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Two-sphere model of photon emission from the scanning tunneling microscope

A. Downes, M. E. Taylor, and M. E. Welland
Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, United Kingdom

~Received 27 February 1997; revised manuscript received 21 October 1997!

Photon emission from the scanning tunneling microscope~STM! has been shown to produce spectra that are
dependent on the dielectric function of the surface. This presents the exciting possibility of chemical informa-
tion from the STM, previously impossible albeit with a few exceptions. However, the spectra are also critically
dependent on the geometry of the tunnel junction—changes in either tip or sample curvature can have dramatic
effects on the spectra. A model is presented here that allows for curvature in the sample as well as the tip, and
the results compare favorably with existing experimental data. It predicts that under certain conditions, spectra
can be made almost invariant to changes in the geometry, leaving them dependent solely on the sample
material—making the STM a chemical probe. The model also predicts that gold and silver particles may be
differentiated by comparing their variations of photon intensity with bias, and this prediction is confirmed
experimentally. Finally, a strategy for chemical identification of any metal surface is presented.
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I. INTRODUCTION

The invention of the scanning tunneling microscop1

~STM! revolutionized surface science because of its ability
produce real-space images of conducting surfaces
atomic resolution. One of the major drawbacks with the te
nique however, is that ordinarily it is unable to give a
chemical information as tunneling occurs almost exclusiv
by free electrons. In 1988 it was shown that light can
emitted from metallic films,2 and since then it has bee
shown that metallic surfaces produce emission spectra du
tunneling which are dependent on their dielectric function«
~Ref. 3!. If this phenomenon could be understood and c
trolled it would provide a powerful technique that wou
complement the STM’s superior resolution with chemic
analysis.

Methods of photon measurement fall into three basic c
egories. First, the intensity of the light can be measured
multaneously with the topography to give a photon m
Second, the tip may be positioned anywhere on the sur
while tunneling, and a spectrum of the emitted light a
quired. Finally, the variation of the intensity with applie
bias may be investigated.

Berndt, Gimzewski, and Johansson4 took emission spectra
for a variety of tip and sample materials, and it was seen
a change of tip or sample material produced an altoge
different spectrum. The mechanism of photon emission w
given as follows: a localized surface plasmon is excited
the region beneath the tip, which radiates photons. Dielec
losses mean that the spectra contain some information a
the dielectric function of both tip and sample material. F
example, a gold surface has a cutoff point in its spectr
below '510 nm, which corresponds to«522 for gold. If
the tip is spherical, the plasmon decouples for energies ab
where«522 for any surface. Also, for metals such as cop
per, spectra have dips that correspond to increased lo
relating to interband transitions. So for flat surfaces at le
it seems that identifying a gold surface from a silver one,
example, is simple enough.
570163-1829/98/57~11!/6706~9!/$15.00
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Photon maps of surfaces with more topographic variat
show complicated behavior. It has been noted that the m
curved a part of the surface is, the higher the photon cou
in that region, and more recently it has been shown that
spectra vary with both the curvature of the tip5 and sample.6

If chemical information is to be obtained from surfaces w
curvature, we need to know exactly how the spectra a
intensity change with tip and sample materials, and their c
vature.

A detailed theory of photon emission from flat surfac
has already been published.7,8 The geometry was modeled a
a sphere above a plane to represent a tip above a surface
the predicted spectra were close enough to experimental
to say that the model works well for flat surfaces. Howev
despite this good agreement, the analysis of the results
left questions unanswered for these planar surfaces—it
not made clear how the intensity or spectra vary with
radius, nor whether this variation may change with tip ma
rial. The variation of spectra with bias was not explain
fully, and more importantly, it is not easy to understand t
mechanism, nor which parts of the mechanism change w
materials or tip curvature. In all, there was a need fo
theory that was modular enough so that it is clear which p
of the mechanism change when the materials and geom
are changed. Such a model forms the basis for this pape

The major question that this model should try to answe
whether the spectra can be controlled so that geome
variations do not cause changes in emission spectra, pro
ing spectra that are specific to a given material. The incre
in interest of nanometer-sized particles and quantum d
also suggests that the model’s ability to investigate the o
cal properties of small particles is of great importance.

II. THE MODEL

The problem of finding the spectral distribution of photo
emission from the STM breaks down into a number
smaller tasks. First, the potential of the localized plasmon
found by solving Laplace’s equation in the appropriate
gion. Second, the radiation rate for an excited plasmon h
6706 © 1998 The American Physical Society
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57 6707TWO-SPHERE MODEL OF PHOTON EMISSION FROM . . .
ing this potential is determined. Third, the rate of plasm
excitation by tunneling electrons is calculated. Finally, t
rate of plasmon deexcitation by interaction with electro
~dielectric loss! is found; when all these rates of excitatio
and deexcitation are known, they are combined in an e
librium to determine the rate of photon emission. As t
plasmon is damped by the deexcitation, it is spectrally bro
ened. Actually, many plasmon modes at different energ
are excited, and the spectral distribution is found by a sup
position of all the broadened modes.

In order to describe a geometry for which surfaces m
have curvature, a two-sphere geometry was chosen to s
late the tunnel junction in the STM. Figure 1 illustrates th
the two spheres have variable radii and separation, and
convenience bispherical coordinates were used.9 The three
Cartesian coordinatesx, y, andz are related to the bispher
cal coordinates ofm, h, andf by the following transforma-
tion:

x5
a sin h cosf

coshm2cosh
, y5

a sin h sin f

coshm2cosh
,

z5
a sinh m

coshm2cosh
. ~1!

The sphere-plane geometry can also be analyzed as a s
of the two-sphere geometry by puttingm250.

Laplace’s equation~¹2c50, c being the plasmon poten
tial! must be satisfied in both the spheres and in the vacu
gap outside them if the wavelength of these charge osc

FIG. 1. ~a! Model of the STM geometry. Top and bottom
spheres represent the tip and sample with optical properties«1(v)
and «2(v), respectively.~b! Representation in bispherical coord
nates.m5m1 on the surface of the top sphere, andm5m2 on the
bottom sphere’s surface.
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tions is assumed to be much larger than the size of
system—i.e., retardation effects are ignored. As the tip
sample radii of interest are<100 Å and the measured wave
lengths are several hundred nanometers, it is a reason
approximation to consider a nonretarded potential. Ther
cylindrical symmetry in this case, and a potential that sa
fies Laplace’s equation in these coordinates with nof de-
pendence has been shown to be of the form10

c5F(
n

$An exp@2~n1 1
2 !m#

1Bn exp@~n1 1
2 !m#%Pn~cosh!. ~2!

However, in the upper sphere the first term would beco
infinite asm tends to infinity, and similarly the second ter
is ignored for the bottom sphere asm becomes negative in
finity. So the potential in all three regions~top sphere, gap
bottom sphere! can be written as

c15F(
n

$An8 exp@2~n1 1
2 !m#%Pn~cosh!, m>m1 ,

c25F(
n

$An exp@2~n1 1
2 !m#

1Bn exp@~n1 1
2 !m#%Pn~cosh!, m1>m>m2 ,

c35F(
n

@Bn8 exp~n1 1
2 !m#Pn~cosh!, m<m2 , ~3!

whereF5Acoshm2cosh, and Pn are Legendre polynomi-
als.

Two sets of boundary conditions must be applied. T
potentials must be matched at both surfaces, i.e.,

c1~m1!5c2~m1! and c2~m2!5c3~m2!, ~4!

and the normal component of the electric displacemen
continuous across both surfaces, i.e.,

DI 1
'~m1!5DI 2

'~m1! and DI 2
'~m2!5DI 3

'~m2!, ~5!

whereDI 5«0« rEI andEO 52¹c.
The implementation of these two boundary conditio

leads to two equations relatingAn andBn , and gives rise to
a recurrence relation~due to the removal of the Legendr
polynomials! with terms inn11, n, andn21 that is repre-
sented here in matrix form:

Pn21S An21

Bn21
D1QnS An

Bn
D1Rn11S An11

Bn11
D50I , ~6!

where
Qn5F x1@~2n11!coshm12sinh m1# 2@~2n11!coshm11x1 sinh m1#exp@~2n11!m1#

@x2 sinh m22~2n11!coshm2#exp@2~2n11!m2# x2@~2n11!coshm21sinh m2#
G ,

Rn115~n11!F 2x1 exp~2m1!

exp@2~2n12!m2#

exp@~2n12!m1#
2x2 exp~m2! G ,

Pn215nF2x1 exp~m1!

exp~22nm2!

exp~2nm1!

2x2 exp~2m2!G ,
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6708 57A. DOWNES, M. E. TAYLOR, AND M. E. WELLAND
and xk(v)5@12«k(v)#/@11«k(v)#. Equation~6! can be
rewritten as an infinite matrix that is equivalent to an infin
series of 232 matrix equations for alln, or as one termi-
nated after a large number of terms~up to nmax!.

Whenever the determinant of this large matrix is equa
zero, we find an energy at which solutions to Eq.~6! exist—
the only variables in Eq.~6! that are functions of energy ar
the dielectric functions~relative permittivities!, «1 and«2 . A
total of nmax solutions are found, at energies that asympto
cally rise to where the real part of«2521 in most systems
considered~see Sec. IV!. These solutions are considered
separate modes, each mode having its own potential, s
calculations are performed for a given mode.

It is convenient now to normalize the values ofAn and
Bn , as they represent the magnitude of the potential. Thi
done by equating the electrostatic energy in all space to
of the ground-state energy of the mode in question, i.e.,

1
2 \vmode5

1
2 «0E

V
EI •EI * dt, ~7!

which gives the normalization factor to obtain the actualAn
and Bn . The magnitude of the potential of the domina
mode in most cases is found to be in the range 0.1–1 V

Now that we have the potential of a particular mode in
regions c, we can calculate the power radiated from th
oscillating dipole. The cylindrically symmetric potentials
Eq. ~2! have nof dependence, meaning that the charge d
tributions on the spheres cannot give rise to any net dip
moment in thex-y plane. Starting from the normalized po
tentialsc, the charge densities on spheres 1 and 2, res
tively, are

s15«0@E1n2E2n#um5m1
and s25«0@E2n2E3n#um5m2

,
~8!

whereEmn is the component of the electric-field normal
the sphere, withcm coming from Eqs.~3!, ~5!, or ~6!. The
total dipole moment in thez direction for spheres 1 and 2 i

Pz5E
s1

s1z ds11E
s2

s2z ds2 . ~9!

Using classical electrodynamics, the powerPrad radiated
from these oscillating dipoles is

Prad5
v4

32p2«0c3 E uPzu2dV sin2 u

5
4v4a4«0

3c3 F(
n

~2n11!~Bn2An!G2

. ~10!

If there exists a metallic plane underneath the two sphe
then the integral in Eq.~10! must include a factor of
u11Tu2, whereT is the Fresnel coefficient for a dipole abov
a reflecting plane.10

This value for the power is converted into a rate of pho
emission—i.e., photons emitted per second—by dividing
\vmode to give a rate which we will calln rad. Both spheres
should be charge neutral, and this can be used to tes
accuracy of the calculations leading toAn and Bn , as the
expressions for the charges on the spheres are
o
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q15E
s1

s1dS and q25E
s2

s2dS

or

q152p«0a( Bn and q252p«0a( An . ~11!

The errors in these sums are always found to be insignific
for each mode.

The matrix element for inelastic electron tunneling~con-
sidered to be from tip to sample in Fig. 2, but it may
chosen to be in the opposite direction!, with the plasmon as
the perturbation, from perturbation theory is

M5E dz xL* cn~z!xR , ~12!

with the electron wave functions as

xL5C exp@2aL~z2s/2!#, xR5C8 exp@2aR~z1s/2!#,

and the plasmon potential coming from Eq.~3!. C andC8 are
normalization constants that do not appear in the final
pression, andM is taken over both the gap and the ele
trodes, for a square barrier.

We use the approximationsh5p and m52z/a—i.e.,
tunneling takes place at the very bottom of the top sphe
and as it does so over a few angstroms this is a fair appr
mation. The tunneling gap must be much smaller than
radius of either sphere.

The rate of inelastic tunneling from Fermi’s golden ru
will then be

n inel5(
L

(
R

2
2p

\
uM u2d~EL2ER2\v! f L~12 f R!,

~13!

FIG. 2. Inelastic energy diagram. Electrons lose an ene
\vmode when tunneling across the gap.EL andER are the energies
of a general pair of filled~starting! and empty~final! states. Fermi
energiesEFL andEFR are marked for left and right, respectively.
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57 6709TWO-SPHERE MODEL OF PHOTON EMISSION FROM . . .
where f L and f R are the Fermi factors~51 when an energy
level is occupied—not corrected for thermal broadening! and
the factor of 2 is due to the inclusion of both possible s
states.

We now have a value for the rate of inelastic tunneling
a given mode~and an overall elastic current is calculated f
the same electron wave functions and barrier!. Next we must
evaluate a loss rate that relies on there being an imagi
part of the dielectric function. The power lost per unit vo
ume from the oscillation,

Pdiel52 1
2 Re$Dİ * •EI %, ~14!

whereDİ 52( iv)« r«0EI and« r5« real1 i« im .
Integrating this power density over a volume gives

Pdiel5
1
2 v«0E

spheres
« imEI * •EI dt, ~15!

where« im is the imaginary part of the dielectric function fo
whichever sphere. This expression is evaluated from the
tentials, then divided by\vmode, to give the rate of dielectric
loss,ndiel .

In order to obtain a steady state we must construct a
equation balancing excitation~inelastic tunneling! and deex-
citation ~radiation and dielectric loss!:

~11nocc!n inel5noccn rad1noccndiel , ~16!

wherenocc is an averaged occupation number for the pl
mons. The enhancement factor for bosons~i.e., the plas-
mons! is present on the left-hand side of Eq.~16!. nocc is
found to be much smaller than 1 here.

So the rate of inelastic events

~11nocc!n inel or
n inel~n rad1ndiel!

nrad1ndiel2ninel
, ~17!

and the rate of photon emission events is

noccn rad or
n ineln rad

nrad1ndiel2ninel
. ~18!

All these rates are for a given mode. The total rates can
found simply by adding the rates for all modes found, as th
are independent.

Due to the uncertainty principle, each mode can radia
photon with different energy to that of the plasmon mod
Experimental results show broadened features,4 and often the
modes are so broadened they are indistinguishable as s
rate peaks. The finite lifetime originates from the presenc
the dielectric loss and radiative processes that damp the
cillation. So the width of the Lorentzian,

DEmode5\ndiel1\n rad. ~19!

The response away from the eigenfrequency means
the rate Eq.~16! should be replaced by

g~v2vmode!~11nocc!n inel~v!

5g~v2vmode!noccn rad~v!1g~v2vmode!noccndiel~v!,

~20!
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whereg is a Lorentzian with a width ofDEmode~full width at
half maximum!. All the rates,n ine, n rad, and ndiel must be
evaluated at all frequenciesv.

An improvement on the Lorentzian broadening can
made by using an energy-dependent or ‘‘variable’’ broad
ing. The revised line shape is the power spectrum o
damped oscillator whose loss term is a function of energy
this case due to the energy-dependent dielectric functio
The emission spectrum is just a superposition of all
broadened modes.

A bulk plasmon occurs at an energy where the real par
the dielectric function,« real50, and a surface plasmon whe
« real521. A plasmon on a single sphere occurs at« real
522, so we can expect the spheres to be decoupled
energies above that at which« real522. This is confirmed by
the drop in the field enhancement factor of Johansson
Monreal.8 However, because the use of broadening wo
still predict emission above this energy, it is necessary
force the spectra to zero at and above this energy. Thi
achieved by the use of an image peak of opposite sign s
metrically above the decoupling energy. Both this modific
tion, and the broadening approximations effectively makeAn
andBn energy dependent, as they are in Johansson’s mo

The imaginary part of the dielectric function has tw
components: interband transitions~exciting other elec-
trons! and Drude losses~due to the relaxation time of elec
trons constituting the plasmon!. In small particles, the inter-
band transitions are unaffected, but the Drude losses incr
due to surface scattering. This results in a doubling of« im for
a silver particle of diameter'20 Å. « real is not measurably
affected. So smaller particles should give rise to broader
tures in the spectra, as the broadening is proportional to« im
in Eq. ~15!, although the positions of the modes will no
change as« real does not change. If the particles are no
spherical the energy at which the spheres decouple wil
different. For prolate spheroids this decoupling will occ
when« real is below22, and for oblate spheroids when it
between21 and22. So the cutoff in spectra is expected
be at higher energies~shorter wavelengths! for flat grains or
blunt tips and at lower energies for sharp tips or high asp
ratio structures.

Johansson’s model7,8 should also be considered so that
may be compared with ours. It starts with the reciproc
theorem of electrodynamics, to relate the electric field so
place far away from the tip to the inelastic tunnel curre
under the tip. It achieves this by swapping the ‘‘detecto
~far from the tip! and ‘‘source’’ ~under the tip! in a similar
way to how the radiation pattern of an antenna can
swapped for the response of a receiver. Like an antenna
enhancement in the field occurs under the tip because o
favorable geometry and materials. This response function
enhancement factor, is solved from potentials of the sa
form as Eq.~3!, and the recurrence relations for the sphe
sphere case in Eq.~6! effectively reduce to those quoted b
Johansson for the sphere-plane case by substitutingm250.
The coefficients corresponding toAn and Bn can be calcu-
lated at any energy in Johansson’s model. It was quoted
at lower energies,A0 and B0 were the dominant ‘‘modes’’
and at higher energies higher numbered ‘‘modes’’ dom
nated, although in our model these ‘‘modes’’ are mere
components of each mode. A similar finding is also made
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6710 57A. DOWNES, M. E. TAYLOR, AND M. E. WELLAND
this model, that for the lowest-energy mode the domin
components areA0 and B0 , and, for example, the fourth
lowest energy mode will be dominated byA3 and B3 . The
inelastic current matrix is calculated for a trapezoidal bar
by Johansson; however, the inelastic matrix uses a resp
function that is constant throughout the gap, whereas in
ality it usually changes sign. For our model, this perturbat
is taken as varying in the gap and an approximate contr
tion from the electrodes is also included in the matrix.
Johansson’s model, at any frequency the electric field
subsequently the photon emission are calculated at the d
tor. In our two-sphere model, modes at a variety of frequ
cies are responsible for the photon emission, and their po
tials and energies are calculated explicitly. Other advanta
of this model are its two-sphere capability, and the sepa
calculation of the three rates of excitation and deexcitati
Also, all these rates and other physical parameters suc
dipoles and charge densities and plasmon production r
can be evaluated for each mode and each sphere~or plane!
separately, if required. Furthermore, the explicit nature of
calculations involving the potentials are easier to underst
than the use of the enhancement factor, which combine
the geometric and material properties. However, the con
lution of the modes with the line shape and the« real522
cutoff is less preferable to Johansson’s approach for num
cal accuracy. In short, Johansson’s model treats the phen
enon as enhancement, then emission; ours treats it as ex
tion ~inelastic tunneling!, then deexcitation~photon emission
or dielectric loss!.

III. COMPARISON OF THEORY WITH EXPERIMENTS

The model is able to predict spectra for any combinat
of tip and sample materials, provided their dielectric fun
tions, Fermi energies, and work functions are known. T
tip-sample separation, tip bias, and tip and sample radii
all variables, although in the sphere-plane case we usem2
50. Before considering the two-sphere case we first cons
the sphere-plane case so as to afford comparison with p
ous experimental results.4,11

Figure 3 shows predictions from our model for both
and Ag tips on a flat Ag surface. The conditions are cho
to compare with the spectra of Berndt, Gimzewski, and
hansson and the predictions by Johansson.4 There is good
qualitative agreement with experiment from both models,
though the positions of peaks tend to be predicted at sho
wavelengths in both cases. It is important to note that in
W-Ag case the spectral peak does not correspond to
lowest-energy mode. In fact, the lowest-energy mode h
occurs at 3.29 eV (5377 nm), which is above the maximum
energy of the tunneling electrons~3 eV!. The spectral peak is
a result of the convolution of this lowest-energy mod
which has very high broadening~3.3 eV!, and the density of
states for inelastic tunneling. This basically forces the sp
trum to zero at the maximum and minimum electron energ
~3 and 0 eV here! producing a peak at some intermedia
energy that is unrelated to the mode itself. For Ag-Ag, ho
ever, the peaks in the spectrum do correspond to the low
energy modes as they occur at lower energies and hav
duced broadening. Quantum efficiencies were calculate
2.631024 ~W-Ag! and 9.131024 ~Ag-Ag! photons emitted
t
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per tunneling electron, which agree to the right order of m
nitude with those determined experimentally. If a W tip is
used, the modes are situated close to the energy where« real
521 for the sample~3.68 eV for Ag!, and changing the tip
to a noble metal~Ag, Au, Cu! will cause the modes to be
shifted down in energy. Increasing the tip radius also cau
the energy of the modes to fall, so for Ag-Ag the peaks
redshifted. For the W-Ag case, however, the positions of
very broad modes above the maximum electron energy s
only slightly, causing minor changes to the emission sp
trum.

Similar calculations for the W-Cu case contain dips in t
emission below'600 nm in both of the models and the re
data.3,4 We predict only one mode at 385 nm, and the sp
tral features are a result of changes in the imaginary par
the dielectric function of Cu~Fig. 4!, as the mode is highly
broadened. The cutoff for both Cu and Ag surfaces at 3
bias is limited by the quantum cutoff~the maximum electron
energy of 3 eV!, and not the« real522 cutoff. However,
when the bias increases, the spectra change so as to be
ited by this« real522 cutoff ~'3.5 eV for both Cu and Ag!,
and the peaks in the spectrum are shifted up in energy u
the electron energy rises above this cutoff. The variation
spectra with bias for the W-Au surface can be seen in Fig
At 2 V bias, the spectra are limited by the minimum electr
energy, 2 eV or 620 nm, but when more than 3 V bias is
applied the spectra become similar, being dominated by
« real522 cutoff. This can be seen in both experimen
data4,11 and our model’s predictions.

The variation of photon intensity withtip radius was cal-
culated to beh}R2.4 for the W-Au junction with a tip bias of
13.0 V. This exponent varies between 2.0 and 2.5 for

FIG. 3. Predictions of emission spectra from our model to co
pare with Ref. 10 for~a! W and~b! Ag tips with radii of 300 Å on
a Ag~111! surface. Tip-surface separations are~a! 5 Å and ~b! 7.5
Å. These spectra do not include the response of the detector~plotted
in Ref. 4!.
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57 6711TWO-SPHERE MODEL OF PHOTON EMISSION FROM . . .
combinations of metals in sphere-plane junctions. The
pendence of the individual rates of excitation and deexc
tion on tip radius was calculated to ben inel}R20.4, n rad
}R2.4, ndiel}R0.4. Although these combine together in E
~16!, ash}R1.6, the missingR0.8 comes partly from the in-
creasing proportion of the broadened mode able to e
light—i.e., that which is below the« real522 cutoff, and
partly from the increasing number of other modes appea
below the cutoff. An advantage of the model is that we
able to determine the relative sizes of theindividual rates of
excitation and deexcitationfor each mode. These weren inel
5731010 s21, n rad5331013 s21, and ndiel5531015 s21

for the dominant and lowest-energy mode of the W-Ag jun
tion modeled in Fig. 3. This results in a natural broadening
\(ndiel1nrad)53.3 eV. For Ag-Ag the broadening of the tw
lowest-energy modes is 0.12 and 0.27 eV. For the W-
junction @Fig. 3~a!# we calculated that the inelastic curre
accounts for 10% of the total current, and that the plasmo

FIG. 4. Imaginary part of the dielectric function used in o
model for the noble metals Au, Cu, and Ag. Calculated from R
12.

FIG. 5. Predictions of the dependence of emission spectra o
bias from our model to compare with those in Ref. 11, for a 300
radius W tip and a Au surface. The tip-surface separation is c
stant at 5 Å.
e-
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photon decay has a probability of 0.25%~all other events
being dielectric losses!. In marked comparison, the Ag-Ag
junction @Fig. 3~b!# has only 0.4% inelastic current, but
probability of 24% decay to photons.

We now consider the sphere-sphere case, which is sim
to the sphere-plane case in that the« real52 cutoff and« im
variations will be present in the spectra, but different in th
the modes occur at lower energies~so that the spectra ar
more redshifted!. Additionally, a sphere has a larger dipo
than that of a flat surface~where it is simply the image dipole
of the tip!, unless the sample sphere has a far smaller ra
than the tip. The only change to the model is the use ofm2
50, the two cases being otherwise identical in their meth
and assumptions.

Some of the motivation for the model arose from o
experimental results of photon emission from Ag clusters
photon map is presented in Fig. 6, of Ag spheres formed
evaporation in 1 mbar argon. In the size range 5–20 Å
found experimentally that the quantum efficiencyh
}RtipRsamplefor a W tip of radius 73 Å. Our model, howeve
predicts thath}(Rtip)

0.5(Rsample)
3.5. This apparent discrep

ancy can be explained by simply noting that many instab
ties occurred during experiments. This almost certainly i
consequence of momentary contacts between tip and sa
so that the tip picked up Ag particles.13 Assuming then a Ag
tip, the model’s prediction for wash}RtipRsample, in com-
plete agreement with results. Although there is no sim
rule for any combination of tip and sample materials, in ge
eral increasing the tipor sample radius for any metal wil
cause an increase in emission~until retardation effects be

f.

tip

n-

FIG. 6. Top: topography of Ag spheres with sizes of up to 17
The images are of size 20003750 Å2. Bottom: photon map of the
same area—actually a map of quantum efficiency~the photon flux
divided by the current! to remove small variations in tunneling cu
rent. The images were taken at a tip bias of23.1 V, tunneling
current 10 nA, and the photon counts per pixel are 0–140, co
sponding to a quantum efficiency of 0 – 2.731025. The tip radius
was deduced to be 73 Å from the apparent lateral broadening o
spheres in the topography. The spheres are formed by evapor
of Ag in ;1 mbar of argon in a preparation chamber, and the S
chamber is kept at a pressure of,10210 mbar. The silicon sub-
strate, originally the Si~111!-737 surface, is nonemitting, and tw
monatomic steps can be seen running almost vertically in the
pography.
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come important!. A further consequence of increasing tip
sample radius is that modes will be redshifted.

The spectra predicted for two-sphere W-Ag and W-
junctions are shown in Fig. 7, for a 73 Å radius tip and 10
radius particles at24 V bias. The two spectral peaks,
around 370 nm~violet! for Ag and 540 nm~green! for Au,
can be seen to be entirely separable, and remain so for
ticles with a radius of less than a few hundred angstro
When a large radius Ag tip is used on either a flat or sph
cal Ag surface, peaks such as those in Fig. 3~b! occur. If the
sample radius increases these peaks will be redshifted. H
ever, for asmall radius Ag tip ~or larger radius W tip! the
peaks stay close to« real521 and the amount of redshiftin
is greatly reduced. The spectra are then less influence
changes in geometry. The variations of quantum efficie
with bias for the W-Ag and W-Au junctions of Fig. 7 ar
shown in Fig. 8. Ag and Au spheres are predicted to h
these characteristic curves, whether the tip material is
Au, or W. Changes in tip or sample radius also had lit
effect.

In order to compare the model with more experimen
data, we deposited Ag and Au as 1-nm spheres on Si~111!

FIG. 7. Predictions of emission spectra for W tips and~a! Ag,
~b! Au particles. In both cases, the tip bias is24 V, tip radius 73 Å,
sample radius 10 Å, and separation 5 Å. Overall efficiencies
W-Ag, 2.631027; W-Au, 3.031027. Predictions for a larger ra
dius particles produce very similarly shaped spectra, as do thos
Ag tips.

FIG. 8. Predictions of efficiency-voltage characteristics for
and Au particles and a W tip. In both cases the tip radius is 73 Å
sample radius 10 Å, and separation 5 Å. Again, Ag tips or lar
particles produce similarly shaped curves.
ar-
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surfaces. The metals were evaporated in;1 mbar Ar, and
the Si substrate was nonemitting. These results are show
Fig. 9 for Ag and Au spheres, which show excellent agre
ment with the model’s predictions~Fig. 8!. This implies a
method to perform chemical mapping, whereby photo
would be collected at'22.5 and'23.5 V. The first map
would show only Au particles and the second, both Ag a
Au particles.

IV. STRATEGY FOR CHEMICAL IDENTIFICATION

Having demonstrated that Ag and Au particles can
distinguished from each other, we can use the model to p
dict whether other metals can be distinguished by means
their spectra. With an appropriate bias and choice of t
there are three possible features specific to the metal
occur in the spectrum. First, each metal will have a cutoff
the spectrum at a characteristic energy where« real522 ~pro-
vided the surface is either relatively planar or spherical!. Sec-

re

for

r

FIG. 9. Quantum efficiency as a function of tip bias for 10
Å-diam particles, taken while the feedback loop was held, for a
tip. ~a! Ag particle, tip radius calculated as 65 Å from appare
broadening of particles in images~left-hand scale!. ~b! Au particle,
tip radius unknown~right-hand scale!. The high level of noise in
both cases is due to the division of two noisy signals—the pho
counts and tunnel current. A similar shaped curve to~a! was seen
for a deposit of size 100 Å, formed when a voltage pul
was applied to a tip believed to be coated with a number of silv
particles.
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TABLE I. Optical data for common metals~calculated from Ref. 12!, and their methods of identification
from emission spectra.

Metal
Energy of
« real522

Value of
« im at 2.5 eV

Features in« im in optical
spectrum~1.4–4 eV! Method of identification

Ag 3.5 eV 1.4 cutoff, broadening~see Ni!
Al 9.0 eV 9 peak 1.5 eV features
Au 2.5 eV 2.6 rises above 2.0 eV cutoff
Co 4.8 eV 13 cutoff in UV
Cr 6.2 eV 22 cutoff in UV~see Ir!
Cu 3.5 eV 6 jumps above 2.0 eV features
Fe 5.2 eV 16 cutoff in UV~see W!

Ir 6.2 eV 16 shoulder at 3.9 eV cutoff in UV, features~see Cr!
Li 3.4 eV 0.9 levels off above 2.3 eV cutoff, features
K 2.3 eV 0.11 cutoff
Mg 6.0 eV 3.1 a a

Mn 3.8 eV 14 ~cutoff, see Ti!b

Mo 1.4 eV 25 cutoff, broadening~see Zn!
Na 3.3 eV 0.26 shoulder 1.9–2.5 eV cutoff, features
Ni 3.4 eV 10 cutoff, broadening~see Ag!
Pt 4.5 eV 13 cutoff in UV
Ta 1.9 eV 11 large, broad peak 2–4 eV cutoff, features
Ti 3.8 eV 9 ~small shoulder at 1.4 eV! ~cutoff, features, see Mn!b

V 4.2 eV 12 broad peak at 1.6 eV features, cutoff in UV
W 5.3 eV 18 small peak at 3.4 eV, features, cutoff in UV

small dip at 1.6 eV ~see Fe!
Zn 1.4 eV 5 cutoff, broadening~see Mo!

aInsufficient data.
bUnlikely to be identified due to another element with a similar cutoff energy and broadening.
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ond, some metals will have dips or peaks in« im that will
cause spectra to have characteristic peaks or dips at ce
energies. Third, metals could be distinguished by compa
the broadening of the spectra. Table I shows cutoff energ
features in« im , and relative broadening for a number
common metals.

It should be noted however, only features in the samp
« im below its cutoff energy can show up in the spectru
Also, if a W tip is used on Ag particles then the spectru
will stop at 3.5 eV~« real522 for Ag!, whereas a spectrum
from an Al particle will stop at 5.3 eV~« real522 for the W
tip! rather than 9.0 eV~« real522 for the Al sample!. In
other words, a tip will only be able to identify cutoff energie
below that of its own. If the tip is used on a sample with
higher-energy cutoff then the resulting emission spectra
dominated by the tip’s dielectric function rather than t
sample’s. This can be seen in the results of Berndt
Gimzewski14 of the W-Ti and W-Fe systems. The first spe
trum was featureless~following the dielectric function of Ti!
but the second had more structure in the range 600–800
~following the dielectric function of W, which has variation
in that region!.

In order to identify the widest possible range of meta
the ideal tip would be Al and have a radius of;50 Å. In this
way spectra would always be limited to the sample’s« real
522 energy, and would be broad enough to show up va
tions in« im . Although its good topographic resolution wou
be another benefit, its major drawback would be its low
ficiency, and it would take a sophisticated collection syst
ain
g
s,

’s
.

re

d

m

,

-

-

and spectrometer capable of working from;1.3– 6.3 eV to
identify all metals. A higher efficiency alternative would be
;100 Å Ag tip, though it would be able to identify man
fewer metals due to its lower cutoff energy~but it would not
require ultraviolet detection!. With either of these two tips
the modes would be kept close to the surface plasmon
quency ~at « real521! and as such the spectra should
largely invariant to changes in geometry. And whichever
is used, the bias must be large enough to show up the cu
energy of the material, and both a high tunnel current a
good collection/detection system should be used to ensu
low-noise spectrum.

V. CONCLUSION

Early studies of photon emission from metals conce
trated on the localized plasmon and how the peak~s! in the
emission were a result of some sort of resonance phen
enon. Photon maps of granular films were unpredictab15

and the whole process seemed interesting but little more
an extension of investigations into photon emission fro
solid-state tunnel junctions. Later, from work on singl
crystal metals,4,11 it became clear that the dielectric functio
of the sample played an important role in the emission sp
trum. Although many features in these spectra correspon
to the dielectric functions, interest was focused more on
positions of the peaks, and the fact that they varied w
geometry suggested that it would be difficult to extra
chemical information.
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The theory presented in this paper is modular enough
show which parts of the mechanism are dominated by ge
etry and materials, and it is able to cope with sample cur
ture, which is essential. The predictions of the theory co
pare favorably with experimental results in the sphere-pl
case, and in the sphere-sphere case it agrees well with
experimental findings, where chemical identification of p
ticles was achieved even without a spectrum.

To identify any metal particle or part of a surface, it i
necessary to take the emission spectrum. For a certain
radius and material, the spectrum will be dominated by
dielectric function of the sample. Then almost all metals c
be identified from either their« real522 energy~where the
spectrum is forced to zero! or features at certain energie
relating to changes in« im , provided the bias is high enough
For nonspherical tips or surfaces, the spectrum will be for
to zero where« real is different to 22, so metals may be
ro

e

e

. B
to
-
-
-
e
ur

-

tip
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n

d

confused, but this uncertainty in energy should be small
« real changes rapidly.

In order to identify a wide range of metals, a spectrome
with extended ultraviolet sensitivity is required. Also,
emission can be an inefficient process for many metals, b
photon collection and detection efficiencies should be hi
otherwise a long collection time may mean smaller partic
will not be identified due to drift in the STM. Yet, the exci
ing promise of such a powerful technique that combines
superior resolution of the STM with simultaneous chemi
analysis should be incentive enough for many to implem
such an add-on optical system.
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