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Light emission from Na/Cu(111) induced by a scanning tunneling microscope
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Measurements of light emission from a scanning tunneling microscope probing a Na overlayeftiithe
surface of Cu are reported along with the results of a model calculation that essentially agree with the
experimental ones. The observed light-emission spectra show two characteristic features depending on the bias
voltage. When the bias voltage is smaller than the energy of the second quantum well state formed outside the
Na overlayer the light emission is due to a plasmon-mediated process, while for larger biases light emission is
mainly caused by quantum well transitions between the two levels.
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I. INTRODUCTION interface-plasmon modes there. For semiconductor samples,
on the other hand, electromagnetic effects are less important,
The formation of quantum-well statgQWS) near the instead the light emission is due to interband transitions in
Fermi level is a characteristic feature of the electronic structhe semiconductdf?’ The STM tip serves to locally inject
ture of alkali overlayers on thé¢l1l) surfaces of noble Or generate minority charge carriers which then recombine
metalst~® In these systems electrons may be confined to vith majority carriers giving rise to luminescence. Similar
narrow surface region; they cannot escape from the surfacgudies have also been carried out on semiconductor
because of the vacuum barrier, and at the same time th rfa3<1:e§,' semiconductor quaggtum-we??sand quantum
cannot propagate into the noble metal because the periodots’* and adsorbed moleculé:
potential in the bulk creates a local band gap neat tpeint Interestingly enough, the light emission from Na(CL1)
of the Brillouin zone. Alkali overlayers thus offer an inter- reported in Ref. 14, appears to involve both mechanisms
esting opportunity to study confined electron systems in metdescribed above. For a wide range of coverages, Na on
als and they have attracted considerable interest. Cu(11 exhibits several QWS. The lowest one, QWS1, has
Up to now, most investigations of alkali overlayers have@n energy close to the Fermi levskee Table)l At the cov-
been carried out using photoemission spectroscopy, inverg¥ages to be discussed below, it is either occupied or unoc-
photoemission spectroscopy and two-photonCUpied- The other state,_ QWS2, Iie; well above the Fermi
photoemissio:’ 1% Thus the energies of the quantum-well €nergy. As long as the bias voltage is low enough that elec-
states have been studied as a function of substrate and ovéfons cannot be injected into QWS2 light emission is still
layer material as well as overlayer thicknésscoverage In ~ Possible, and it proceeds through the same “plasmon-
addition to measuring the position in energy of the quamummediated” mechanism as in the case of clean noble-metal
well states, the lifetimes of these states have also beestirfaces. In this case electrons undergo an inelastic transition
addressed:~*® The quantum-well states overlap in energy from afilled state in the tip to the empty QWS1 and a photon
and space with three-dimensional states, producing interedg emitted. This gives a fairly broad peak in the light-
ing possibilities for quasiparticle decay to proceed simulta£mission spectrum. Once the bias voltage is high enough that
neously through both two- and three-dimensional channels gectrons can be injected directly into the upper quantum-
well as e|ectron_ph0non Scattering_ well State(QWSZ the emission mechanism Changes. A Iarge
In a recent experiment the system Na(Cii) was studied ~part of the tunnel current will now go through QWS2, and
with an alternative experimental technique, light emissionlight emission will mainly be due to transitions between
induced by electron injection from the tip of a scanning tun-QWS2 and QWS1, yielding a fairly sharply peaked spec-
neling microscopgSTM).** This technique has previously trum. Of course, since the QWS wave functions are to a large
been used in studies of quite a few systems, most notabl§xtent confined to the region of space between the tip and
noble-metal surfaces and semiconductdrin those cases
photons are generated by a fraction of the tunneling electrons TABLE I. Energies of quantum-well states of Na on(C1d) in
that undergo inelastic tunneling processes in which argV relative to the Fermi energe as obtained from tunneling
amount of energy, limited teU with U the bias voltage, is spectroscopy of the 'dlf'ferentl_al conductance. At a coverage of 1
transferred from the electron to the photon. If the substrate iYL the lowest state is occupied{<0).
metallic, the rate of spontaneous light emission is increased

compared with the case of inverse photoemission from an 0-6 ML 1ML 2 Mt
isolated surfacé®~?* This is due to enhanced vacuum fluc- g, 0.4 -0.15 0.15
tuations of the electromagnetic field in the tunnel gap be- g, 2.05 2.3 2.2

tween tip and sample as a result of the formation of localized
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sample, the light-emission rate is still enhanced by the elec- 80 T T T
2015y . 2118V 1ML

tromagnetic fluctuations there.

In this paper we will support the scenario outlined above
by model calculations that lead to very good qualitative
agreement between experiment and theory. We will also
present additional experimental results.

The rest of the paper is organized in the following way. In
Sec. Il we outline the experimental setup, and the experimen-
tal results are presented in Sec. Ill. Section IV gives a com-
prehensive description of the model calculation that we have
carried out. Then in Sec. V, we compare theoretical and ex- - = \ N\ oo con
perimental results and discuss the implications. The paper is 15 2 25 3.0
summarized in Sec. VI. Finally, an Appendix presents a deri- PHOTON ENERGY (eV)
vation of the rate of light emission based on the Keldysh
nonequilibrium Green’s-function technique. FIG. 1. Light-emission spectra of 1 ML Na measured for a se-
ries of sample voltages between 1.815 V and 2.815 V with a tun-
neling current of 10 nA. Small apparent undulations at low
(=1.6 eV) and high £2.6 eV) photon energies are due to count-

The experiments were performed with an uItrahighing statistics. There is a qualit_ati_ve cha_mge once the voltage reaches
vacuum(UHV) STM operated at a temperatufe- 4.6 K 34 ~25V: Below, the peak.emlssmn shn‘ts with the sample voltage;
Photons in the energy range 1.2-€r<3.5 eV were de- 2PoVe, the emission maximum remainshat~2.4 eV.
tected with a lens system in UHV coupling the light to a o o )
grating spectrometer and a liquid-nitrogen-cooled charge- Qualitatively similar observations were made at other
coupled device camefdAll spectra have been corrected for COveragesFig. 2). In addition to a plasmon-related emission
the wavelength-dependent detection efficiency. Throughougircles at low bias voltages we find emissiofdoty
the measurements it was verified that the surface structu@d higher photon energies which are almost independent
was not modified during data acquisition. of 'the. applied sample voltqges. The positions of these

W tips were prepared by electrochemical etching and subemission  features vary with the Na coveragéw
sequent sputtering and annealing in UHV. The(1Qd) sur-

INTENSITY {photons / pC / eV)

Il. EXPERIMENTAL DETAILS

face was cleaned by repeated cycles of Ar-ion bombardment 50 T BN
and annealing. Na films were evaporated from outgassed 40 . 2.'03\/ —
SAES Getters sources onto the Cu crystal held at room tem- 30 - . 231V
perature. A quartz-crystal microbalance was used to estimate 2 i
the coverage® which was further calibrated by the known
binding energies of the quantum-well statés!® After < 7
preparation at room temperature the sample was transferred 2 0 . e
to the STM and cooled td=4.6 K. 2 T
Following Ref. 36 we define 1 ML as the most densely E o 199V
packed structure of the first Na layer, namely3d2x 3/2) £ w « 271V
mesh. This pattern corresponds to four Na atoms per nine = .
first-layer Cu atoms. = 2 P 7
% ‘@;&w—e&
Ll 0
Ill. EXPERIMENTAL RESULTS Z % l 2ML
Figure 1 shows fluorescence spectra recorded over a range 80 ;Z} x i
of sample voltaged) from Cu111) covered with 1 ML of 1 |
Na. The emission from these surfaces is comprised of two
distinct components. First, there is an emission band which is 2 s B
most clearly observed at low. Its maximum shifts linearly 0, 1'5 - ""2‘5 ““““ :

to higher energies dd is increased. This emission is similar
to the plasmon-mediated emission observed frorr;1 n7oble—
metal surfaces due to inelastic tunnelln_g_ proce%%éjg’. ? FIG. 2. Characteristic spectra obtained with a low sample volt-
A new spectral structure, the position of which only ;46 (circleg for which injection of electrons into the upper
weakly depends on the sample voltage emerges ahv  quantum-well state is not possible, and a high sample volias
=2.4 eV when the bias is raised W=2.5 V. From its in-  \yhere electrons can be injected into the upper QWS. The three
tensity, assuming isotropic emission, a quantum efficiency opanels display results from samples covered by 0.6, 1, and 2 ML of
approximately 10° photons per electron is estimated which Na. A small dip of the intensity at~1.3 eV is due to a sharp
is higher than typical values for conventional inverse photo-absorption of the optical fiber used in the experiment, which is not
electron spectroscopy. fully corrected for.

PHOTON ENERGY (eV)
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~1.7, 2.5, and 2.1 eV at coverages 0.6, 1, and 2 ML, re- 15 T T T T T T
Cu Na Tip

1=10 nA

spectively. Comparing these photon energies to the data o
Table | the emission is assigned to in_ter_band transitions be For wave functions:
tween quantum-well states. Small deviations between the ex Full line=Re, Dashed=Im
pected transition energieg€{—E;) and the measured pho- 10
ton energies are in part due to the electric field of the tip
which causes a Stark shift-*°This shift is the strongest for
higher-energy states.

Closer inspection reveals a distinct difference of the dat
from 0.6 and 2 ML compared to the 1-ML case. At 1-ML
coverage, a sharp drop on the high-energy side of the emis=
sion occurs owing to energy conservation given by the con4a
dition hy=eU. The emission from the 0.6- and 2-ML Na |
films exhibits a similarly sharp drop at a different energy, o5V
hv=eU—E,, whereE, is the energy of quantum-well state
1 relative to the Fermi level.

OTENTIAL (V)
[6,]

20V

St 1 I I I I I ]

-1.0 05 0 0.5 1.0 15 2.0 25
z (nm)

IV. MODEL AND THEORY
A. General considerations

In this section we will use a rather simple, basically one- FIG. 3. lllustration of the model potential at two different values
dimensional model of the W-tip/Na/Clll) system that, of the bias voltage. In addition the wave functions corresponding to
nevertheless, captures the essential physics of the experimahé two quantum-well states have been calculated using boundary
and yields calculated spectra that can explain the experimemeonditions corresponding to an electron impinging on the barrier
tal results. from the tip side whetJ =2 V. Note that the wave function at the

The general framework of this calculation is based uporQWS2 energy penetrates the barrier with high probability, however,
what we have used in earlier calculatibh& of light emis-  since this energy here lies above the tip Fermi energy, this does not
sion from noble-metal surfaces. As the more detailed derivacontribute to the tunnel current.
tion in the Appendix shows, the intensity of the emitted light
(per unit photon energy and solid anglean be calculated in the cavity between the tip and sample is essentially con-

from the expression stant along the direction normal to the surface, however, in

the lateral direction the field enhancement begins to drop off

dpP 5 |G(w)|2 hw? at distances exceeding 2—3 nm from the symmetry axis. The

d(hw—dQ 2 [J il 27 2e0? ;O0(Ei—Ef—hw).  optical properties of tip and sample are modeled using mac-
(1) roscopic dielectric functions for Cu and W found from Ref.

43. We have approximated the optical properties of the Na
Thus, the intensity is found from a summation over filledlayer by the Cu dielectric function since the treatment of
initial electron states and empty final statefs andj;; is the  such a thin layer in terms of macroscopic dielectric functions
current matrix element between these states, would not be very reliablé* The tip is represented by a
sphere with radiu®k=30 nm.

=% f _l/fl i é,zl ) _
B. Model potential
In Eq. (1), € is the permittivity of vacuum andis the speed We use a one-dimensional model potential, illustrated in

of light, and G, finally, is an electromagnetic enhancementFig. 3, to calculate both the tunneling current and the matrix
factor. Note that Eq(1) agrees with Eq96) and(7) of Ref.  elements that set the light-emission rate. The parameter val-
41, considering that the formulas in that work employed cgsies that enter this model originate from the physical proper-
units. ties of bulk Cu and bulk Na that are most relevant to the
Since the calculation dB(w) in Eq. (1) has been treated problem at hand. Similar models have been used in earlier
in earlier paperssee, for example, Ref. 42ve will just give  calculation8>® (see also Ref. 47
a brief outline of the procedure here. As discussed in the Of course, using a strictly one-dimensiorfldD) model
Appendix, a reciprocity relation makes it possible to inter-corresponds to a situation where both electrodes, sample and
change the source and detection points in the electromagip, are completely flat. This is not the real situation in a
netic calculation. Thus, since we are interested in evaluatin@TM experiment. Thus, we use the 1D model to calculate a
the light-emission intensity found at an observation argle current density which then multiplied by a suitable effective
=1 rad, we let an incident electromagnetic wave hit the tip-area yields the tunnel current. A similar procedure is applied
sample system from exactly that direction and calculate théor the matrix-element calculations as well.
electric-field enhancement at a point between the tip apex Inside the copper sample the potential is modulated along
and the surface, where it reaches its highest values. The fiettie (111) direction (normal to the surfageas
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Veul(2)=Vq4(e'9%+ e '9%) =2V, 1,c0992), 3 Ziin— 2 z—z
cl2) =V ) 1110492) (€ Vi (2)= np:j (Ep+ bya) + dNa(EF+eU+¢tip)1

where the reciprocal lattice wave vectge2w/ac,, and ()
ac,=2.08 A is the interplane distance in Cu in ti&11)
direction. The top layer is centered &t 0, and the copper Wherezg, is the coordinate of the tip apexy, is the coor-
sample is assumed to end &tz =ac,/2. The value of dinate of the Na overlayer surface, adds the tip-sample
V4, is taken to be 2.5 et The potential in Eq(3) yields a ~ Separation. Heregy,=2.7 eV and¢,=5.2 eV denote the
band gap for energiegelated to electron motion in the ~ Na and tip work functions, respectively, atdlis the bias
direction between Eq—Vi;; and Eg+Viy;, where E,  Voltage. The image contributions are
=12(g/2)?/(2m)~8.7 eV is the kinetic energy of a free
electron with a wave vector at tiepoint on the Brillouin-

e? e?

zone boundary. Thus, just as in copper our model has a 5-eV Vim(2)= Ameh(z—2  Amend(ZN—2) ©
wide band gap at the point. This feature is crucial in form- 2 P

ing quantum-well states in the overlayer system. Experimen¥Ve have chosen the image plane position as

tally, the energy difference between the lower band edge and im o

the Fermi level is 0.9 eV, we therefore put the Cu Fermi level Zna— Zna= — €7/[16m€q( Pnat Er—Via) | (6)
atEg=Eq4—Vy;,t0.9eV=7.1eV. in the sample. This guarantees that the total poteijgl

We treat the sodium overlayer as a bulk, free-electron v/ equalsVy,, the potential inside Na, at=zy, pro-

metal. TQE thickness is assumed to correspond to 2 Mlyided the tip is far away. In the tip, following the same rea-
(6.13 A) *° The constant value of the potential in the sodiumgoning,

is set toVy,=3.9 eV. The choice of this value is based on _
the fact that the Fermi energy of bulk Na is 3.2 eV, so that z't{g—ztip=e2/[167reo(¢tip+W)]. (7)
now an electron with the kinetic energy of 3.2 eV in the Na

layer will have a total energy of (3493.2) eV=7.1 eV, i.e,, k
identical toEp . ent values of the bias voltage.

Moreover, in order to get a tunnel current from electrons The model potential described above yields an electronic

with energies in the Cu band gap, it is necessary to add gtructure of the Na overlayer, which is in reasonable agree-

negative imaginary part to the potential. We have chosen t{)negt ‘I’V'th experltTental obsc(ajrvahorr:s. In part_lclull‘ar, usmgfth|s q
put this in the sodium layer, thus the full Na potential is model we are able to reproduce the essential features foun

in the experiment by Hoffmann, Kliewer, and BernfitAt
the same time it should be pointed out that the model is not
detailed enough to reproduce exactly the same energy-level

I in an approximate way represents the effects of eIectronpOSitions as found experimentally. Given that the Na layer is

phonon, electron-electron, and interface scattering, which ifnodeled using bulk parameters, the theoretical results should
the real system eventually remove electrons from thé’e more accurate for thl_cker overlayers. We have therefore
guantum-well states near the surface. If the potential had thigoncentrated on calculating results for the 2-ML case.
value in all of space, the electron density due to a particular
state would decay in time as™2'Y% Thus the lifetime C. Wave functions
would be 7=#/(2I')~3 fs, and the peak in the spectral  To calculate the tunnel current and subsequently the light-
function associated with the state would have a full width atemission intensity we must solve the Satirger equation
half maximum of 2". It must be kept in mind that an elec- for the electron wave functions. Since we have chosen to
tron in a QWS only spends part of the time=§0% for  work with a potential that is translationally invariant in the
QWS]J) in the Na layer. Our choice fdr would thus give a directions perpendicular to the tunneling direction, we can
lifetime of some 6 fs, and a line width of 0.1 eV for QWS1. write all wave functions in the form
These values are comparable with measured values found in _
the literature®® Y(r)=y(z)e™ I, (8)
sta\g{[ei:?;l/: {/c\)/rtisrl)m%l:gt%/sa(;sgg?]ergetgatr;?heech[riggaggp?g;_In the copper sample, in view of the potential given by Eq.
. . ) : ?3), we make the nearly-free electron model ansatz

mation, but not a crucial one since the electronic structure o
the tip is not of primary importance for the analysis of the W(2) = ae’*?+ el k=92 (9)
experiment at hand. With the free-electron bandwitlth .
=8.0 eV, the potential in the tungsten tip at zero bias isfor the wave function. Inserting this into the Sctiger
Vyjp=Er—W=—0.9 eV, however, when the tip is biased the equation one finds that there is a band gap for enefgees
potential is given by, =Er—W+eU. lated to the motion in the direction betweerEq—Vy;; and

Finally, we need a barrier potential to use in vacuum beEg+Vi11. In this energy interval there are no bulk states in
tween the Na overlayer and the tip. This potential essentialljhe copper, however, one can still have surface states for
consists of two parts: a tilted square barrier and image powhich k=p—iq with p=g/2, and

tential contributions. The tilted square barrier can be written —
as q=2m[(4eE4+ Vi) P—E,—e]/h.

The resulting potential is illustrated in Fig. 3 for two differ-

Vya—il  with T'=0.1 eV.
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Thus, the wave-function envelope decays exponentially as E. Intensity of emitted light
e*and the electron is confined to the region near the copper 14 cajculate the differential power of the emitted light we

surface. Since we use a positive value for the corrugation ofyst carry out the sum over initial and final electron states as
the potential ¥1;,=2.5 eV) states near the bottom of the jgicated in Eq(1). In contrast to the case of light emission

gap will bep-like, whereas states near the top of the gap argrom noble metals the final electron state is in this case, at
silike. o least in one sense, discrete. Light is primarily emitted while
The wave function in Na takes the form the electron traverses the vacuum barrier and then QWSL1 is
_ A ik —ikyz in practice t_he only posslble fl_nal stafassuming par_allel
P(z)=Ae™N=+Be N, (10 momentum is conservgdit dominates the local density of
whereky,= v2m(e — Vya+1T)/% and the branch cut of the States completely in the energy range just above the substrate
square-root function is placed along the negative real axis sgemi level.

that the imaginary part oy, is positive. In the barrier re- Therefore in the calc_:ulations_, we have solv_ed for a b_ound
gion, the wave function must be integrated numerically andptate to represen_/ytf . This state is calculated with essentially
then joined to the tip wave function the same potential as was used for the tunnel current calcu-
lation, however, in this case we sEt equal to zero, and
P(z)=Cekin?+ Fe~kip?, (1) determine an energy eigenvalue by requiring that the wave

function is decaying well inside the tunnel barrier. In the
[with kip=v2m(e —Vyp)/h] at z=z;,. The coefficientsC  andy directions this bound-state wave function is assumed to
andF, as well asA andB in Eq. (10), must be determined by behave like a plane-wave state with a certain momentum.

wave-function matching. Furthermore, in the following we will assume that this state
is almost always unoccupied so that the tunneling electrons
D. Tunnel current can make inelastic transitions into it and emit light at the

same time. This last assumption is reasonable because even

1 h cul h : d h 9f most of the tunnel current passes via QWS1, the lifetime
(1) we have to calculate the tunnel currdt, or rather, ¢ ypi siate is of the order 16 s while with a tunnel cur-

determine the tip-sample sep_a}ratldrthat ylelds_a qertaln, rent of 10 nA the delay between each tunnel event is 1.6
set value forl .. The probability current density in the %10~ 1s

direction associated with one particular wave function canbe | .- oo _dimensional model the momentum parallel to

written as the interfaces and the electron spin is conserved in the in-
elastic tunneling process. The sum over initial and final states

_ 12 in Eq. (1) then reduces to integrals over parallel and perpen-
dicular momentum,

Before we can evaluate the matrix elements entering E

11 . P
le:mﬁR ¥*(2) - d(2)

Here the first two factors serve as normalizatifgg is the

2 2
effective area of the tunnel contact, which we also use as a dp _v G(w)]

> |ial?8(Ei—Ei—hw)

normalization area for the wave functiof¥sl. is a normal- d(iw)dQ  gr2e,c® 17

ization length(in the tip), and by dividing by|F|?> we nor-

malize the current to the current carried by the wave imping- ?|G(w)|? dk, d2k|| s

ing on the barrier from the tip side. For a real-valued =2 Aeiil | 5— [ji
9 P 872e,Ct 2w ) (2m)?

potential, the probability currert, is independent of the
coordinate. In the present case, with a potential that has a XO(Ei—Ei—hw). (14)
nonzero imaginary part in the sodium layer, the probability
current is independent afto the right(in the barrier and tip  Here the integration over parallel momentum can be turned
of the Na layer, and can be evaluated anywhere in that part ahto an energy integration over an interval starting at zero
spacej , vanishes, on the other hand, in the copper since wand ending at the maximum energy ., that the electron
cannot have any propagating states in the energy gap there.dan have due to the motion parallel to the interfaces. This
tunnel current is flowing across the tunnel gap only becausenergy is given by thép Fermi energy, i.e.Eg+eU minus
of the scattering processes that eventually scatter electronise z motion energyE+#w in the initial state, i.e.E| max
out of the quantum-well states confined to the Na overlaye=E.+eU—E;—#w. We then get
and surface region of the copper.

The total electric current is obtained by summing over all

contributing states to get a total current density and then dp — ‘”ZlG(“’)FA LmEH,maX®(EII,max)
multiply by the electron charge and the effective tunneling d(fw)dQ) 8rlenc® o 2mh?
area,
d,,
XJ'ﬁ|in| J(Ei—Ef—~fhw), (19
lac=— €Al Jy- (13

where® denotes a step function. It remains to carry out the
This sum can then be turned into an energy integral. k, integration, and also this is, in view of th&function in
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8 T T T T T T tative features in common with the experimental spectra
shown in Figs. 1 and 2. At first, for bias voltage®2.5 V,

the spectrum has a relatively broad peak that is cutoff on the
high-energy side. Since QWSL1 is the final state in the light-
- emission process the maximum photon energy egaeéls
—(E;1—Eg), and noteU [cf. Eq. (17)].

Once the bias voltage becomes high enough that electrons
can be injected into the upper QWS most of the tunnel cur-
rent will take this path. At the same time the tip-sample
separation increases to maintain the tunnel current at a con-
stant value. Quite naturally the electrons injected into the
upper QWS will also dominate the light-emission processes
at these higher voltages. Most of the emitted photons will
have an energy closely corresponding to the energy differ-
ence between the two quantum-well states.

Returning to the model, these facts can be understood as
follows. As long as the tip Fermi energy lies below QWS2 all
initial-state wave functions will decrease exponentially upon
traversing the tunnel barrier. Therefore wave functighs
corresponding to a broad range of energies give comparable

FIG. 4. Calculated light-emission spectra for the Naxa) ~ contributions to the integral in E¢17). The shape of the
system with an overlayer thickness corresponding to 2 ML. TheSPectrum in this case is mainly determined by the phase-
spectra were calculated for a series of bias voltages, while the turfPace factorr+eU—E; % ) and the field-enhancement
nel current was kept fixed at 10 nA by varying the distance betweefiactor |G(w)|?.
tip and sample. For higher bias voltages, whdfr+eU exceeds,, it is

instead the last factor in Eq17), the matrix-element inte-
the integrand, straightforward. If we IE{, stand for the band gral, that determines the spectral shape. The final state re-
bottom energy in the tip, one hagk?/(2m)=E;—E,. Itis  mains the same and therefore, to have a large matrix element,

INTENSITY (10° W)
N D

N

PHOTON ENERGY (eV)

then possible to show that the initial-state wave functiogl; must be large in the part of
space where the final state resides. This will happen when
Sk, + 2m(Es+hw—Ep)/h?) the initial-state energy coincides wiHy since therresonant
S(Ei—Ei—hw)= ' tunnelinginto QWS2 is possible and; will look like the
—\2m(E;+hw—E,) upper wave function illustrated in Fig. 3. Even if there are
m (16) plenty of initial states with energies both somewhat below

and aboveE,, they will not at all give as large contributions
and when this is inserted into E@L5) we get the final result to the emitted light intensity because their wave functions are
much smaller near the Na overlayer surface. As a result of
dP  €0’G(w)|? this the light-emission spectrum develops a peak ardund
d(hw)dQ e 64meghc? =hw=E,—E;.
The overall intensity of the emitted light is smaller at the
(Efr+eU—E;—%w)O(Er+eU—E;—fiw) higher voltages. The main reason for this is that raising the
X voltage moves the peak of the light-emission spectrum away
V2m(Eyt+hw—Ep) from the frequency range near 2 eV where a tungsten tip and
Iy b 2 a copper sample have an interface-plasmon resonance caus-
J dz[—zpi— UF — (17) ing resonantly enhanced light emission. At a photon energy
9z 9z of 2.3-2.4 eV there is still a considerable field enhancement
Note that we have made the replacemépt>E;, in the last ~ between the tip and sample, b@Gtis typically down by a
equation because the final state here is identical to the lowector of 2 compared with the resonant case. Thus, the peak

QWS. Thez integration is limited to the vacuum part of in the light-emission spectrum at~2.3 eV is entirely due
space, since the electromagnetic field enhancement is mud@ the special electron structure of the Na(Cli) surface.

X

higher there than in the tip and sample. The experimental results also illustrate the last point in an
interesting way. With 1-ML coveragérigs. 1 and t)] the
V. RESULTS AND DISCUSSION emission peak due to quantum-wgk interbandl transitions

falls at a high photon energy where the electromagnetic en-
Figure 4 shows spectra calculated from the model of Sechancement is relatively small. Consequently, comparing
IV for a number of different bias voltages. The calculatedspectra taken at different voltages, the plasmon-mediated
tunnel current was kept constantigt=10 nA in all cases by light emission yields the more intense peaks in these spectra.
changing the tip-sample separation. However, for 0.6-ML coveraggrig. 2@)] the quantum-well
We see that these spectra have a number of general qualiansition occurs at a lower photon energy, near the maxi-
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mum of the electromagnetic enhancement. In this case thes originate from the region around the STM tip, the inten-
“gquantum-well peak” is more intense than the peak occur-sity can be found by multiplying the electromagnetic energy
ring at the lower bias voltage. density, excluding the zero-point energy, by the speed of
In this context let us discuss why it is reasonable to caldight. The energy density can be expressed in terms of
culate the electromagnetic enhancement at a point just beloWeldysh GF’s as
the tip apex both for plasmon-mediated and QWS transition
light emission. In the first case, this is natural since the light- . * - -
emission event must take place while the electron tunnels W_'eofo 27 Peello.lo, T @)+ Deelo.No, @)1,
from tip to sample. In the latter case, the electron is injected (A1)
into a fairly long-lived state, and in principle it may end up - - )
in a point quite far away from the tip apex before a photon isWhere Deg(ro.ro,@) and Dgg(ro,ro.w) are the Fourier
emitted. However, with a lifetime of 10 fs and a lateral elec-transforms of
tron velocity of 18 m/s the distance traveled by the electron < _
is no more than 1 nm, thus it would still be in a region where Dee(roiro,t)=—i(Ey(ro,0)E(ro,t)) (A2)
the electromagnetic enhancement has not dropped off very,q
much (cf. the discussion in Sec. IV)A
_F_rom the calcu!ated re_sul_ts, one can estima_te the_quantum Die(ro,Fo,t)=—i(E(ro,t)Ey(rg,0)), (A3)
efficiency of the light-emission process to be 20emitted
photons per tunneling electron. This number compares wellespectively. In writing these expressions we have assumed
with the experimental result. It is considerably larger thanthat the tunnel current causing light-emission flows in the
what is observed for inverse photoemission processes at@rection near the origin and sends gupolarized light with
single surface, however, the quantum efficiency of STM-an electric fieldE= 6E,, pointing in the# direction in the
induced light emission from most notably Ag samples mayfar field. Consequently, the radiated differential power can be
reach values between 16 and 1073, written as

H 2
V1. SUMMARY O O o (ro.ro+ )+ DEelTo o — )],
. . d(hw)dQ 27h
In summary we have interpreted experimental observa- (Ad)
tions of STM-induced light emission from the quantum-well
system Na on C111) using model calculations of the elec- The two Keldysh GF’s in Eq(A4) actually yield identical
tronic structure and the optical properties of the tip-samplecontributions and in the following we will only deal with
region. The main features of the experimental data, namelyp ~.
two distinct spectral structures, and their intensity variation We need to find an expression for the contributions to
with the tip-sample voltage are reproduced by the calculaDgz, which result from interactions between the electro-
tions. The emission lines are attributed(8 emission from  magnetic field and the electron system in the STM tip and
a localized plasmon which is excited by inelastic tunneling tosample. This interaction is to the lowest order
a quantum-well state andb) transitions between two
guantum-well states. The electromagnetic enhancement , €
present in the tip-sample cavity substantially enhances the H'= 2m ; [A(rn) Pt o A(ra)], (AS)
intensity of the emission and explains the observed, high
quantum efficiencies. where A is the electromagnetic vector potentialE (
=—gAlat), the sum runs over the electrons, andandp,
ACKNOWLEDGMENTS are the electron coordinates and momentum operators, re-
_ _spectively. By performing &matrix expansion oDg¢ to
~ This research was supported by the European Commissecond order irH’ we find, using the rules for “analytic
sion via the TMR networlEMIT. The work of G.H. and R.B.  ¢ontinuation,® that Dg¢ can be expressed as a product of
was further supported by the Deutsche ForschungsgemeiRyq photon Green's functions and a current-current Green's
schaft via the “Schwerpunktsprogramm Elektronentransfermnction,
prozesse an Grenzflaen,” and the work of P.J. was sup-
ported by the Swedish Natural Science Research Council 1
(VR) and by the SSF through the Nanometer Consortium at ~ Dgg(rg,fg,®)= —zf d3r1f d3r,DEA(rg.r1,0)
Lund University. h

XIIS(rq,ry,@)Da(r,,1g,@). (A6
APPENDIX (r1,r2,@)Dae(ra,ro, ). (AB)

These Green’s functions are the Fourier transforms of a re-

In this appendix we derive Eql) using the Keldysh non- tarded photon GF

equilibrium Green’s-functioiGF) technique’®>*We wish to
calculate the intensity of the spontaneously emitted light at a L= =10 EHr,0),ALr",0)]) (A7)
detection pointr, far away from the STM tip and sample. BRI T A

Since all photons appearing at this point that are of interest tan advanced photon GF
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DAE(r.r' . H)=i6(—t)([Ar,t),Eo(r',0)]), (A8) B direction inr’. Thus, D,4(r,r',®) can be calculated
within the framework of classical electrodynamics. Tie

and the current-current GF element of interest here can be written as

IT=(r,r’,t)=—i{j(r',0)j,(r,t)). (A9) ikro
The current-density operator Dio(fs fo,0)=——— 2 G(6p,0), (AL3)
Eoc 7TrO
i T
j(r)= ieh vi(r) gw(r) —W(r) gW(r) (A10) whereG is an enhancement amplitud®.is given by thez
z 2m 0z iz | component of the local electric field in the tunnel gap when
where ¥ and W' are electron annihilation and creation & plane wave of unit amplitude incident from the direction of

operators? ro impinges on the tip-sample system. In free space one

At this point we can make a number of approximationsVould simply haveG(#,»)=siné. The detailed scheme for
and simplifications. The inelastic tunneling events occur in galculatingG has been described earlier, for example, in Ref.
very small part of space in the tunnel gap in a regiofsob . , .
nanometer size. The photon Green’s functions do not varﬁit remains to evaluate the current-current Green’s function
very much on this length scale, & andD? can be taken (r1,r2,@) and to carry out the integrations over the co-
outside the integral, and andr, can be replaced by a fixed o_rdlnatesr1 andr, in Eqg. (A6). A straightforward evaluation
point rg in the tunnel gap in these functions. Fourier trans-y'e'dS the result
formation turns time derivatives into frequency multiplica-
tions. Therefore the photon Green’s functions only need to f d3r1f d3r,II=(ry,rp,)
involve the vector potential. Moreover, in Fourier space re-
tarded and advanced GF's are each other’s complex conju-

gates, and finally the reciprocity theorem of electrodynamics = _Zﬁiﬁ; jfil?6(ho+E(—E;), (A14)
allows us to interchange the source and field points in the
retarded photon GF. This gives us where the sum runs over filled initial electron statesith
. . ot 5 energy E; and wave functiony; and empty final electron
Dea(Mo,rss@)DAg(rs,To, @)= w?|Dyy(rs,ro,0)| ( : statesf with energyE; and wave function/;, and
All
_- * .

In a case where parts of space are filled with materials char- o= e g3 i g (A15)

. . . . . Ji 2 r I;DI ‘/’f '
acterized by a relative dielectric functian(r) the (tensoy m 9z 0z

photon Green's functiol,,; solves®> By inserting the results of EqYA6), (Al1), (A13), and

5 (Al14) in Eq. (A4) we arrive at the final result

w ~
VXVX—e(r)— Dy s(r 1, 0)=—fipBS(r—r’)
c

dpP _w2|G(00,w)|2
(A12) d(fiw)dQ  gr2e,c?

and yields thea component of the vector potential in the (A16)
pointr if there is aé function current source pointing in the which is identical to Eq(1).
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