as isolated single-laboratory experiments6. For metal films, the emission intensity increases with
and have largely not yet been repeated or tested in other thickness at low thickned22].
laboratories. 7. Hole emission is strongly polarized in one experiment

[7] and also angle-dependd#Af.

1. The high energy edge of the emission spectrum varies We consider next in more detail the experimental studies
linearly with potential with unit slope, while the low underlying the above findings. In several figures some results
energy edge is approximately potential-independent have been replotted to make the comparison clearer.
[4,7,11,20-23] The earliest experiments on CTRIPS are those of MclIn-

2. There is a cut-off for the electron injection at Pt surfaces, tyre and Sas$4]. Their experiments were performed pri-
such that the CTRIPS effect is absent unless the standardnarily using a gold electrode, with acetronitrile as the sol-
potentialEq of the donor is more negative thafl.90 V vent and benzophenone as the redox reagent. They found
versus standard calomel electrode (SCE). This effect oc-that Ew, the high energy threshold of the spectrum varies
curs, regardless of the driving potentid@ly — Eq [11]. linearly with the potential of the electrodiewith unit slope.

For hole injection at Pt surfaces, there is a cut-off such As previously noted, the metal Fermi level is pinned to the
that the CTRIPS effect again disappears unkgssf the electrode potentidt. In a later papef7], they found thaE,
acceptor is more positive thar1.0V versus SCH20]. approximately equalginj, the energy above the Fermi level
The question of whether Au also exhibits a cut-off has into which the electron is injected. This result is common to
not been studied.

3. The spectra emitted from hole transfer at the Au(111) _ '
surface are 50 times more intense in a particular experi- 4 In [11] the decrease occurs wheéh> 1.2V relative to SCE, which

translates toE > 0.76V relative to Ag/Ag (0.01 M) standard used in

ment than that .from electron ,traPSH- L . [22]. This behavior is roughly consistent with the behaviorFig. 7 of
4. The spectrum-integrated emission intensity initially in- [22] for benzonitrile and a Pt electrode, where the decrease in emission
creases sharply with electrode potenidl,20,23] When begins aroundE > 0.5V instead of 0.76 V.
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the experiments from all groupEin; equals EF — Eo), Eg states are present then a direct radiative transition was free
being the standard potential of the redox agent measured orto occur. From their hole and electron transfer experiments,
the same scale d&%-. they calculated the band width of the Shockley states in plat-

They also observed in electron and hole transfer experi- inum to be about 2.9 eV, which is similar to that obtained
ments[4a] that the intensity of the hole transfer spectrum independently in solid state experimefi$s].
is about 50 times greater than that of the electron injection Uosaki and coworkers used a gold electrode and initially
spectrum. They suggested that there were few upper radia-used acetonitrile as a solvef#l,22] Later they used sol-
tive states available for the electron transfer step, due to avated electrons in a hexamethylphosphoramide (HMP3)
band gap at the Au(111) surface above the Fermi level, solvent. In their measurements with the solvated electrons,
while the d-states present below the Fermi level of Au(111) they again observed afi, ~ Einj as well as a low energy
increased the intensity of the hole transfer. They also mea-threshold,E; for the spectra. In the initial study, they con-
sured angle-dependent inverse photoemispitsh and po- cluded that the light emission might involve surface states
larization of emissior{7a] for Au(111). The detection of as acceptor states into which the electrons ri&2ds]. Sub-
polarized light emission provides information about the opti- sequently22], they compared the position of these surface
cal matrix element of the radiative transition. The hole emis- states with positions of surface states observed in electrore-
sion showed strongly P-polarized spectra which suggestedflectance and concluded that surface states do not contribute
in this instance sp to d transition. There have been no sim-to the spectrum, since they were already occupied at the po-
ilar experiments for electron injection. They also compared tentials used in the CTRIPS experiments.
their emission spectra from gold with that from sily&b]. In another experimerj22], Murakoshi and Uosaki mea-

Ouyang and Bard presented res{lts,20Jonthe holeand  sured the effect of electrode thickness on the intensity of
electron transfer spectra at a platinum electrode, again usindight emission and observed that the spectral intensity in-
acetonitrile as the solvent, and presented preliminary resultscreases with increasing electrode thicknf2a), a result
using a rhodium electrod@0a]. In their experiments, they  attributed to the increase in the number of bulk states with
used a series of redox agents with different standard poten-increasing thickness. This fact provided an added basis for
tials and observed a cut-off in redox potentials below which their conclusion that bulk states contribute to the emission
there was no light emission. This cut-off is denoted below intensity much more than do surface states. They also com-
by Er, for the electron injection and bi¢g ¢ for hole in- pared the spectra from benzonitritestilbene and benzophe-
jection. They proposed that it arises because of nonradiativenone at the same energy above the Fermi leig])([22b].
Shockley surface states which are present above and belowPart of their figure is reproduced here k. 4. It is seen
the Fermi level of platinum. They assumed that the surface that the spectra from benzophenone and benzonitrile over-
states decayed in an efficient nonradiative process. On thelap very well. Bulk states depend only on the potential of
other hand, if the injection is at an energy where no surface the electrode and thus the bulk band structure depends only

benzonitrile E
(29eV)

benzophenone
r (2.85eV)

Arbitrary Units
T

|
1 15 2 25
Photon Energy (eV)

Fig. 4. Inverse photoemission at Au(111) and constgrt~ 2.9 eV using different redox agents. Results of Murakoshi and Ud2a#i
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Fig. 5. Inverse photoemission at Au(111) with const@igy = 2.9 eV using different redox agents. (- -) are the results of Murakoshi and U{&aki
and (—) are the results of Mcintyre and S§4k

on Ejnj. From this fact and their data, they concluded that that instead of the spectra coinciding, there is a very large
the main contribution to the photon emission is indeed from shift, so large that it may reflect some misprint in which
bulk states. one of the measurements may not have been converted to
For comparison we have plotted Fig. 5 a spectrum the appropriate relative electrode scale. The one difference
from Mcintyre and Sas$4c] for benzophenone together in conditions of two experiments is that of the supporting
with one from Murakoshi and Uosal2c] for benzonitrile, electrolyte, which was tetrapropyl ammonium fluoroborate
both at anEjn; of 2.9 eV and for an Au electrode. It is seen (TPABF;) for Mcintyre and Sass and tetrabutyl ammonium

benzonitrile (3.22 eV)

Arbitrary Units
|

! solvated dlectron
/ inHMPA (324ev) \
/

2 25 3 35 4
Photon Energy (eV)

Fig. 6. Inverse photoemission at using different redox agents at the platinum electrode. (- -) are the results of Murakoshi a2l asdk{®-) are
the results of Ouyang and Bafil1].
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fluoroborate (TBABE) for Uosaki et al. The effect of the Tight-binding parameters of gold taken from the literature
supporting electrolyte and in particular the tetraalkyl ammo- [27] were used to calculate the wavefunctions of the metal at
nium ions[24] is discussed in later sections. any given energy. As explained 8ection 2 for calculating

One consequence of the difference in experimental con- Hp, the individual orbital wavefunctions of each of the
ditions of the various groups may also lie in the difference atoms of gold are approximated to give a total wavefunction
in the reportedEg’s of the redox couplesTable J). In the (Eg. (11) which is free-electron type in form. Gold has a
measurement dfg values in nonaqueous solvents, there are face-centered cubic band structure, and in the experiments
effects due to liquid junction potentidig4]. To include any the (111) face was mainly used. We model the same face
differences inEp values, we use energy differences in our in our calculation.

calculations and comparisons and thuskEigg(i.e. Er— Eq) We consider next the form and nature of the surface bands.
values Fig. 1) wherever possible. To calculate thésg val- The potential of zero charge (pzc), namely, the electrode
ues, we use th&y measured in the particular experiment. potential at which the electrode is uncharged, plays a role
As noted earlier (comment precedif. (3), EF can be in surface properties. When the surface of the electrode is
inferred from the electrode potential. uncharged the double layer at the electrode is quite diffuse.

A pair of spectra for platinum are compared kig. 6 The band structure of the electrode (both bulk and surface
[11a,22d] The spectra seem to have the same peak positionbands) at the pzc is then expected to resemble the vacuum
but are shaped differently. These two studies differ in the band structure of the met§,18,19,22] when no specific
solvent used, HMPA in the case of the solvated eledttdh adsorption is present. The p#8] of Au(111) is 0.325V
and acetonitrile in the case of benzonitr{ig2]. The spectra  with respect to the SCE, while that of Pt(1 1 1) is 0.8R9].
of Murakoshi and Uosaki, when plotted versus frequency The energy of a surface band changes with respect to that
(e.g.Figs. 4-6, and P appear to be more symmetric than of the bulk bands if the double layer structure at the inter-
the emission spectra of the other two experimental groups. Itface is very dense, an effect which can be caused by the
would be useful in future experiments to establish the exact specific adsorption of ions on the surface of the electrode
shape of the spectrum as well as the frequency dependence dfL7]. The cations from most salts (with the exception of the
the spectra at each energy exceds<{ Ep), by a similar set tetraalkyl ammonium salts) are small and highly solvated
of studies in a single laboratory. We also note that the plot of while the anions are large, with weak solvation shells, and
spectral emission versus energy in the spectra of Murakoshihence are more likely to adsorb. The supporting electrolyte
and Uosaki is more asymmetric at high injection energies in the case of the solvated electron experiments of Murakoshi
and tends to become symmetric at low injection energies and Uosaki is NaCl@ The CIQ,~ ions have been reported
[25,26] This effect arises from the fact that the low energy to affect the surface states on Au(1 1 1) surfd@&s18] We
threshold is largely unaffected by electrode potential, but use these data [47,18]and a free-electron model (see foot-
the high energy threshold shifts to the red when the driving note 3) to calculate the surface band. The experimentally
force (EF — Ep) is reduced. measured inverse photoemission vacuum band stru@oje
Uosaki and coworkers plotted the quantum efficieriy, given inFig. 3is used to model the surface band at the pzc.
for the benzophenone and benzonitrile systems versus elecThus, the energy dispersion of the surface band is calculated
trode potential22e]. The curves look remarkably alike when to beh_z(kf +k§) /2m* — Egyri (€V), Where the value dEgyt
the benzonitrile curve is shifted negatively by the differ- at pzc is taken to be the same as the energy of bottom of
ence in theirEg’'s. Thereby, the shape of their spectra ap- the surface band in vacuum (0 for Au(111)). As indicated
pear to depend only oBj,j values. They also plotted for from [17], Esyrf varied linearly withEg — Eg with a slope of
the solvated electron at gold and platinum electrofi&a] 1.0eV/V on the positive side and a slope of 0.2 eV/V on the
and found that the spectral intensity from platinum is much negatively charged sid&7]. The behavior of the positively
weaker than that from gold. However, none of the groups charged Au(1 1 1)6,18]is attributed24] to the specific ad-
have compared the cut-offs from metal(: or Eo ) ob- sorption of the anion. The pzc of Pt(111), as noted earlier,
served by the Bard group for B1,1,20]to see if they occur  is 0.85V versus SCE when the electrolyte is HglOhe
for different metals and if their values depend on the metal. range of electrode potentials used in these experiments is
0.22-1.44V versus SCE. The supporting electrolyte in the
experiments of Ouyang and Baftl1,20] is tetrabutyl am-

4. Calculations and results monium tetrafluoro borate, TBABF The TBAT ions are
known to specifically adsorb on metal surfa¢24,30] To

In the calculations based on the present theory, we con-explain the data of Ouyang and B&il,20] and the role
sider first the experiments of Murakoshi and Uog&id] in of the cut-off, we assume that this adsorption causes a slope
which the donor is a solvated electron and the electrode isof 1.0 eV/V for the change of the surface band energy with
Au(111). The various properties used to describe the experi-respect to the electrode potential on the negative charging
ment include the tight-binding parameters of Au, the vacuum side of the electrode. Specific adsorption also changes the
band structure of Au(111), electroreflectance experiments,pzc and, thus for a clearer interpretation, it is necessary
and adsorption studies with tetraalkyl ammonium ions. that both the electroreflectance experiments and the CTRIPS
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Intensity (arbitrary units)

, L 2.6 eV |
0 1 2 3 4

Frequency (eV)

Fig. 7. Light emission intensity from Au with Gaussian orbital as donor. Calculated using the modelS&otion 2and tight-binding. The 2.6 eV
spectrum cannot be seen on the scale of the other two spectra.

experiments be conducted with the same supporting elec- We also use an adjustable overall normalization factor in

trolyte, such as TBABI: the comparison of the calculated integrated emission inten-
In our calculations, we remove an electron from our cal- sity and the experimental quantum efficiency.

culation if it enters a surface band, use & 0.4 eV for the In the CTRIPS experiments of Murakoshi and Uosaki

solvated electrof23] andkgT = 0.025eV. The interatomic  [23] being treated here the electrode potential was varied,

distance between gold atoms is about 2.8R4] and so, leading to arEjn; which varied between 2.4 and 3.4eV. The

we use &g = 3.0 ando = 1.5A. We find that the actual  emission spectrum was measured in each case. The surface
values of andyp do not affect results of the calculation very band at these voltaggs7,22]is low-lying and mostly filled
much. An/ = 20 nm[31] is also used. and is expected thereby to have little effect on the spectrum.

Quantum Efficiency (arb. units)

Experiment |
Murakoshi -
| and Uosaki'93)
Calculated +
- | =20 nm -
. . _
. I . I +1+ ,
0 1 2 3 4

Energy above Fermi level (eV)

Fig. 8. Quantum efficiency from Au(111) with solvated electrons. The symbig)safe experimental results replotted frdfig. 5 of [26]. The solid
line (—) is calculated using the model froBection 2and tight-binding with/ = 20 nm.
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Intensity (arbitrary units)

Frequency (eV)

Fig. 9. Emission intensity from Au(11 1) with solvated electrons. Replotted ffam 4 of [26].

In the tight-binding band structure of Au, there are two the free-electron model are given and compared to the
bands above the Fermi level within this energy range. The tight-binding model inAppendix A
edge of the upper band occurs at 2.72 eV relative to the Fermi
level, and is also at the edge of the experimental potentials.
Also, from Eq. (7) we see that the peak of the spectrum 5 piscussion
occurs around the experimental driving potentigh(=Er—
Eo) minus the reorganization energy, i.e(&k — Eo) —1. AS We summarize first the consequences of the overall model:
Einj is lowered from 3.4 to 2.4 eV the upper band contributes
less and less (proportional to the tail of a Gaussian) to the 1. The electron injected into a bulk state decays radiatively
emission. The direct transitions are thereby possible in this  to a bulk state, and yields the emitted spectrum. An elec-
calculation only via th&, broadening caused by the surface. tron injected into a surface state decays nonradiatively.
The Au hole injection spectra of Mcintyre and Sass are  Surface states are assumed to be pinned to the solution
much more intense than their Au electron injection spectra  potential if the supporting electrolyte shows specific ad-
because the accessible radiative d-states present below the sorption.

Fermi level give rise to intense direct transitions. 2. In a bulk state to bulk state radiative decay, a change
Some results from this model are given Figs. 7 in film thickness which affects the density of bulk states
and 8 We reproduce the corresponding experimental spec- causes a change in the emitted spectrum, particularly in

tra in Figs. 9 and 8There is moderate agreement between its intensity[22].
the experimental and the theoretical results. The upper3. TheEr changes linearly with electrode potential, as do all
frequency cut-off in the spectra at a givéty; (Fig. 7) the bulk state energies. Therefore, the spectrum will not
arises because the Fermi level serves as the effective cut-off change significantly with change of redox agetg)(if
energy for the electron’s radiative decay to the lower state.  the electrode potential is changed in a way so as to com-
The decay of the integrated intensifig. 8) at highEj,js pensate for a change B, i.e. if Ep— Eg is kept constant.
occurs because the upper band in the tight-binding model4. In Pt(111), the band structure is such that the cut-off
has a relatively flat energy dispersion, and the density of in emission spectrgl1,20] can only be explained in

states reduces with energy on going to larger energies. the present study by the presence of nonradiative sur-
Thel gives the integrated emission intensity curve ashoul-  face states which act as sinks and whose energy does not
der on the low energy sidd-ig. 8). The smaller the the change with electrode potential, i.e. states whose energy

broader the shoulder and the broader the spectrum. We use remains constant with respect to the energy of the re-
here a value dfwhich has been inferred from vacuum—-metal dox couple. This behavior can only happen if the surface
interface observations and there is almost no shoulder in  states can sense the potential of the solution more strongly
our calculations. The actual value bfnay be smaller for than they sense the potential of the bulk metal. Thus, as
metal—-solution interfaces. assumed in the model, they are pinned to the solution po-
Because of its transparent nature, it is easier to ana- tential while the bulk states move linearly with the elec-
lyze the free-electron model and some calculations using trode potential. Primarily because of the cut-off results of
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Ouyang and Bardi11,20], the evidence currently favors We note that different types of transitions (surface to bulk,
surface states which facilitate radiationless transitions. d-bulk to sp-bulk, etc.) might contribute to the CTRIP spec-
trum at different metal surfaces, and the exact nature and
shape of the spectrum depends largely on the band structure
of the particular metal and the particular surface symmetry
under consideration. Cut-offs of the Bard-type are particu-
|Iarly helpful here, as are the polarization and angle-resolved
experiments of Mcintyre and Sass.

In concluding this section, we compare our model with

The principal uncertainty in the present calculation of the
position of the upper band is the effect of the solvent. The
tight-binding parameterf27] used to calculate the position
of the band are fit to reproducing the properties in metal—
vacuum experiments, and in these experiments the potential
is typically not varied. Further, the profile of the potential
drop near the metal surface changes on adding a solution. .

The position of the upper band reflects its accessibility that of Murakoshi and Uosaf23]. Both are three-step mod-

and, thereby the shape of the emission spectrum on the hlghels' Three-step models are approximations to the more gen
) ; eral on step moddP] of inverse photoemission which de-
energy side. The less accessible the band, the sharper the . .
) : Scribe an overlap between the electron transfer state outside
calculated fall-off of the spectrum at the high energy side,

and the lower the agreement with the observed shape. Thethe metal and the fmg | state after photon emission.
In the present article, we employ a model which uses

accessibility of the band also determines the shape of the . .
. . : . ; actual expressions for electron transfer into the metal. We
integrated intensity of the spectrum and the higher in energy ) : .
o ) : - assume that the emitted photons arise frgprconserving
the upper band, the sharper the rise in the integrated intensity . N .
direct transitions. In the direction perpendicular to the

of the spectrum. surface a Lorentzian broadening is introduced to include

In some earlier calcqlatlon[BZ], we showed that the the effect of the surface. Thus, the intensity of the tran-
wavefunctions that contribute to each band have bulk as well _. . . .
sitions is determined by how close the, is to k;; and

as surface parts. If the surface part of these wavefunctions . .
. . X the conservation ok perpendicular to the surface. In the
are pinned to the solution potential, as purely surface states . I : o
are, then the energetic position of the wavefunctions will be tight-binding model, we ignore the effect of the indirect
' transitions. The model of Murakoshi and Uos4RB] is

correlated to the solution potential. This correlation might also a three-step model but treats the electron transfer step

also lead to a shift in the position of band edges. We do not ~ . . ; o
. : i : ; using a constant energy-independent tunneling probability.
include this effect in the present introductory calculation. .

The model also assumes rig-conservation and so no

In passing we note, two other mechanisms for radiative - g o . .
L o L . . possibility of direct transitions. All the spectral intensity
transitions that could in principle also give rise to light emis- |~ - -
. . arises from indirect transitions and so the band structure
sion. However, they do not appear to be applicable to the . S . .
o information is introduced into the problem only via the
Au, Pt or Pd systems studied: . . X
density of states in the metal at a given energy. Thus, any
1. In one mechanism, the electron is injected into a surfaceinformation about band gaps is omitted. Direct transitions
state and emits radiatively, so reaching a lower unoccu- andk-conservation play a major role in inverse photoemis-
pied bulk state. Under specific adsorptif8], the en- sion in vacuum at low energies and so are expected to play
ergy of the initial surface state of the electron changes some role in CTRIPS too. The overall asymmetric shape
with respect to that of the bulk states as the electrode po-of the spectra calculated in the present paper nevertheless
tential is varied. The relative positions of the surface and remains approximately the same as that calculatg@3h
bulk states change approximately linearly with potential, However, using an expression for electron transfer and the
with a unit slope, and the spectrum changes accordingly. band structure of the metal, we find that the low energy
However, since the surface states on the (111) face ofcut-off is better described than with an expression which
both Pt and Au are low in enerd$5], it is unlikely that does not contain these details. On the other hand, Mu-
they contribute to the spectra as injection states. rakoshi and Uosakf23] describe the relaxation processes
2. In another mechanism, the electron is injected into a bulk (step two of the three-step model) more rigorously than
state and decays radiatively from the bulk state to a sur- the present paper, which introduces electron—electron col-
face state. A change in any property which affects the lisions through a single relaxation length parameter. Also,
density of bulk states, such as the electrode thickness,the present paper neglects any reabsorptioh emitted
causes a change in the properties of the spectrum, such aphotons.
intensity. Also, the spectrum changes with potential be-
Cause of the _relatlve shiftsin energies as be_fore' However, s The optical penetration depth of visible photons is about 2(28h
this mechanism cannot be used to explain the Pt(11 1) this distance is of the same order of magnitude as the vacuum inelastic
cut-offs of Ouyang and Barfil1,20] which can be ex- scattering mean free path,that we use. The optical absorption (inverse
plained by sink states which remain stationary when the of the optical penetration depth) can be easily included in our model as an
electrode potential is changed. In Au(11 1) on the other extra relaxation irEq. (13)_ If however t_hel is reQuced by the presence of_
hand the surface states are occupied if one assumes Spetcbe sprface apd the solution then the mtroqlucnon of the optlcal_ absorption
. . . oefficient might not necessary. In this first calculation, we ignore the
cific adsorption. Thus, the surface states are not availabl€effect of the optical absorption coefficient. This reabsorption is treated in
for relaxation and light emission. [23].
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There is a clear need for further experimental results and
in the next section we consider possible experiments which
may clarify the existing results and provide further insight
into CTRIPS and tests of the theoretical model.

6. Proposed experiments

Experiments which may serve to clarify various features
of the present mechanism and the CTRIPS phenomena in-
clude the following:

1. While cut-off experiments were performed for Pt(111)
none have been performed for Au(111). The difference
in Shockley states in the two metals would yield differ-
ences in the cut-offs, if the present mechanism is correct.
The position of the Shockley states at the Pt(1 1 1) surface
is about 1.2 eV above the Fermi ley&b], while those at
the Au(1 1 1) surface are slightly above Fermi lejddd].

This difference of about 1 eV would be expected to re-
sult in a difference in the thresholds for photon emission,
if the role of the surface states is nonradiative. From this
viewpoint, Eg ¢ for Au(11 1) should be about 1 eV lower
than that for Pt(111). An experiment which determines
the cut-offEr ¢ for Au would clearly be useful in clari-
fying the actual role of the surface states.

2. The relative emission intensity of the electron and hole
injection has been compared in only a single artjdle
More comparisons of relative intensities of the two emis-
sions in Au(111) are clearly of interest. Au(111) pos-

sesses allowed bulk transitions below the Fermi level, 4.

while it does not have any allowed bulk transitions above
the Fermi level up to about 3.6 eV. On this basis, the hole
spectra would be expected to be much more intense than
the electron spectra, as was observed in the factor of 50
in the early experiment@l] with Au(111). In Pt(111)
the d-states are at the Fermi level and seem not to con-
tribute much to the electron injection spectrum. Assum-
ing that the contribution remains approximately the same
in the case of hole emission the hole and electron CTRIP
spectra would be similar. It would be useful to have such
comparisons for Pt(111), since intensities can give in-
formation as to whether a transition is direct or indirect.
3. Apart from the initial experiments of Mcintyre and
Sass there are no experiments on CTRIPS at differ-
ent angleq4] or with different light polarizationg7].
Angle-resolved spectra for CTRIPS are few and their
exact peak structure is not clear. The theoretical model
presented in this article uses a tight-binding band struc-

tribution to the spectrum in the solution case arises,
in contrast with the vacuum experiments, from a wide
distribution of k) and k;, reflected in the fact that in
electron transfer the wavefunction of the reactant can
be Fourier-decomposed into many such states. Never-
theless, the increasing detail of angle-resolved emission
such as that obtained by Mclintyre and Sass, can eluci-
date the energetic positions and angular dispersion of
the upper and lower states involved in the emission. To
obtain accurate angle-resolved spectra, a more accurate
form of the metal wave function using a first principles
guantum calculation may ultimately be needed.
Polarization spectra can be interpreted via a model
and such experiments can provide information about
the optical matrix elements of the transitions and thus
about the bands which contribute to the emission. An
sp to d transition in the hole study of Au(111) gives
P-polarized light[7]. Au(111) has its d band below
the Fermi level while Pt(111) has its d band at Fermi
level. Comparison of polarization-resolved hole spectra
at Pt(111) and Au(111) surfaces could help clarify the
role of the d-states in the emission. In some previous
calculationg32], we found that d-states contribute much
less, per state, than do the sp-states to some electron
transfer processes. It is likely that such effects occur in
the CTRIPS experiments when the electron or hole is
injected into d-states. The reduction in intensity is not
expected to occur in the optical matrix elemétit,
since the coupling is of a different nature from that in
electron transfefpy, .
Thus far, no effects of concentration or specific adsorp-
tion of the supporting electrolyte on the spectrum appear
to be available, either in CTRIPS or in electroreflectance
experiments. In principle, a decrease in concentration
would make the electrical double layer more diffuse and
could lead to a smaller effect of electrode potential on
the relative position of the surface states with respect to
bulk states. A change in the supporting electrolyte from
one which specifically adsorbs to one which does not
would also lead to a similar change. An example of such
an experiment would be one using tetraalkyl ammonium
ions with different alkyl chain lengthig4,30] If there is
a significant effect on electroreflectance then there could
be a significant effect on CTRIPS.

. We have not explored the possibility that suitable optical

experiments may provide added insight into the position
of the upper band in the presence of the solvent.

ture for the metal. If such experiments become available, 7. Concluding remarks

the present model can be easily adapted to include ac-
curate coupling matrix elements and to calculate the

In the present article, the various experimental results for

angle-resolved peak structures in light emission spectra. CTRIPS, are summarized and a theory is proposed for their
In the case of vacuum inverse photoemissionesolved treatment. This model reproduces approximately the various
experiments provide detailed information on the posi- features of the emission spectra, including the high and low
tions of band edges and surface stafigs The con- frequency cut-offs at a giveBinj. The question of the role
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of surface states is also addressed. A number of different ex-The V denotes the produsAB, V being the electronic cou-
periments which serve to test the ideas are proposed. Sincgling element between the metal atoms and the donor in
the mechanism can depend upon band structure, as discussesb|ytion.

in Section 5 such experiments can also help differentiate  |n the free-electron model in this appendix, in lieu of a
among possible mechanisms of inverse photoemission. Thetight-binding parametrization of the band structure, we as-
mechanism proposed in the present paper is applicable tosume a vacuum-like band structure. In this regime, we also
the band structure for Au(11 1) and Pt(1 1 1) electrodes. Itis assume that if necessary indirect transitions also contribute
expected that different optical transitions will occur at dif- to the spectrum. They were not necessary in the tight-binding
ferent metal surfaces owing to their diverse band structures.treatment in this text. When direct transitions are not ac-
The final spectrum will depend on the type and nature of cessible then the electron can still radiate by indirect transi-
the energy bands present in the metal surface band structions. In the relatively crude free-electron model, the upper
ture. Thus, with increasingly detailed experiments it can be band is less accessible for injection, and the higher energy
expected that CTRIPS can be a useful technique for probingedge of the calculated spectrum becomes too steep because
the electronic structure and behavior of metal-solution in- only few energies contribute at this edge. Only few ener-
terfaces. While the once active field of CTRIPS has waned, gies are accessible, and thus, the edge would take the shape
perhaps reflecting the lack of the experimental-theoretical of the Fermi function at that temperature. As explained be-
interaction that has so enriched many other areas of electronow, in the present paper the indirect transitions are not
transfer chemistry, we hope that the proposed experimentsassumed to be strong enough to affect the shape of this
and tests of theoretical ideas may stimulate a revival of this edge.

interesting multi-faceted phenomenon. For the free-electron model, we first calculate the contri-
bution to Hy,x, given byEq. (9)from directk-conserving
transitions. We use a two-band approximation for the band
structure of the metaKjg. 2) yielding
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As in the tight-binding case, tHeserves to introduce the

Appendix A. Free-electron model relaxation of the electron through electron—electron colli-
sions. The integrals overandy yield é functions which give
momentum conservation alorig. The remaining integral
is then easily calculated.

We calculate next the contribution of indirect transitions
'to Hy,x,. Indirect transitions can also contribute to the pho-
toemission and inverse photoemission processes in vacuum

[1,34] and have been modeled rigorougy3]. If no di-

Because of the transparent nature of the free-electron
model, it is useful to compare its results with those of the
tight-binding model. The initial equations for the model are
the same as those for the tight-binding model and thus
Egs. (7)—(9)are still valid. For a free-electron model, how-
ever, the metal wavefunction with wavevector is of the

iky-r . .
form A" instead of the form given ifeq. (10)or the rect transitions can occur then the electrons radiate only

form g;:/en n Eg.' (11) r\?'h'Ch h?sha modul?tmg f"’r‘](,:w? ._through indirect transitions, as noted earlier. In the present
at each atom. Since the metal has a surface, this form IStree-electron model, indirect transitions are introduced in a

changed to one which satisfies boundary conditions at the
surfgce;kan()i t_he wavefunctlon_becomes modified3&j A broadening term similar to the mean free path broad-
A @RI sin(ky;2), Whereky, is thez.-component of the ening but present in all directions is introduced. This term,
wavevector of the metal. Here, the lattice planes are IabeledIike the | of the direct transitions decorrelates thg from
from 1 tooco andzis 0 where the zeroth lattice plane would
have been present had there been no surface. Using a Gau
sian form for the donoB exp(—(x2+ y2 + (z — 20)9)/(202)),

as before, a coupling matrix element can be calculated:

simple and quite approximate way.

k,. A large broadening allows a calculation (ﬁk[k2|2,
%y replacing the integral by a constant multiplied By
This constant which we shall calli,g, serves to reduce
the entire spectral intensity of the indirect transitions rel-

o |- [ O (P2 (emr)?) 20 ative to the direct ones. Upon introducing this approxi-
| Hpi, |~ = ‘V/ f R mation into the expression for the coupling we have, for
x,y=—00Jz=0 |H |2
2 k1ko
x @k tkuyVginky. z) dr dydz| . (A1)

|Hk1k2|2 = Tir2~|dT2~ (A3)
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Substituting forHy,x, and Hpy, in Eq. (9)and inEq. (8)we The band gap in our model occurs due to a Brillioum zone
get the |V§)[? for indirect transitions cut-off. The upper bulk band is of the forif (&2 + k2 +

) - 3 ) kzz)/2ml~|-Eup (eV). Them* andm, are the effective masses
V(€)= TingT / d°k2 d k| Hpy, | of the electron in the lower and the upper bands, respec-
- tively, with m* = 0.37m andm1 = 1.0m, wherem is the
xdealky) —der(ky) —ho — e2k2). (A4) rest mass of the electrd@9]. A plot of the calculated band
which is the joint density of states at the two energigs  structure withEyp = 3.2 eV is given inFig. 10 We find that
ande,, modulated by #py, |*. an E p = 3.2eV gives the best fit to experimental CTRIPS
We next consider the band structure of gold within the spectra out of the values of 3.6, 3.4 and 3.2 eVEgf.
free-electron model. An experimentally measured (inverse The actual band edge is observed to be located at 3.6 eV at
photoemission) vacuum band struct[28] is given inFig. 3 the vacuum-Au(1 1 1) interfade9] instead of 3.2 eV. Band
A particular cross-section of the plot & versus energy  edges are fairly sensitive to the experimental conditions and
is shown thereK has two components, andky). Three  might shift at the solution-metal interface, but we do not

bands exist within the experimentally accessible range: aknow whether it causes the difference between the two val-
bulk band at about 3.6 eV above the Fermi level, a surface yes, or whether the difference reflects the present approxi-

band which extends above the Fermi level and another bulkmate model used for the indirect transitions. The larger the

band below the surface band. Our free-electron model for yaglues ofEyp used, the sharper the elbow shape of the cal-
the metal is chosen to reproduce these three bands of theulated curve irFig. 11 We model the surface band as in
metal. Gold has a face-centered cubic band structure, andhe case of the tight-binding transitions.

in the experiments the (111) face is used. This plane and The emission spectrum 23], was measured at values
the fcc structure is used in our tight-binding calculations, of Einj between 2.4 and 3.4 eV above the Fermi level of the
but for simplicity, we assume a cubic band structure and a metal. The upper bulk band in the two-band model occurred
(100) face in our free-electron calculations. at the edge of the experimental voltage. Also, frEm (7)

The (100) face is analytically more accessible. With a we see that the peak of the spectrum will occur around the
cubic band structure sine-like wavefunctions can be Usedexperimenta| voltage minus the reorganization energy, i.e.

for the semi-infinite metal. We use the (11 1) band structure at (Er — Eg) — A, as noted earlier. WheBy; is lowered
given inFig. 3to model the theoretical (1 0 0) band structure. from 3.4 to 2.4 eV this band contributes less and less (pro-
In this way, the surface structure and the band gaps and surportional to the tail of a Gaussian) to the emission. Thus,
face states that are of most interest are described accuratelyirect transitions are possible only at the upper end of the
As before, the Fermi level of the metal is taken to be experimentally measured potentials. We assume in the cal-
the zero of energy. The lower bulk bang, in Fig. 2 is culations a factor of 50 fofinq in Fig. 11, a factor inferred
modeled using the forh?(k2 + k2 + k2)/2m* — 7.12(eV). from the results on hole and electron spectra of Mcintyre

Energy (eV)

Fig. 10. Projected band structure using the formulae for upper and lower bands given in the text.
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Fig. 11. Quantum efficiency from Au(111) with solvated electrons. The symbelsafe experimental results replotted frdfig. 5 of [26]. The solid
line (—) is calculated using the model from tiig@pendix A i.e. the free-electron model.
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Fig. 12. Light emission intensity from Au with Gaussian orbital as donor. Calculated using the model frémpptbedix A i.e. the free-electron model.

and Sas$4]® as follows: The Au hole injection spectra of ~ Tind) than their Au electron injection spectra because there
Mc|ntyre and Sass are much more intense (by a factor of are no radiative states up to about 3 eV above the Fermi level
in gold and they attribute their CTRIP spectra to indirect
_— transitions. The accessible radiative states present below the
6 The factor Ting is obtained from the difference in light emission
intensity between hole and electron transitions at 2.9 eV above and below ——
the Fermi level, respectively. The electron transitions are mainly indirect would enter into a more accurate calculation. In an earlier calculation
transitions due to a band gap present above the Fermi level i tHe [32], we found that the d-bands couple weakly and thus the contribution
direction of the Au(111) surfacft]. The hole transitions on the other  from any extra density of states did not make a large difference to the
hand are inferred to be direct transitiod§ between a low lying d-band electron transfer rate constant. We use this fact, in the present calculation
and an sgband at the Fermi level. The density of d-states is higher than and, assume that the effective density of states is approximately constant
the densities of the spands present above the Fermi level and, this fact as a function of energy.
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