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The two pho ton photoemission tech nique has been uti lized to in ves ti gate the ad sor bate elec tron af fin ity de -
pend ence of in ter fa cial elec tron trans fer dy nam ics.  The com par i son of cal cu lated and ex per i men tal re sults
high light a brief dis cus sion of a di elec tric con tin uum model.  For the n-heptane/Ag(111) and the ben zene/
Ag(111) in ter faces, the model ef fec tively re pro duces ex per i men tal im age po ten tial state prop er ties.  The model
fails to ad e quately de scribe the in flu ence of anthracene ad sor bates on im age po ten tial state life times, as dem on -
strated by the ex per i men tal and the o ret i cal re sults.  The ex per i mental n = 1 life time of 1200 femto seconds and
bind ing en ergy of -0.53 eV for the anthracene bilayer dif fer greatly from the cal cu lated val ues of 40 femto -
seconds and -1.4 eV.

The ap pli ca tion of femto second (fs) la ser tech nol ogy to
two pho ton photoemission (TPPE) has trans formed the ex per -
i men tal in ves ti ga tion of elec tron dy nam ics in met als and at
metal sur faces.  In di rect in for ma tion has long been ac ces si ble
via linewidth anal y sis of static spec tra ob tained from in verse
photoemission,1 and high res o lu tion elec tron en ergy loss
spec tros copy stud ies,2 but the dif fi culty in dis tin guish ing be -
tween phase and en ergy re lax ation, as well as the com pli cat -
ing in flu ence of inhomogeneous broad en ing, stresses the im -
por tance of di rectly mea sur ing elec tron dy nam ics.

The two pho ton photoemission tech nique pop u lates un -
oc cu pied elec tronic states with a pump pulse and photoemits
the ex cited state elec trons with a probe pulse, as de picted in
Fig. 1(a).  The bind ing en ergy of the un oc cu pied elec tronic
states can be de ter mined by mea sur ing the ki netic en ergy of
the photoemitted elec trons and then sub tract ing the en ergy of
the probe pulse pho ton.  The ex cited state life times can be de -
ter mined by mea sur ing the num ber of elec trons de tected as a
func tion of time de lay be tween the ar rival of the pump and the
probe pulses at the sam ple.  The di rect ob ser va tion of ex cited
state life times con sti tutes the most sig nif i cant ad van tage of
TPPE (see Fig. 1).

Time re solved TPPE has been uti lized to study many as -
pects of elec tron dy nam ics in met als and at metal sur faces.
Nu mer ous ex per i men tal in ves ti ga tions of hot elec tron dy nam -
ics have been con ducted to date in an at tempt to de ter mine the
in flu ence of the metal band struc ture on elec tron dy nam ics.3-7

The phase re solved interferometric two pho ton photoemission 
stud ies of Petek and co work ers have di rectly de ter mined the
en ergy de pend ence of both pop u la tion and phase de cay for no -
ble metal sur faces.3  As ex pected from Fermi liq uid the ory,
elec trons with en er gies near the Fermi level have the lon gest

life times.  The scat ter ing times of elec trons with en er gies far
from the Fermi en ergy re sem ble those of the Drude model.3,5

The pres ence of oc cu pied d-bands, how ever, re sults in sig nif i -
cant de vi a tions from Fermi liq uid the ory be hav ior.  Ini tial
stud ies of the spin de pend ence of hot elec tron life times in fer -
ro mag netic ma te ri als have also been con ducted.6,8

The en ergy and life time of the ad sor bate elec tron af fin -
ity (EA) lev els have re ceived sig nif i cant at ten tion due to their
pro posed im por tance in metal sur face photochemistry and

 Jour nal of the Chi nese Chem i cal So ci ety, 2000, 47, 759-763     759

Fig. 1. (a) TPPE as de scribed in the text.  By vary ing the 
time de lay be tween the pulses, t, the dy nam ics
of ex cited states can be di rectly ob served.  (b)
Photoemission uses one pho ton to probe oc cu -
pied states be low the Fermi en ergy.  This tech -
nique is un able to ac cess bound ex cited states, or 
di rectly ob serve elec tron dy nam ics.  (c) In verse
photoemission scat ters a monoenergetic beam of 
elec trons from a sur face and mon i tors the emit -
ted light.  This tech nique can ac cess ex cited
states, but with poor en ergy res o lu tion and with -
out di rect time res o lu tion.



charge in jec tion at de vice in ter faces.9,10  Un der stand ing the
role of hot elec trons in elec tron in duced dis so ci a tion has di -
rected nu mer ous stud ies of at oms and mol e cules chem i cally
ad sorbed on metal sur faces.  The model sys tem of CO ad sorp -
tion on Cu has re ceived the most ex ten sive in ves ti ga tion.11-13

Wolf and co work ers mea sured the life time of the 2 * EA level 
to be 0.8-5 fs11 and have de ter mined the rel a tive im por tance of 
di rect and in di rect ex ci ta tion mech a nisms for the pop u la tion
of un oc cu pied states at metal sur faces with sub strate elec -
trons.12  Studies of the un oc cu pied anti-bonding or bital that
re sults from Cs chemisorption on Cu have also been con -
ducted.14,15  Ogawa et al. de ter mined the life time of the un oc -
cu pied anti-bonding state of the Cs/Cu(111) sys tem to be 50
fs,14 sig nif i cantly lon ger than the ory pre dicted.

Im age po ten tial states have also been ob served for a
wide class of metal/ad sor bate in ter faces.  Im age po ten tial
states re sult from the in ter ac tion be tween an elec tron out side
of a sur face and the sur face po lar iza tion in duced by the elec -
tron.  The ef fect of the sur face po lar iza tion can be rep re sented
as a pos i tive im age charge with a dis tance from the sur face
equal in mag ni tude, but op po site in di rec tion, from that of the
elec tron.16,17  The re sul tant Cou lomb po ten tial out side of a
metal sur face, V(z) = -1/4z, sup ports an in fi nite se ries of
hydrogenic states that con verge to the vac uum en ergy, i.e., im -
age po ten tial states.  The prox im ity of im age po ten tial states
to the sur face (the ex pec ta tion value of n = 1 lies roughly 3 Å
out side the metal sur face) makes im age po ten tial states highly 
sen si tive to ad sor bate in duced vari a tions in the in ter fa cial
elec tronic prop er ties.

The in flu ence of phys i cally ad sorbed at oms and mol e -
cules on in ter fa cial elec tron dy nam ics has been dem on strated
for a va ri ety of ad sor bates and sub strates.13,16-19  The pres ent
manu script will first de scribe the im por tant in flu ence of the
ad sor bate EA on im age po ten tial state life times and bind ing
en er gies.  A di elec tric con tin uum model that ef fec tively re pro -
duces the ex per i men tal find ings for n-heptane and ben zene
ad sor bates on the Ag(111) sur face will be de scribed.  The pa -
per will con clude with a pre sen ta tion of the ex per i men tal and
the o ret i cal im age po ten tial state life times and bind ing en er -
gies for the naph tha lene/Ag(111) and anthracene/Ag(111) in -
ter faces.  The de vi a tion be tween ex per i ment and the ory for
anthracene dem on strates a sig nif i cant lim i ta tion of the di elec -
tric con tin uum model.  An al ter na tive model based upon the
two band nearly free elec tron model has been con structed that
ef fec tively re pro duces the ex per i men tal find ings for both
naph tha lene and anthracene.20

The dif fer ences in life times and bind ing en er gies for the
n-heptane/Ag(111) and the ben zene/Ag(111) in ter faces have
been suc cess fully ex plained through the use of a di elec tric
con tin uum model.  Within this model, the most im por tant dif -

fer ence be tween these two ad sor bates is that ben zene has an
at trac tive EA, while n-heptane has a re pul sive EA.  The re pul -
sive EA of the n-heptane layer ef fec tively de coup les the im age 
po ten tial states from the sub strate, re sult ing in lon ger life -
times and re duced bind ing en er gies.21  The at trac tive EA of the 
ben zene layer pro duces im age po ten tial states that re side pre -
dom i nantly in the screened im age po ten tial at the ben -
zene/Ag(111) in ter face, re sult ing in life times and bind ing en -
er gies only weakly per turbed from the Ag(111) val ues.22  The
ex per i men tal re sults for n-heptane and ben zene dem on strate
the sig nif i cant vari a tion in im age po ten tial state prop er ties
that re sult from vari a tions in ad sor bate EA.  The n = 1 im age
po ten tial state life times and bind ing en er gies change from 36
fs and -0.77 eV for the bare Ag(111) to 1600 fs and -0.53 eV
for a bilayer of n-heptane and 45 fs and -0.68 eV for a bilayer
of ben zene.

Di elec tric con tin uum model cal cu la tions treat the ad sor -
bate as a uni form di elec tric layer.23,24  The po ten tial out side of
the sub strate is mod i fied by the EA, di elec tric con stant and
width of the di elec tric layer (see Fig. 2).  Within the layer, the
im age po ten tial is screened by the di elec tric and con verges to
the EA level, V(z)  -1/4 z – EA, where  rep re sents the di elec -
tric con stant.  Out side of the layer, the di elec tric screens the
in ter ac tion be tween the metal and the elec tron.  Ad di tionally,
the elec tron is at tracted to the po lar iza tion it in duces in the
overlayer, form ing a sec ond im age po ten tial.  The to tal po ten -
tial out side the layer is a sum of these two ef fects.  To avoid
sin gu lar i ties, the po ten tial is cut off at the Fermi en ergy at the
metal/ad sor bate in ter face, and in ter po lated lin early at the ad -
sor bate/vac uum in ter face.

The to tal po ten tial out side of the sub strate is used in a
nu mer i cal in te gra tion of the Schröding er equa tion.  Eigen -
states oc cur for bind ing en er gies where the wavefunction out -
side the sur face matches the metal wavefunction at z = 0 and
dis ap pears as z goes to in fin ity.  The metal wavefunction is
rep re sented by a two band nearly free elec tron model, us ing
bulk sil ver pa ram e ters for the [111] di rec tion.  Fig. 2 de picts
the cal cu lated po ten tials and wavefunctions for a bilayer of
ben zene and a bilayer of n-heptane.  The im age po ten tial state
elec trons de scribed by these wavefunctions are ex pected to
de cay via a scat ter ing pro cess with the metal.  This scat ter ing
pro cess is en hanced for elec tronic wavefunctions that have a
large over lap with the metal, re sult ing in shorter life times.25

Quan ti ta tive val ues for im age po ten tial elec tronic life times
can be ob tained by de ter min ing the elec tron den sity of the cal -
cu lated wavefunctions in the metal.  Fig. 3 shows bind ing en -
er gies and life times for mol e cules with sev eral dif fer ent EA,
com par ing the ex per i men tal re sults to cal cu lated val ues.

In Fig. 2(a) the ef fect of ad sorbed n-heptane, with a re -
pul sive EA, can be ob served.  The po ten tial in the n-heptane
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layer con verges to a value greater than the vac uum en ergy.
The re sul tant bar rier forces the im age po ten tial state elec tron
to re side at the n-heptane/vac uum in ter face.  The bar rier ef fec -
tively de coup les the elec tron from the metal and sig nif i cantly
in creases the im age state life time.  The ef fect of an ad sorbed
ben zene layer, with an at trac tive af fin ity level, is shown in
Fig. 2(b).  The po ten tial for the ben zene layer con verges to the

EA level, 0.6 eV be low the vac uum en ergy.  This re sults in an
n = 1 im age state po si tioned within the layer.  The weak
multilayer de pend ence of the cal cu lated wavefunctions leads
to multilayer in de pend ent n = 1 life times, con sis tent with ex -
per i men tal find ings.

The EA de pend ence of the n = 1 im age po ten tial state
life times and bind ing en er gies ap pear in Fig. 3.  The sig nif i -
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Fig. 2. Di elec tric con tin uum model po ten tials and squared wavefunctions are plot ted as a func tion of dis tance from the sur -
face, z.  The dashed ver ti cal line cor re sponds to the layer/vac uum bound ary.  (a) An n-heptane overlayer with a re pul -
sive EA re sults in a po ten tial bar rier, push ing the elec tron out to the layer/vac uum in ter face and de creas ing the over lap
with the metal.  (b) A ben zene overlayer with an at trac tive EA re sults in a larger over lap with both the ben zene layer and 
the metal.  Note the wavefunction am pli tudes in the metal, which are in versely pro por tional to the elec tronic life times.
The wavefunction am pli tudes in the metal are dif fer ent by roughly two or ders of mag ni tude, con sis tent with the large
dif fer ences in ex per i men tal life times.

Fig. 3. Ex per i men tal (¡) and cal cu lated (–) val ues for (a) the bind ing en er gies and (b) the life times of n = 1 im age po ten tial
states as a func tion of EA.  These val ues cor re spond to bilayer coverages.  The cal cu la tions use typ i cal val ues for layer
thick ness and di elec tric con stant, with the EA as the only var ied pa ram e ter.  This dem on strates the sig nif i cant in flu ence 
of the EA in the di elec tric con tin uum model, but does not nec es sar ily ob tain the best agree ment with ex per i men tal re -
sults.  By choos ing ma te rial spe cific pa ram e ters, ex cel lent agree ment has been achieved for ben zene and
n-heptane.21,22  The di elec tric con tin uum model does not re pro duce ex per i men tal val ues for anthracene when ap pro pri -
ate pa ram e ters are cho sen.



cant de vi a tion be tween the val ues pre dicted by the di elec tric
con tin uum model and those mea sured with TPPE for anthra -
cene clearly dem on strate a sig nif i cant weak ness in the model.
An al ter na tive model based upon the two band nearly free
elec tron model has been con structed that ef fec tively re pro -
duces the ex per i men tal find ings for both naph tha lene and
anthracene.20  This al ter na tive model dem on strates that the
cou pling be tween the im age po ten tial and the ad sor bate EA
dic tates the bind ing en er gies and life times of the elec tronic
states ob served with TPPE.  The en er getic po si tion of the ad -
sor bate EA with re spect to the en ergy of the im age po ten tial
states at the ad sor bate/vac uum bound ary de ter mines the
strength of their in ter ac tion.  The bind ing en er gies of n = 1 im -
age po ten tial states at metal sur faces vary from roughly -0.85
eV to -0.5 eV,26 sim i lar to the af fin ity level bind ing en ergy of
ben zene, -0.6 eV,22 and naph tha lene, -1.0 eV,27,28 but sig nif i -
cantly dif fer ent than those of n-heptane, 0.2 eV,29 and anthra -
cene, -1.5 eV.28,30  The EA of ben zene and naph tha lene in ter -
act strongly with the n = 1 im age po ten tial state due to the
small en ergy sep a ra tion, while the EA of n-heptane and
anthracene in ter act weakly due to the large en ergy sep a ra tion.
The ex per i men tal re sults pre sented in Fig. 3(b) clearly dem -
on strate this dis tinc tion.

The di elec tric con tin uum model ad e quately ex plains
im age po ten tial state prop er ties for a va ri ety of ad sor bate ma -
te ri als, in clud ing sat u rated hy dro car bons, no ble gases, and
ben zene.  The in abil ity of the model to re pro duce the ex per i -
men tal life times for anthracene clearly show a sig nif i cant lim -
i ta tion in the di elec tric con tin uum model.  These re sults dem -
on strate the im por tance of femto second time res o lu tion in the
di rect ob ser va tion of elec tron dy nam ics at metal sur faces.
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