
Chemical 
Physics 

E L S E V I E R  Chemical Physics 205 (1996) 159-166 

Temperature-dependent coupling of low frequency adsorbate 
vibrations to metal substrate electrons 

J.P. Culver a, M. Li b, Z.-J. Sun a,b, R.M. Hochstrasser b, A.G. Yodh a 
a Department of Physics, and the Laboratory for Research on the Structure of Matter, University of Pennsylvania, 

Philadelphia, PA 19104, USA 
b Department of Chemistry, and the Laboratory for Research on the Structure of Matter, University of Pennsylvania, 

Philadelphia, PA 19104, USA 

Received 24 July 1995 

Abstract 

The vibrational response of CO on Cu( 111 ) is examined following femtosecond visible pulse excitation of the substrate. 
We consider the effects of excitation pulse fluence on vibrational energy transfer between the CO low frequency frustrated 
translation and metal substrate electrons. The temperature dependent coupling rate is extracted from our data using a 
dynamical charge transfer model. A zero temperature coupling rate of ~,0 = 25(4-7) GHz (r ° = 40(4-8) ps) is found to 
account for the energy transfer between the substrate electrons and the frustrated translation vibration. 

1. Introduct ion  

Femtosecond optical excitation of surfaces creates 
a unique environment for molecular adsorbates that 
often induces novel reactive processes. For most of 
these reactions it is crucial to consider adsorbate mo- 
tions in the presence of hot substrate electron distribu- 
tions. For example, coupling of adsorbate vibrations 
to bulk electron-hole pair excitations is of particu- 
lar relevance to femtosecond vibrational heating [ 1- 
3]. State-resolved measurements of adsorbate vibra- 
tional energy relaxation [4-8] and final state analysis 
of femtosecond desorption products [9-12] are two 
classes of experiments that are used to elucidate the 
nature of energy transfer in these systems. There are 
few measurements however, wherein the basic tem- 
perature dependences of adsorbate-substrate energy 
transfer rates are directly examined. In this paper we 
report such a measurement. In particular we study 

the temperature-dependent coupling between low fre- 
quency vibrations and metal substrate electrons. 

Several theoretical and experimental studies have 
examined the energy relaxation of the high frequency 
stretch vibrational mode for CO adsorbed on metal 
surfaces. These studies provide convincing evidence 
for a dynamical charge transfer mechanism that cou- 
ples adsorbate vibrations to substrate electron-hole 
pairs. The original description of this process due to 
Persson and Persson [ 13] involves a partially filled 
adsorbate orbital near the Fermi level of the substrate 
(Fig. 1 ). As the adsorbate vibrates, changes in the ar- 
rangement of charge on the adsorbate cause the energy 
level of the partially filled orbital to shift with respect 
to the substrate Fermi level. Since the vibrational and 
electronic degrees of freedom are not fully separable, 
energy flows between the adsorbate and the substrate 
during these nuclear motions. 

The relevant energy scales in this dynamical charge 
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Fig. 1. The dynamical charge transfer process is illustrated by the 
electronic density of states for the CO/Cu( 111 ) system. Mixing 
with the substmte electrons causes the 2~'* level to lower and 
broaden in energy from the gas phase value. Since the amount 
of hybridization depends on the positions of the adsorbate nuclei, 
movement along a vibrational coordinate Q, will change the 21r* 
LDOS and cause charge to flow between the CO and Cu(lll) 
substrate. The relevant energies for this process are the energy of 
the vibration h.Q, the thermal spread of the Fermi function (kTe), 
and the energy ea of the 2zr* LDOS. 

transfer process are: (1) the energy of the partially 
filled adsorbate orbital (Ca) relative to the metal Fermi 
level, (2) the energy of the vibration (h/2), and (3) 
the thermal energy of the electrons (kTe). Tradition- 
ally the dynamical charge transfer process has been 
considered in the regime where kTe << h/2 << Ca, and 
has been treated as a temperature independent pro- 
cess [ 13,14]. For the CO stretch mode, a zero tem- 
perature model is thus appropriate in most situations 
of practical interest since h,l '~stretch ( ~-' 3000 K) is 
large compared to thermal energies in the calculations 
and compared to room temperature. There are, how- 
ever, many situations in which the thermal energies 
in the adsorbate/substrate system become comparable 
with the defining energies. For example, the low fre- 
quency vibrational modes that arise when CO adsorbs 
on metal surfaces have energies of 30-400 cm -1 . The 
coupling of these vibrations to electron-hole pairs can 
be quite sensitive to the thermal distributions of the 
substrate electrons. In addition, intense femtosecond 
visible pulses can generate transient thermal electrons 
with temperatures of up to ,-~5000 K. These temper- 
atures are comparable to, or higher than, most vibra- 
tional energy levels and are within an order of magni- 
tude of ea for many adsorbates. Under these circum- 
stances thermal electrons making near resonant transi- 

tions can greatly enhance the energy transfer process 
[15]. 

In order to link the coupling rates obtained from 
low temperature measurements to highly excited non- 
equilibrium processes such as desorption, the basic 
temperature dependencies of  the energy transfer pro- 
cess must be understood. To this end we have con- 
ducted time resolved infrared (IR) spectroscopic stud- 
ies of (x/3 x x/~)R30 ° CO molecularly adsorbed on 
Cu(111) just following visible excitation pulses of 
differing fluences. Observations of  the CO vibrational 
response were obtained in situ on a state specific ba- 
sis, employing laser pulse excitations near the fem- 
tosecond desorption threshold. The transient vibra- 
tional dynamics of  the low frequency frustrated lateral 
translation mode were measured. The excitation am- 
plitude of the frustrated translation mode was moni- 
tored indirectly through its anharmonic effects on the 
higher frequency CO stretch mode; in particular the 
low frequency mode is observed to induce calculable 
shifts in the complex frequency of the stretch modes 
as its amplitude is increased. This technique has been 
used to study the dynamics of  the frustrated trans- 
lation for CO on C u ( l l l )  [4], Cu(100) [6],  and 
Pt( 11 I )  [5] metal surfaces. By contrast to previous 
studies, the analysis in this paper uses a temperature- 
dependent coupling rate derived from a dynamical 
charge transfer model for electron-hole pair coupling 
to adsorbate vibrations. Our new analysis provides 
a complete description of this temperature-dependent 
coupling to electrons. We find that a temperature- 
dependent rate, with a zero temperature value 3, 0 = 30 
4-7 GHz, accounts for the coupling of the frustrated 
translation mode to the substrate electrons. In principle 
the couplings between adsorbate vibrations and sub- 
strate phonons are also temperature-dependent [ 16]. 
In the present experiments, however, the changes in the 
phonon temperature are small igTt/Tt ,-~ 0.1. The cou- 
pling rate, ~/t, between the frustrated translation,and 
the Cu phonons, is therefore taken to be temperature 
independent. 

2. Description of measurement 

Our experimental technique has been described in 
detail elsewhere [4] and is therefore only briefly out- 
lined here. The experiment involves heating the sub- 
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Fig. 2. The substrate temperatures, Te and Tt, for our lowest (a), 
and highest (b) ,  fluences. The energy initially deposited in the 
electrons creates a sharp peak in Te. The phonons in contrast have 
a much larger heat capacity and therefore experience a smaller 
temperature rise. Since Te is modulated much more than Tt, Te is 
more sensitive to changes in fluence. The measurements therefore 
probe the Te dependence of the coupling rate between the frustrated 
translation and the substrate electrons. 

strate with a short visible light pulse and monitoring 
the adsorbate response using time resolved infrared 
spectroscopy. Measurements were taken at various lev- 
els of substrate excitation. The visible pulse fluence 
was ultimately increased to a level which induced the 
desorption of CO. 

For Cu substrates, the nascent distribution of elec- 
trons excited by direct interaction with the visible 
pulse thermalizes in < 70 fs [17,18]. On longer 
time scales, relevant to the present experiments, the 
metal response is described by a model with separate 
electron (Te) and phonon (Tt) temperatures [ 19,20]. 
These substrate reservoirs have markedly different 
temporal profiles that are indicated in Fig. 2 for a 
typical excitation pulse [21]. 

The CO overlayer is probed by a quasi-CW infrared 
pulse (30 ps) tuned near the CO stretch frequency. 
The reflected IR field intensity records the adsorbate 
susceptibility and is time-resolved by upconversion in 
a nonlinear crystal using a 500 fs visible gating pulse. 

Although the stretch mode is nominally populated 
( <  l 0  - 4 )  through interaction with the substrate 
reservoirs, the dominant spectral changes observed 
result from a temperature dependent shift of the in- 
ternal stretch complex frequency. Here the complex 
frequency term includes the effects of spectral shifts 
and damping changes. When the frustrated translation 

is heated by the excited substrate, an anharmonic cou- 
pling to the stretch mode causes the internal stretch 
absorption to broaden and shift to lower frequency. 
The time-dependent population of the frustrated 
translation can therefore be obtained by properly in- 
terpreting the measured time evolution of the stretch 
mode frequency shift and broadening. 

The measured signal is proportional to the imagi- 
nary component of the stretch mode polarization. Inte- 
grating the Liouville equation with a time-dependent 
complex stretch mode frequency yields the following 
expression, apart from constants, for the detected in- 
flared field ~'gen(t) [4]: 

(1) 

The complex frequency in the exponent is defined; 
O01(r) = i(toL -- to01(r)) + F ( r ) ,  where toL is the 
probe laser frequency, to01(z) is the instantaneous 
stretch oscillation frequency, and F ( r )  is the instan- 
taneous stretch dephasing rate. 

The time-dependent population of the frustrated 
translation mode, nft, is predicted using the following 
rate equation for a harmonic oscillator, 

hft = Ye (ne - n f t )+  Yl (nt - n f t ) .  (2) 

where ne and nt represent the occupation numbers of 
the reservoir excitations at energy h/2 for the instanta- 
neous temperatures Te and T/respectively [4]. Ye and 
Yt are the coupling rates of the frustrated translation 
to the substrate electrons and the phonon reservoirs 
respectively. All previous experimental studies [4,6] 
used a rate equation (Eq. (2))  with temperature- 
independent values of Ye and Yl. In contrast to previ- 
ous studies, the present analysis utilizes a functional 
form for Ye which depends on the instantaneous value 
of substrate electron reservoir temperature Te. 

Data were taken at several frequencies for each flu- 
ence in order to increase the accuracy of the numbers 
reported. Some examples of the data obtained at a flu- 
ence absorbed of Fabs = 0.18 rnJ/cm 2 are exhibited in 
Fig. 3. The basic spectral feature is brought about by a 
shifting Lorentzian absorption profile which exhibits 
a maximum shift at around 2 ps and returns to an off- 
set value within the next 10 ps. Fig. 4 exhibits data 
taken at five different fluences with the probe laser 
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Fig. 3. Transient fractional difference reflectivity of  CO on 
Cu(111) .  (a)  Time scans as a function of  probe laser frequency. 
(b) Frequency scan taken at fixed time delay of  3ps. 

tuned to W L  '~' 2074.5 cm -1 . To maximize the sig- 
nal level the low fluence measurements were taken at 
glancing angles (0incident m 8 5 0 )  where the effective 
CO absorption is larger. On the other hand the higher 
fluence data was taken at smaller incident angles to in- 
crease the fluence absorbed. When the incident angle 
for each measurement is taken into account the mag- 
nitude of the signal scales with the fluence absorbed. 
At fluences higher than Fabs = 0.33 rnJ/cm 2 the to- 
tal signal level decreased over successive time scans 
0 - 4 0  rain) indicating desorption of the CO. For the 
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several different fluences, with 
cO L = 2074.5 4-0.5 cm - I .  The incident angles for these measure- 
ments are: Oi = 66 ° for Fabs = 330#J/cm 2 and Fabs = 2301.~J/cm2; 
@i = 79 ° for Fabs = 180/tJ/em 2 and Fabs = l l51xJ/cm2; 
Oi = 84.5 ° for Fabs = 54/zJ/em 2. The fits are described in the 
text. 

fluences in the range of 0.054-0.33 mJ/cm 2 the data 
clearly agree with the qualitative aspects of the time 
dependent exchange picture [4] .  

At higher fluences (see Fig. 4) ,  there appears to be 
a faster adsorbate response. The faster response is due, 
in part, to larger net frequency shifts at higher fluences. 
As demonstrated in Eq. ( 1 ) the adsorbate polarization 
depends on the detuning between the laser frequency 
and the adsorbate frequency. When the probe is off- 
resonant the signal will oscillate at the difference fre- 
quency (i.e. tOE -- oJ01 (¢ ) ) .  The oscillations generated 
by the larger frequency shifts will therefore generate 
signals which appear to decay faster when the probe 
laser is tuned to the high frequency side of line center 
[221. 

To model the temperature dependence of the cou- 
pling rate we must, in general, consider the six tem- 
peratures that are needed to describe our system: two 
for the substrate electrons and phonons, and four for 
the CO vibrational modes. In principal any of these 
temperatures could affect the coupling rates. However 
since the substrate temperatures represent thermal oc- 
cupation of a continuum density of states they are the 
most likely to effect the coupling mechanisms. In con- 
sidering the substrate temperatures, only the electron 
temperature varies appreciably with fluence (see Fig. 
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2). The change in Te can be several times the value 
of the base temperature of 95 K, and the ratio of the 
change in Te compared to the change in Tt is b'Te/b'Tt "~ 
20. Thus we concentrate on the Te dependence of the 
coupling rates. The temperature dependent effects of 
the other reservoir coupling rates are assumed to be 
much smaller. We next review the dynamical charge 
transfer mechanisms to determine the form of a Te- 
dependent coupling rate. 

3. Temperature dependent coupling process 

The basic description of electron-hole pair interac- 
tion with adsorbate vibrations was introduced by Pers- 
son and Persson [ 13]. It involves the flow of charge 
between the substrate and a partially filled adsorbate 
electronic state (Fig. 1 ). As the adsorbate is brought 
in contact with the metal, the normally unoccupied CO 
27r* electronic state mixes with the substrate electrons 
to form hybrid states. The resulting 27r*-like state is 
shifted to energy ea above the Fermi level, broadened, 
and partially occupied by the substrate electrons. This 
state has been observed experimentally using inverse 
photoemission [23] and two photon photoemission 
[24]. It lies 3.35 eV above the Fermi level and has a 
width of <_ 0.6 eV. 

Motion along each vibrational coordinate of the CO 
alters the occupancy of the 27r* state since the mixing 
depends upon the particular positions of the adsorbate 
nuclei. Thus, the charge transfer is dynamical. Since 
the electronic and vibrational degrees of freedom are 
not completely separable the dynamical charge trans- 
fer causes an exchange of energy between the adsor- 
bate vibrations and the substrate electrons. An expres- 
sion for the coupling rate between an adsorbate vibra- 
tion and the substrate electrons ()'e) can be derived 
using the Andersson-Newns Hamiltonian description 
for the adsorbate hybridization and Fermi's golden 
rule. Here we will focus on coupling to the frustrated 
translation vibration with coordinate Q. Employing a 
limited electronic basis set, the following Hamiltonian 
is used: 

H= s:(Q>a+a + E e, ka~ak 
k 

+ ~_~(Vak(Q)a*ak + h.c.) + h/2btb, 
k 

(3) 

163 

where h/2btb is the energy of mode Q. The substrate 
electrons are described by extended wave functions 
(Ik} = a~10)) with energies ek and the adsorbate is 
described by an unoccupied molecular orbital (la) = 
a t I 0} ) with energy e" (Q) for a fixed displacement Q. 
The substrate Ik} states mix with the adsorbate state 
[a) through the exchange terms Vak(Q). Here, e~a(Q) 
is shifted from its gas phase value (Sgas) as a result 
of all adsorbate/substrate interactions except the Vak 
exchange terms. Expanding the energies eta(Q) and 
Vak(Q) to first order in Q, the Hamiltonian can be 
rewritten in terms of zeroth order hybrid states la} 
with energies e,~: 

H = E e , , c ~ c ~  + h/2btb + H'. (4) 
~t 

The perturbation term H' represents the first order 
terms of the ela(Q), and Vak(Q) expansions, and cou- 
ples the electronic (l a ) ) ,  and vibrational (In)) states. 
For simplicity we assume that 3Vak/OQ is negligible 
and H'  can be written 

H' = Aaaa*a(b t + b), 

where 

oe / oe 
= _ _  = g o Q o ,  Aaa OOVm*/2 

(5) 

with Q0 being the average zero temperature displace- 
ment and m* the effective mass. 

The zero temperature development of Persson [ 13 ] 
is now extended to non-zero temperatures by account- 
ing for the occupied and unoccupied density of elec- 
tronic states with the Fermi-Dirac distribution, n(e) = 
1/( 1 - e(~-~v)/kr). The mixed I a) states are assumed 
to be populated as if they are bulk metal electronic 
states. The energy transfer process involves a transi- 
tion from vibrational state n = 1 to n -- 0 and the scat- 
tering of  an electron from an occupied hybrid state la) 
to an unoccupied hybrid state Ifl), with e# - e,, = hO. 
Fermi's golden rule yields the following expression 
for the coupling rate: 

2zr 
Ye = --~ ~ I(a,n = IIH'I/L n = 0)12 

a# 
×n(e,~) [ 1 -- n(eo)]6(s# - e,~ -- M2), (6) 

The wave functions la, n) represent the product of a 
hybrid state la), and a Q mode vibrational state In). 
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Fig. 5. Temperature dependence of Ye predicted by the dynamical 
charge transfer model. (a) For Te << ea, (b) For Te ~ ea. 

The coupling rate 7e is rewritten in terms of the local 
density of states (LDOS) of the 27r* orbital pa(e),  

o o  

2rr 2 / 
7e = ~ daa de p a ( e ) p a ( e  -Jr" hg'2) 

- -OO 

xn(e )  [ 1 -- n( e -4- hg2) ]. (7) 

For T = 0 the Fermi distributions n(e) ,  can be replaced 
with step functions and Eq. (7) reduces to the result 
of Ref. [ 13 ] : 

~F 

7° = T2~'la~12 f 
eF - -  ~ . Q  

dR pa(e)pa(e + l~f2). (8) 

However, when kTe is comparable to, or larger than 
hs2, Eq. (7) must be used. 

A temperature dependence is thus introduced 
through the temperature dependence of the Fermi dis- 
tribution. This effect can be considered in two regimes 
as depicted in Fig. 5. For temperatures much less than 
the energy of the 2¢r* level ea, the LDOS (pa(e) )  is 
essentially constant over the interval of integration in 
Eq. (7) [ 13,14]. The coupling rate is then expressed 
in terms of 7 ° and a temperature factor, i.e. 

7° 
"y (Te )  - 1 - e - h t l / k T e "  (9 )  

Previously published measurements of the frus- 
trated translation coupling rates for CO on Cu( 111 ), 
Cu(100) and Pt(111) were conducted at tempera- 
tures appropriate for a coupling of this form, although 
this form was not employed in the analyses. 

For temperatures approaching ea/10 or greater, the 
shape of the 2~'* LDOS must also be included. We 
model the LDOS as a Lorentzian with line center 3.35 
eV above eF, and line width ,-,0.6 eV [24]. Equa- 
tion (7) was numerically integrated and is depicted 
in Fig. 5. A sharp increase in the coupling strength 
occurs as the substrate electrons achieve thermal en- 
ergies sufficient to make near resonant transitions. For 
temperatures higher than ea the resonant effect satu- 
rates and the coupling becomes less sensitive to tem- 
perature again. Similar resonance enhanced couplings 
have been predicted by Brandbyge et al. using a path 
integral technique to evaluate an electronic friction 
within a Langevin formalism [ 15 ]. The resulting elec- 
tron temperature dependent adsorbate/substrate cou- 
pling was used to explain femtosecond laser desorp- 
tion experimentals. 

Both molecular orbital techniques [ 14,25] and den- 
sity functional calculations [26] have been applied to 
the problem of determining the hybridization of adsor- 
bate electronic state and the derivative of the system 
energy with respect to the different vibrational coordi- 
nates. With a molecular orbital calculation for copper 
clusters, Head-Gordon et al. [ 14] arrive at a temper- 
ature dependent coupling rate similar to Eq. (9).  The 
only difference is in the calculation of y0. As an al- 
ternative to using Fermi's golden rule to evaluate the 
coupling constant, Tully et al. [ 16,27] have pursued 
molecular dynamics calculations incorporating nona- 
diabatic friction for the electrons. These calculations 
predict temperature dependent couplings to both the 
electron and the phonon reservoirs. The results were 
found to deviate from the rate equation approach in 
that the relaxation mechanisms to the phonons and 
electrons were not independent. 

To use the temperature dependent coupling rate of 
Eq. (9) it is necessary to know the value of hO. Our 
FHR measurements interpreted in the context of an 
exchange model [28,29] establish an upper limit of 
h/2 < 60 cm - l  [4]. Additional insight into the value 
of h/2 is obtained by considering the experimentally 
determined values of the frustrated translation for atop 
CO on Cu(100) [6], P t ( l l l )  [30], and N i ( l l l )  
[30]. For all of these systems the frequency lies be- 
tween 30 and 60 cm-l  and fits were carried out for 
h/2 values within this range. 

Instead of fitting with a temperature independent 
rate as in previous studies, the data were fit for y0 of 
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find ~ = 21 (-t-7) GHz and 3,0 = 33 (4-7) GHz respec- 
tively. As noted above, we are assuming the coupled 
mode is harmonic. No experimental information yet 
exists to test this assumption. 

The present analysis represents an advance over 
previous approaches through the use of temperature- 
dependent coupling rates (ye(Te)) derived from 
the dynamical charge transfer model for adsor- 
bate/substrate vibrational energy relaxation. The 
present fits have similar X 2 values to those obtained 
using the previous method that employed a fixed 
temperature-independent rate, 3,e. Thus one can see 
that these experiments do not uniquely establish the 
presence of temperature dependent rates but the re- 
sults are entirely consistent with the more complete 
and basic theoretical model. 

Eq. (9). An intermediate value of hO-- 45 cm - l  was 
used to obtain the best fit value of for the zero temper- 
ature coupling rate 3, 0 = 25(+7)  GHz. The result was 
obtained using all possible light fluences. Coupling to 
the phonons was found to be yl= 280(4-100) GHz. 
The fluences were fitted and determined largely by the 
magnitude of the signal. Since Te is time-dependent 
in these measurements, the coupling rate is also time- 
dependent. This is depicted in Fig. 6 for the highest 
fluence using the best fit value of 3,0. The 95 K value 
for the coupling rate, ye(95) = 50 GHz, is lower than 
the value 3,e = 145 GHz, obtained using a temperature 
independent analysis with the same physical constants 
[21]. Within the errors quoted the same value of 3,0 
was found for all fluences. Thus the excitation depen- 
dence of the CO response is well accounted for by the 
dynamical charge transfer model. 

The error bars are derived from nonlinear least 
squares fitting of the the data. However the value of 
3,0 is subject to the uncertainty of two physical param- 
eters encountered in the full fitting procedure. As has 
been discussed previously, the range of experimental 
values for the electron-phonon coupling constant af- 
fects the value of 3,0 [6]. In the present analysis an 
intermediate value of G = 0.7 W/m 3 K has been used. 
For the values of G at the ends of the experimental 
range (G = 0.3-1.0 W/m 3 K), we find 3,0 = 10(+6) 

GHz and 7 ° = 30(-t-7) GHz respectively. The zero 
temperature rate T O also depends on hO and for the 
values at the ends of the range hO= 30-60 cm -1, we 

4. Conclusion 

The dynamical charge transfer model for energy 
exchange between adsorbate vibrations and substrate 
electrons involves a coupling rate which is strongly 
temperature-dependent in two temperature regimes 
relevant to current femtosecond photoprocess studies. 
For low frequency adsorbate modes even liquid nitro- 
gen temperatures are sufficient to cause temperature- 
dependent rates. Electron-hole pair relaxation of ad- 
sorbate vibrations can only be considered temperature 
independent for high frequency modes for which ther- 
mal temperatures in the system are much lower than 
ha .  For femtosecond photoprocess, the electron tem- 
peratures are often several thousand degrees. This is 
high by comparison with the energies of most adsor- 
bate vibrations and thus the temperature dependence 
of coupling rates will need to be accounted for in 
models of most femtosecond surface photochemistry. 
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