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1. Introduction The purpose of this article is to describe the electromagnetic interactions of molecules with surfaces, and in particular with metal surfaces. Interest in this subject has been stimulated in recent years by experiments on surface-enhanced Raman scattering, on fluorescence of molecules near metals, and on infrared and inelastic electron spectroscopy of adsorbed molecules. The phenomena observed in the various experiments have much in common from the point of view of electromagnetic theory, and we show how a few general theoretical techniques can be applied to all of them. We do not, however, give a comprehensive review of the experiments. There are a number of such reviews, and we refer to them in the appropriate chapters. The methods we describe are essentially those of classical electromagnetic theory, the idea being that the molecule and the surface are separated so that their only interaction is via the electromagnetic fields. This means that we leave out important quantum mechanical effects, such as the hybridization of the molecular orbitals with the electronic wavefunctions in the metal. Such effects could be addressed using quantum mechanical approaches, such as the Hartree—Fock or density functional methods. These methods, however, are in practice limited to ground-state properties and can give little insight into the dynamical properties we consider. These methods are also valid only very near the surface. Far away from the surface they fail to describe effects arising from electromagnetic interactions, an example being the Van der Waals force attracting a molecule to a surface. In a certain sense the electromagnetic and quantum mechanical methods are complementary, the former describing the distant interactions, the latter the very short-range interactions. Our intention is to press the electromagnetic calculations as close to the surface as is feasible. When the quantum mechanical effects neglected in our discussion are small, as in the case of molecular fluorescence, quantitative comparisons between theory and experiment can be made. When they are not small, or when they are difficult to estimate, as in the case of surface-enhanced Raman scattering, the comparisons will be less quantitative. In these cases the value of our treatment of a particular electromagnetic effect will be in the insight provided by a careful calculation of that one aspect of the problem. Some of the processes we do consider, such as molecular fluorescence, are basically quantum mechanical in nature. However, they can be described within the framework of the so-called semiclassical theory of radiation. In this theory the electromagnetic interactions are described by classical Maxwell equations, while the classical source strength is expressed in terms of the quantum mechanical transition matrix elements [1]. To invoke a fully quantum mechanical formalism to describe such processes would, in our view, obscure the physical insight gained from the results. This article is organized as follows. In chapter 2 we discuss the reflection of electromagnetic waves at a plane interface, showing how to extend the classical Fresnel formulas to the case of a nonlocal medium. This is the basic theoretical ingredient that we use in the discussion of the various phenomena in succeeding chapters. Two commonly used models for calculating the surface response of a metal are described in detail: (1) the semiclassical infinite barrier model, in which the electron density is uniform up to the barrier, where it abruptly goes to zero, and (2) the quantum infinite barrier model, in which the electron density undergoes Friedel-type oscillations near the surface and goes smoothly to zero at the barrier. Also discussed are models that allow for a more general form of the electron density profile at the surface, but which to date have only been solved in the long-wavelength limit. In chapter 3 we discuss molecular fluorescence near a metal. Here the theoretical problem is that of the radiation by an oscillating dipole above a nonlocal metal, and we solve it by superposing the waves constructed in chapter 2. We use the result to discuss the decay into various modes such as surface
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plasmons and electron—hole excitations. We also extend the results of chapter 2 to the case of layered structures and compare the results with recent experiments. Finally, still in chapter 3 we consider molecular fluorescence near a small metal sphere, introducing the multipole polarizabilities, which are the spherical analogs of the plane-wave reflection coefficients. In chapter 3 the fluorescing molecule is treated as a radiating dipole whose decay rate is modified by the induced fields (image fields) from the metal but whose frequency and transition moment are not. In the following two chapters, devoted, respectively, to infrared absorption and Raman scattering by adsorbed molecules, we consider problems in which the effect of these induction fields is significant, and the renormalization of the radiating dipole is required. In chapter 4 we show how to include such effects in a consistent calculation of the shift and broadening of a vibrational absorption line in an adsorbed molecule. We take into account finite molecular size and nonlocal metal response, aspects of the calculation already introduced in chapters 2 and 3. We compare the results with experiments on CO adsorbed on Cu. In chapter 5 we first apply the theoretical ingredients introduced in the previous chapters to discuss the enhancement of Raman scattering for a molecule adsorbed on a smooth surface. The result is a physically consistent calculation of what is termed the image enhancement effect: the increase in the dipole moment induced in the molecule due to the image fields from the metal. We then consider the effects of various types of surface roughness on the Raman scattering of adsorbed molecules, first for the case of periodic gratings ruled onto the surface, then for the case of random roughening, and finally for the case of discrete metal particles that have a resonant polarizability. The effects associated with the polarizability resonances of discrete metal particles lead to what is commonly referred to as the “electromagnetic explanation” for surface-enhanced Raman scattering. We critically examine this explanation in comparison with experimental results. 2. Reflection of electromagnetic waves at an interface In this chapter we discuss the reflection and transmission of electromagnetic waves incident upon a surface. As a preliminary step and to fix the notation, we begin with the Maxwell equations, which in Gaussian units take the form [2,3] divB=O,



laB curlE+——~---=O,



.



divD=4irp,



laD 4~-. curlB——-~-=—j.



(2.1)



Here the second equation is Faraday’s law of induction, the third is Gauss’s law, and the fourth we call Ampere’s law, although historically Ampere’s law did not have the displacement current term. For fields varying harmonically in time [E(r, t) = E(r) e’”’t, and similarly for the other fields]1 Faraday’s and Ampere’s laws become curlE—i~B=O,



curlB+i~-D=4-~j.



(2.2)



The first and third equations in (2.1) follow from these and the continuity equation t We make extensive use of a notation in which the same symbol stands for a quantity with and without an exponential factor, here e’”’. It should always be clear from the context which quantity is to be understood.
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(2.3)



For a local medium the dielectric relation between the electric displacement D and the electric field E takes the form D(r) = c(w)E(r),



(2.4)



where E(w) is the frequency-dependent dielectric constant. Here the term “local” refers to the fact that (2.4) relates D and E at the same point in space. For an infinite homogeneous but nonlocal medium, the dielectric relation is simply expressed as a relation between plane wave amplitudes of given frequency w and wavevector k: [E(r, t) = E exp[i(k r wt)], etc.] —



D = ee(k, w)k Eic? + e~(k,w)(E k Ek),



(2.5)



—



where ~ and e~are, respectively, the longitudinal and transverse dielectric constants. The simplest reflection problem is that in which a plane wave is incident upon the plane boundary between two homogeneous media described by local dielectric constants Ei(w) and s2(w). In this geometry one distinguishes between P-polarized waves, in which the magnetic field of the wave is parallel to the interface, and S-polarized waves, in which the electric field is parallel to the interface. The reflection and transmission coefficients are then given by the well-known Fresnel formulas. In the P-polarized case these are rV2 = (q1~2 q2E1)/(q1e2+ q2E1),



t~



—



2q1~/(q~c~+ q2E1),



(2.6)



and in the S-polarized case they are t~= =



(q1



—



q2)/(qi + q2),



2q 1!(q1 + q2)



t



.



(2.7)



In these formulas the incident wave has been chosen to be in the medium with dielectric constant c1, and 21c2 p2)”2, —



q3



=



(E1w



Tm q 1 >0



,



(2.8)



where p is the component of the wavevector parallel to the interface. The derivation of the Fresnel formulas appears in any textbook on electrodynamics [2—5].However, to fix the notation, a brief derivation might be useful here. We choose a coordinate system in which the xy plane is the boundary between the two media, with the medium above the plane (positive z) having dielectric constant Ei(w) and that below having dielectric constant E2(w). We write the coordinate vector r = p + zz~,where p xA~+ y9 is the component parallel to the interface. The fields vary harmonically in time. The incident wave is in the medium above the surface, propagating downward. Then for P-polarized waves the magnetic field in the two media has the form B(r) = B~exp(ip ‘p)~x ~exp( iq1z)+r12 exp(iq1z),



(2.9)
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where p is the component of the wavevector parallel to the surface and B~is a complex amplitude. The electric field is then given by Ampere’s law, ~ E(r) = £ B~exp(ip



exp(iq1z),



~)



+



~



(2.10)



Ft



_~~2q2pp exp(-iq2z).



(0



z >0



zO,



(2.11)



where the sign of the imaginary part of q1 has been chosen so the waves are damped in the direction of propagation. Finally, the requirement that the components of B and E parallel to the interface be continuous gives 1 + r~2= t~ ,



(q1/Ft)(l



r~’2)= (q2IE2)t~’2



—



(2.12)



,



from which we obtain the formulas (2.6). In the same way, for S-polarized waves the electric field has the form ...1exp(—iqiz)+r~2exp(iqtz), z>0 E(r) = E~exp(tp p)z >< P~~ exp(—iq2z), z 0 s w i-js exp~ip P~ tt12(q2p+pz)exp(—lq2z), z0.



,



(2.16)



Similarly, in the S-polarized case, as in (2.13) and (2.14), we can write E(r)= Esexp(ip .p)~xft[exp(—iq1z)+ r~2exp(iqtz)], 3) exp(iqiz)],



B(r) =



Es exp(ip p)[(pi + q1~) exp(—iqiz) + r~2(pi qtJ



-~-



z >0.



(2.17)



—



In these expressions, as in (2.8), 21c2 p2)112,



q



Tm q



—



1



=



(F1w



1 >0.



(2.18)



When the medium 2 is nonlocal, it is convenient to formulate the discussion in terms of the surface impedances, as defined by Landau and Lifshitz [3] and by Garcia—Moliner and Flores [6], ~



C



Z



P



}



,



inside



ZS(p,w)~T~[~0.



.



(2.37)



If the medium below the surface, medium 2, is local, we find the quasistatic form of the reflection coefficient from (2.6) by replacing q1 and q2 by ip. Thus r~2= (e~ —



ei)/fr2 +



(local)



Et)



(2.38)



.



Note that in the quasistatic approximation r~2,given in (2.7) vanishes. For the SCIB model the quasistatic reflection coefficient is given by (2.00) with qt ip and with Z~’given by the limit as c of (2.26). The result is —~



r~2= [i



-



J



Ft



2e~(k, )]/[1 + dq k



~



E~



—~



~)]~SCIB



k2e~(k,



(2.39)



with, as before, k2 = p2 + q2 in the integrals. We have stated these results as arising from c ~ in (2.16). An alternative way of reaching the same results is to take p to/c. Thus large p corresponds to quasistatic behavior. This is not surprising since large p corresponds to small distances. —*



~‘



2.3. The quantum infinite barrier model In this section we consider an ideal quantum gas of electrons filling a half-space with an infinite potential barrier at the surface. We assume that the background dielectric constant is unity and that the electron collision frequency is vanishingly small. We derive the linear response of this system to electric fields in the quasistatic approximation. The result is the so-called quantum infinite barrier (QIB) model. This model was first discussed by Beck and Celli [14] and more recently by Persson and Persson [15] who call it the IBM model, and by Metiu and coworkers [16],who call it a jellium model with an infinite barrier. We repeat the discussion here with a slightly different formalism for a number of reasons: The discussion will allow us to exhibit the relation between the QIB and the SCIB models, to make clear how we numerically evaluate the results, and to correct a number of misprints which have appeared in the subsequent literature. The quasistatic reflection coefficient for this model can be expressed in terms of the electric potential and its derivative just below the surface. To see this we express the electric field in the electron gas in terms of a potential of the form
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V(r, t) = V(z) exp[i(p p .



tot)].



—
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(2.40)



Thus E(r, t) = —grad V= —[ipV(z)+iV’(z)] exp[i(p ~p—tot)],



(2.41)



where V’ = d V/dz. The components of the electric field parallel to the surface are continuous, therefore • E given by (2.37) and (2.41) must be equal, so that pV(0) = —(Cp/toe1)Bp(i



—



r~).



(2.42)



The component of the electric displacement perpendicular to the interface is continuous. Just above the surface, D = r1E, while just below, D = E, since the electron density vanishes at the infinite barrier. Hence, {1 . E}inside



= Et{~



E}outside



.



(2.43)



Using (2.41) and (2.37) this gives V’(O)



=



(cp/to)Bp(1 + r~2).



(2.44)



Dividing this equation by (2.42) and solving the resulting equation for r~2we find p



leipV(0)/V’(O)



r12— 1+ eipV(O)/V’(O)
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(



.



)



which is our desired expression. We see therefore that the reflection coefficient can be determined if the potential within the electron gas is known. To get an equation for V(r, t), we use in the third Maxwell equation (2.1) the defining relation DE+4irP,



(2.46)



where P is the polarization. Putting E = —grad V, we get



2V= —4iT(p



V



+Pjnd),



(2.47)



where p~fld(r,t) = —div P is the induced charge density of the electron gas. This will be an equation for V(r, 1), if we can express Pind in terms of V, which we do below for an independent-particle model of the electron gas.t The quantum equation of motion for the one-particle density matrix is~



t The independent particle model is variously called the self-consistent field method by Kittel [17]or the random phase approximation by Pines [18].A good introduction to the methods we employ is ref. [17]ch. 6. ~We use the same symbol for the density matrix, the charge density in Maxwell’s equations, and the magnitude of p. This is the Custom and which is meant should be clear from the context.
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ih



=



[H0—eV(r, t), p],



(2.48)



where H0 is the Hamiltonian for a free electron confined to the lower half-space by an infinite potential barrier H0=_~V2+{~~



(2.49)



~.



In discussing this equation we shall need the eigenstates of H0. These are O(—z) exp(ik11 p) sin k~z, (2.50) 1 and 0 is the Heaviside function (equal to unity for positive argument and zero for negative where r = pHere + zz ~ argument). = 0 and k~ > 0. The energy eigenvalues are ~skl, k,(r)



=



-



•



2k2/2m.



HotIIkI



(2.51)



1k~= ~(k1~+k~i)I/Jk11Ac,,



~(k)= h The orthogonality relation for these states is



k~,~



f J dp



k;)



dz exp[i(k~ ku- p] sin k —



2z sin k~z



38(k =



2ir



11



—



k~)8(k~k~), —



(2.52)



and the completeness relation is



dk11



J



dkz ~



k~(r)~Jkk,(r)*



=



8(r— r’)O(—z).



(2.53)



The trace of an operator C is



Tr{U} =



~



J J dk1



dk2~’~11 k,,



C~k11,k,)



(2.54)



Another formula we shall use is the identity exp(ip P)t/1k11.k,



=



t/Jkl±pk,.



(2.55)



In the absence of the electric potential V, the solution of (2.48) is the equilibrium density matrix Po



[exp{—(Ho—4)/k~T}+1]1,



(2.56)
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where ~
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is the Fermi energy, T is the temperature, and kB is the Boltzmann constant, The



corresponding electron density is given by n(r’) = 2 Tr{5(r



—



r’)po},



(2.57)



where the factor 2 takes account of the spin degeneracy. Using (2.54) this becomes



n(r) =



where ~



=



=



-~



J J dk11



dk~f(~)l ~PkII.k,(T)~,



(2.58)



~‘(k1~ + k~I),and {exp[(~’ 4)/k~T]+ 1}_1



(2.59)



—



is the Fermi function. When kBT or degenerate limit



‘~



~



the Fermi function can be approximated by its zero temperature



f(~)=0(~’p—~),kBT~~~F.



(2.60)



In this limit the integral (2.58) is elementary. Using (2.50) we find n(r) =



~



+ 3 cos2k~z]0~~



(2.61)



1”2)/his the Fermi wavevector and where kF = ((2m~p) no=k~/3ir2



(2.62)



is the equilibrium density of an infinite electron gas. In fig. 2 we show n, as given by (2.61), as a function —



——



I



-8



I -6



——



—



I



I



-4



-2



no



______



0



kF Z Fig. 2. Electron density profiles near the surface for the



QIB



(solid) and SCIB (dashed) models.
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of the depth below the surface. This figure shows clearly the difference between this QIB model and the corresponding SCIB model, for which n would be equal to the constant n0 all the way to the surface, where it would vanish abruptly. Probably the most significant aspect of this difference is that for the QIB model the density vanishes continuously. Probably less significant are the Friedel oscillations of n as it approaches n0 in the interior of the metal. From the figure we also conclude that in comparing the two models, we should probably take the barrier for the SCIB model somewhat inside that for the QIB model at, for example, the half-density point. After these preliminaries, we return to the problem posed above: solving (2.48) to express the induced charge density in terms of V. We do this by seeking a perturbation solution of the form t, (2.63) p(t) e~~°’ where Po is the equilibrium density matrix (2.56) and ~p is the first-order term in V. Putting this in (2.48) and keeping only first-order terms we find p0+



~ip



hw ~ip [H —



—e[



0,~p] =



V(z) exp(ip p), po],



(2.64)



where we have used (2.40). We form the matrix elements of this equation with respect to the eigenstates (2.50), using (2.51) and (2.55), to find (hw



+ ~



—



~“)(~‘k1, k,



where ~ = ~‘(k11+ ~



~“



~JPt/Jk11, k,) = —e[f(~)



—



=



~(k1j+k~i), and



f(~”)]~’a1, k, V(z)i/i~~1+~ k,/



,



f(~’)is



(2.65)



the Fermi function (2.60). The electron density



variation is ~n(r, t) = ~in(r)e”°, where as in (2.57), ~n(r’) = 2 Tr{~(r r’) —



~p}



J J J J



(1/2~6) dk~1 dk~ dk~ dk~~,



=



k,(r )~k1,k;(r )(~k1,k,



~P~’ki. k,),



(2.66)



in which we have used the completeness relation (2.53). Solving (2.65) for the matrix element of ~p,with the understanding that to has a small positive imaginary part, we put the result in this last expression to get ~n(r) =



-



~



J J J J dk11



dk~ dk~ dk~



(~k1ik~, V(z)~~~1+~ k,)~ki,k,(r)~k1,k;(r).



(2.67)



Using the form (2.50) of the eigenstates, we see that 2~(kuk —



(~‘k~.k,



V(z)~~+P k,) = (2~)



11 p) —



J



dz’ sin k~z’sin k,z’ V(z’).



Putting this in (2.67) and identifying the induced charge density as Pind =



—e ~n,we can write



(2.68)
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pI~d(r,t) = exp[i(p p



—



tot)]



J



dz’ g(z, z’)V(z’),
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(2.69)



where



g(z,



J J J



z’) = 2e



in which ~



dk~ dk~ dk~



sin k~zsin k~zsin k~z’sin k~z’



~



(2.70)



~‘(k11+ k~i),g”= ~(k11+p+ k’7.I). The relation (2.69) is the one we seek, expressing the induced charge density in terms of V. When (2.69) is put in (2.47) we get, using (2.40) and the fact that the charge density p is zero in the electron gas, =



J



2V(z) + 4~ V’(z) p



dz’ g(z, z’)V(z’) = 0,



(2.71)



—



which is a homogeneous integro-differential equation for V(z). We are to solve this in the region —c’~< z 
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