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Two-sphere model of photon emission from the scanning tunneling microscope
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Photon emission from the scanning tunneling microsd&@JeV) 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.
[S0163-182698)02711-9

I. INTRODUCTION Photon maps of surfaces with more topographic variation

show complicated behavior. It has been noted that the more

The invention of the scanning tunne”ng microscbpe curved a part of the surface is, the higher the photon counts

(STM) revolutionized surface science because of its ability td" that region, and more recently it has besep shown t%at the
produce real-space images of conducting surfaces witﬁ[peCtra vary with both the curvature of the’tqnd samplé.

atomic resolution. One of the major drawbacks with the tech! chemical information is to be obtained from surfaces with
y curvature, we need to know exactly how the spectra and

nigue however, is that ordinarily it is unable to give any. itv oh th i g I ial d thei
chemical information as tunneling occurs almost exclusivelyMe€NSity change with tip and sample materials, and their cur-

by free electrons. In 1988 it was shown that light can pevature. o
emitted from metallic film€ and since then it has been A detailed theory of photon emission from flat surfaces

shown that metallic surfaces produce emission spectra durir@‘alS ﬁlread)k/) been plubl|shé5.'l'he geometry vgas model?d as q
tunneling which are dependent on their dielectric function sphere above a plane to represent a tip above a surface, an

(Ref. 3. If this phenomenon could be understood and Con_the predicted spectra were close enough to experimental ones
trolled it would provide a powerful technique that would to say that the model works well for flat surfaces. However,

complement the STM’s superior resolution with chemicaldeSpIte th's good agreement, the analysis of the resul'gs still
analysis. left questions unanswered for these planar surfaces—it was

Methods of photon measurement fall into three basic catot made clear how Fhe in_te_nsity or spectra vary .With tip
egories. First, the intensity of the light can be measured si[fad'us’ nor whe}her this variation may change with tip mate-
multaneously with the topography to give a photon map.“al' The variation of spectra .Wlth bias was not explained
Second, the tip may be positioned anywhere on the surfacfémy’ a”?' more |mp9rtantly, It is not easy to.understand th.e
while tunneling, and a spectrum of the emitted light ac_mechanls;m, nor which parts of the mechanism change with

quired. Finally, the variation of the intensity with applied Materials or tip curvature. In all, there was a need for a
bias may be investigated theory that was modular enough so that it is clear which parts

Berndt, Gimzewski, and Johans&adaok emission spectra of the mechanism change when the materials and geometry

for a variety of tip and sample materials, and it was seen thaf"® changgd. SUCh. a model forms the basis for this Paper.
a change of tip or sample material produced an altogether The major question that this model should try to answer is

different spectrum. The mechanism of photon emission wa hgther the specira can be co_ntrollgd S0 that geometric
given as follows: a localized surface plasmon is excited in/ariations dohnot cause c?_anges n emlssmn_slpeTcr:ra_, produc-
the region beneath the tip, which radiates photons. Dielectrif"¥ SPectra tfat are specitic toda g'V‘?”l mater(lja. N mcrzase
losses mean that the spectra contain some information aboll Interest o nanometer—sm’a particles and quantum dots
the dielectric function of both tip and sample material. ForaISo suggests that the model's ability to investigate the opti-

example, a gold surface has a cutoff point in its spectrun?al properties of small particles is of great importance.

below ~510 nm, which corresponds to=—2 for gold. If

the tip is spherical, the plasmon decouples for energies above
wheree = — 2 for any surfaceAlso, for metals such as cop- The problem of finding the spectral distribution of photon
per, spectra have dips that correspond to increased lossemission from the STM breaks down into a number of
relating to interband transitions. So for flat surfaces at leastmaller tasks. First, the potential of the localized plasmon is
it seems that identifying a gold surface from a silver one, forfound by solving Laplace’s equation in the appropriate re-
example, is simple enough. gion. Second, the radiation rate for an excited plasmon hav-

Il. THE MODEL
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tions is assumed to be much larger than the size of the
system—i.e., retardation effects are ignored. As the tip and

=F2 {An exi —(n+ 3]

- +By expl(n+3) 1]} Po(c0s 7). @
¢

n=y, sample radii of interest are 100 A and the measured wave-
lengths are several hundred nanometers, it is a reasonable
approximation to consider a nonretarded potential. There is
cylindrical symmetry in this case, and a potential that satis-

'\uwe fies Laplace’s equation in these coordinates with¢gnde-

=0 pendence has been shown to be of the f8rm
However, in the upper sphere the first term would become
infinite asu tends to infinity, and similarly the second term

FIG. 1. (8 Model of the STM geometry. Top and bottom js jgnored for the bottom sphere asbecomes negative in-

spheres represent the tip and sample with optical properties) finity. So the potential in all three regioriop sphere, gap,
and e,(w), respectively.(b) Representation in bispherical coordi- bottom spherecan be written as
nates.u= u, on the surface of the top sphere, ane 1, on the

bottom sphere’s surface. y1=F 2 (A, ext{ —(n+3)ul}Po(cosn), w=py,
n

ing this potential is determined. Third, the rate of plasmon

excitation by tunneling electrons is calculated. Finally, the

rate of plasmon deexcitation by interaction with electrons FE {An exid = (n+3)u]

(dielectric los$ is found; when all these rates of excitation

and deexcitation are known, they are combined in an equi-  +Bn exf(n+3)u]}P(CoS7), m1=p=u,,
librium to determine the rate of photon emission. As the

plasmon is damped by the deexcitation, it is spectrally broad- _ , 1

ened. Actually, many plasmon modes at different energies Vs FE [By exp(n+2)u]Pq(cos 7).
are excited, and the spectral distribution is found by a super-
position of all the broadened modes.

In order to describe a geometry for which surfaces may'i
have curvature, a two-sphere geometry was chosen to simu
late the tunnel junction in the STM. Figure 1 illustrates that
the two spheres have variable radii and separation, and for ()= y)  and o mo) = s ws), (4)
convenience bispherical coordinates were Us@tie three o )
Cartesian coordinates y, andz are related to the bispheri- and _the normal component of th_e electric displacement is
cal coordinates of:, 7, and ¢ by the following transforma- €0ntinuous across both surfaces, i.e.,

tion: Di(u1)=D3(u1) and D3(up)=Di(uz), (5

whereD =gqe,E andE=—-V .
The implementation of these two boundary conditions
a sinh u leads to two equations relatiry, andB,, and gives rise to
- coshu—cosy’ (1) a recurrence relationdue to the removal of the Legendre

polynomialg with terms inn+1, n, andn—1 that is repre-
The sphere-plane geometry can also be analyzed as a subsghied here in matrix form:

of the two-sphere geometry by putting,=0. A A
_ Laplace’s equ_f:\t_iOIWZ(//= 0,  being the plasr_non poten- pnl( B”‘l +Qn( B“) +Rn+l( B“”) =
tial) must be satisfied in both the spheres and in the vacuum n-1 n n+1
gap outside them if the wavelength of these charge oscillawhere

uspz, (3
where F= coshu—cos#, andP,, are Legendre polynomi-

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

a sin 7 cos ¢ a sin 7 sin ¢
- coshu—cosn’ y= coshu—cos 5’

(6)

x1[(2n+1)coshu,—sinh wq] —[(2n+1)coshu,+ x1 sinh wiJexd (2n+1) w4 ]
Qn= [x2 sinh u,—(2n+1)coshu,]exd —(2n+1) w,] x2L(2n+1)coshu,+sinh w,] '
heyy| X OH ) exil(2nt2)u]
Roa= (M Dlexif— 20+ 2)u5]  —xz explusz)
P —p X1 exp(uy) exp(2nu;)
L exp(—2np,)  —xo expl— up) |
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and y(w)=[1-e(w)]/[1+¢e(w)]. Equation(6) can be

rewritten as an infinite matrix that is equivalent to an infinite QFJ o1dS and QZ:f 0,dS
series of X2 matrix equations for alh, or as one termi- 51 %2
nated after a large number of terfugp to ny,,y)-

Whenever the determinant of this large matrix is equal toor
zero, we find an energy at which solutions to Eg). exist—
the only variables in Eq6) that are functions of energy are
the dielectric functiongrelative permittivitie$, £, ande,. A 01=2meqa, B, and g,=2meqa, A,. (11)
total of n,, Solutions are found, at energies that asymptoti-
cally rise to where the real part e,=—1 in most systems
consideredsee Sec. IY. These solutions are considered asThe errors in these sums are always found to be insignificant
separate modes, each mode having its own potential, so dbr each mode.
calculations are performed for a given mode. The matrix element for inelastic electron tunnelifopn-

It is convenient now to normalize the values &f and  sidered to be from tip to sample in Fig. 2, but it may be
B,,, as they represent the magnitude of the potential. This ishosen to be in the opposite directipwith the plasmon as
done by equating the electrostatic energy in all space to thdhe perturbation, from perturbation theory is
of the ground-state energy of the mode in question, i.e.,

%ﬁwmonZ%sof E-E*dr, 7 M=fd2 Xt Un(2) xR, (12
\%

which gives the normalization factor to obtain the ac®al  \yith the electron wave functions as
and B,. The magnitude of the potential of the dominant
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 all x,=C exd —a (z—5s/2)], xr=C' exfd —ar(z+5s/2)],
regions ¢, we can calculate the power radiated from this
oscillating dipole. The cylindrically symmetric potentials in

Eq (2) have no¢ dependence, meanlng that the charge d|sand the plasmon potential coming from E§). C andC" are

normalization constants that do not appear in the final ex-

%ressmn andM is taken over both the gap and the elec-

trodes for a square barrier.

We use the approximationg== and u=2z/a—i.e.,

tunneling takes place at the very bottom of the top sphere,
and as it does so over a few angstroms this is a fair approxi-

1= ol Ean=Enllu-y, and o2=eolEan—Eanllusuy mation. The tunneling gap musgt be much smaller thgg the

( radius of either sphere.

whereE,,, is the component of the electric-field normal to ~_ The rate of inelastic tunneling from Fermi's golden rule

the sphere, with,, coming from Eqgs(3), (5), or (6). The  Will then be

total dipole moment in the direction for spheres 1 and 2 is

moment in thex-y plane. Starting from the normalized po-
tentials ¢, the charge densities on spheres 1 and 2, respec
tively, are

2
pZ:f 012 dsl+f 052 ds,. © Vinei= 2 2 25— [MI?8(EL~Ep—fiw)f (1~ fg),
Sy Sy LR (13)

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

tip sample
w4 2 r|2
Prad= 2%y J |P,|°dQ sirf 0
4w*a*s, 2 filed NP A
= 2n+1)(B,—A 10 et \ﬁ\ empty  {eV
3 |2 (2n+1)( n>} (10 \\\ D~ o
3 N filled
If there exists a metallic plane underneath the two spheres, N N states
then the integral in Eq.(10) must include a factor of U E E X \\
|1+ T|?, whereT is the Fresnel coefficient for a dipole above LR t \
a reflecting plané® N \
This value for the power is converted into a rate of photon Ex UrEer
emission—i.e., photons emitted per second—by dividing by
fi o moge tO give a rate which we will calb,y. Both spheres FIG. 2. Inelastic energy diagram. Electrons lose an energy

should be charge neutrgl, and th.iS can be used to test thﬁ"modeWhen tunneling across the gadp. andEg are the energies
accuracy of the calculations leading £3, and B,,, as the of a general pair of filledstarting and empty(final) states. Fermi
expressions for the charges on the spheres are energiesEg, andEgg are marked for left and right, respectively.
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wheref, andfg are the Fermi factor6&=1 when an energy whereg is a Lorentzian with a width oA E o4 (full width at

level is occupied—not corrected for thermal broadepengd ~ half maximun). All the rates, v, Vg, and vge Must be

the factor of 2 is due to the inclusion of both possible spinevaluated at all frequencies

states. An improvement on the Lorentzian broadening can be
We now have a value for the rate of inelastic tunneling formade by using an energy-dependent or “variable” broaden-

a given modeand an overall elastic current is calculated foring. The revised line shape is the power spectrum of a

the same electron wave functions and bajridlext we must  damped oscillator whose loss term is a function of energy, in

evaluate a loss rate that relies on there being an imaginamis case due to the energy-dependent dielectric functions.

part of the dielectric function. The power lost per unit vol- The emission spectrum is just a superposition of all the

ume from the oscillation, broadened modes.
. A bulk plasmon occurs at an energy where the real part of
Pyie= —3 Re[D*-E}, (14  the dielectric functiong =0, and a surface plasmon where
. erea= —1. A plasmon on a single sphere occurs &g,
whereD=—(iw)e,egE ande, =g gqticim- =—2, so we can expect the spheres to be decoupled for
Integrating this power density over a volume gives energies above that at whieh,,= — 2. This is confirmed by
the drop in the field enhancement factor of Johansson and
7’die|=%w80J emE* -Edr, (15) M_onreal?_ However, because the use of broadening would
spheres still predict emission above this energy, it is necessary to

force the spectra to zero at and above this energy. This is
achieved by the use of an image peak of opposite sign sym-
%etrically above the decoupling energy. Both this modifica-
tion, and the broadening approximations effectively make
andB,, energy dependent, as they are in Johansson’s model.
% The imaginary part of the dielectric function has two
components: interband transition@xciting other elec-
trons and Drude losse&ue to the relaxation time of elec-
(16) trons constituting the plasmann small particles, the inter-
L band transitions are unaffected, but the Drude losses increase
wheren, is an averaged occupation number for the plas-due to surface scattering. This results in a doubling;gffor
mons. The enhancement factor for bosdhs., the plas- a silver particle of diameter20 A. &, is not measurably
mons is present on the left-hand side of E@.6). HCC is  affected. So smaller particles should give rise to broader fea-

whereeg;, is the imaginary part of the dielectric function for
whichever sphere. This expression is evaluated from the p
tentials, then divided b¥ wnoge, tO give the rate of dielectric
|OSS, Vdiel -

In order to obtain a steady state we must construct a ra
equation balancing excitatidimelastic tunnelingand deex-
citation (radiation and dielectric lo$s

(14 Nocd Vinel™ NoccVradt NoccVdiel s

found to be much smaller than 1 here. tures in the spectra, as the broadening is proportiona,to
So the rate of inelastic events in Eqg. (15), although the positions of the modes will not
change as .y does not change. If the particles are non-
— Vinel Vrad Vdiel) spherical the energy at which the spheres decouple will be
(1+Nocd Viner  OF VradT Vdiel— Vinel 17) different. For prolate spheroids this decoupling will occur

when e, is below —2, and for oblate spheroids when it is

between—1 and—2. So the cutoff in spectra is expected to

L o be at higher energigshorter wavelengthdor flat grains or

Nocc¥rad OF L“id_ (18) blqnt tips and at lower energies for sharp tips or high aspect
Vradt Vdiel ™ Vinel ratio structures.

All these rates are for a given mode. The total rates can be Johansson's modef should also be considered so that it
found simply by adding the rates for all modes found, as theyn@y be compared with ours. It starts with the reciprocity
are independent. theorem of electrodynamps, to relat_e the glectnc field some
Due to the uncertainty principle, each mode can radiate place far away from_ the tlp'to the |nela§tlc tunnel current
photon with different energy to that of the plasmon mode under the tip. It achieves this by swapping the “detector”
Experimental results show broadened featdrasd often the  (far from the tip and “source” (under the tip in a similar
modes are so broadened they are indistinguishable as sep2y t0 how the radiation pattern of an antenna can be
rate peaks. The finite lifetime originates from the presence ofWapped for the response of a receiver. Like an antenna, an
the dielectric loss and radiative processes that damp the o§hhancement in the field occurs under the tip because of the

and the rate of photon emission events is

cillation. So the width of the Lorentzian, favorable geometry and materials. This response function, or
enhancement factor, is solved from potentials of the same
AE mode= i Viel+ A Vyag- (19  form as Eq.(3), and the recurrence relations for the sphere-

_ sphere case in Eq6) effectively reduce to those quoted by
The response away from the eigenfrequency means thgbhansson for the sphere-plane case by substituting0.

the rate Eq(16) should be replaced by The coefficients corresponding #, and B, can be calcu-
_ lated at any energy in Johansson’s model. It was quoted that
9(@~ @mode (1+ Nocd) Vinel( @) at lower energiesA, and B, were the dominant “modes”
_ — — and at higher energies higher numbered “modes” domi-
= 9(@ = ®mogd Nocctrad @) + (@ = @mode Noccr diel( @) nated, although in our model these “modes” are merely

(200 components of each mode. A similar finding is also made for
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this model, that for the lowest-energy mode the dominant
components aréd, and By, and, for example, the fourth- (a)
lowest energy mode will be dominated By, andB;. The + T +
inelastic current matrix is calculated for a trapezoidal barrier
by Johansson; however, the inelastic matrix uses a response
function that is constant throughout the gap, whereas in re-
ality it usually changes sign. For our model, this perturbation
is taken as varying in the gap and an approximate contribu-
tion from the electrodes is also included in the matrix. In
Johansson’s model, at any frequency the electric field and ; - : : : ]
subsequently the photon emission are calculated at the detec- 200300400 avelongth oy 200 900
tor. In our two-sphere model, modes at a variety of frequen- e
cies are responsible for the photon emission, and their poten- (b)
tials and energies are calculated explicitly. Other advantages 3 ]
of this model are its two-sphere capability, and the separate
calculation of the three rates of excitation and deexcitation.
Also, all these rates and other physical parameters such as
dipoles and charge densities and plasmon production rates
can be evaluated for each mode and each sptwerplang
separately, if required. Furthermore, the explicit nature of the
calculations involving the potentials are easier to understand - - s 1 .
than the use of the enhancement factor, which combines all 200300500 gt a0

the geometric and material properties. However, the convo-

lution of the modes with the line shape and thg,= —2 FIG. 3. Predictions of emission spectra from our model to com-
cutoff is less preferable to Johansson’s approach for numerpare with Ref. 10 foka) W and (b) Ag tips with radii of 300 A on
cal accuracy. In short, Johansson’s model treats the phenom-Ag(111) surface. Tip-surface separations &5 A and(b) 7.5
enon as enhancement, then emission; ours treats it as excit@-These spectra do not include the response of the detgitited
tion (inelastic tunneling then deexcitatioiiphoton emission in Ref. 4.

or dielectric loss

intensity (arb. units

intensity (arb. units)
T
1

per tunneling electron, which agree to the right order of mag-
nitude with those determined experimentallfy.al W tip is
used, the modes are situated close to the energy whgje

The model is able to predict spectra for any combination= — 1 for the sampld3.68 eV for Ag, and changing the tip
of tip and sample materials, provided their dielectric func-to a noble metalAg, Au, Cu will cause the modes to be
tions, Fermi energies, and work functions are known. Theshifted down in energy. Increasing the tip radius also causes
tip-sample separation, tip bias, and tip and sample radii arthe energy of the modes to fall, so for Ag-Ag the peaks are
all variables, although in the sphere-plane case wewse redshifted. For the W-Ag case, however, the positions of the
=0. Before considering the two-sphere case we first considerery broad modes above the maximum electron energy shift
the sphere-plane case so as to afford comparison with prevenly slightly, causing minor changes to the emission spec-
ous experimental resulfs:! trum.

Figure 3 shows predictions from our model for both W  Similar calculations for the W-Cu case contain dips in the
and Ag tips on a flat Ag surface. The conditions are choseemission below=600 nm in both of the models and the real
to compare with the spectra of Berndt, Gimzewski, and Jodata®* We predict only one mode at 385 nm, and the spec-
hansson and the predictions by Johands@here is good tral features are a result of changes in the imaginary part of
gualitative agreement with experiment from both models, althe dielectric function of C{Fig. 4), as the mode is highly
though the positions of peaks tend to be predicted at shortdiroadened. The cutoff for both Cu and Ag surfaces at 3 V
wavelengths in both cases. It is important to note that in thdias is limited by the quantum cutofthe maximum electron
W-Ag case the spectral peak does not correspond to thenergy of 3 eV, and not thee,,=—2 cutoff. However,
lowest-energy mode. In fact, the lowest-energy mode herwhen the bias increases, the spectra change so as to be lim-
occurs at 3.29 eV 377 nm), which is above the maximum ited by thise ;= — 2 cutoff (=3.5 eV for both Cu and Ayg
energy of the tunneling electroi3 eV). The spectral peak is and the peaks in the spectrum are shifted up in energy until
a result of the convolution of this lowest-energy mode,the electron energy rises above this cutoff. The variation of
which has very high broadenin(@.3 eV), and the density of spectra with bias for the W-Au surface can be seen in Fig. 5.
states for inelastic tunneling. This basically forces the specAt 2 V bias, the spectra are limited by the minimum electron
trum to zero at the maximum and minimum electron energiegnergy, 2 eV or 620 nm, but when more 1thd V bias is
(3 and 0 eV hereproducing a peak at some intermediate applied the spectra become similar, being dominated by the
energy that is unrelated to the mode itself. For Ag-Ag, how-g,.o= —2 cutoff. This can be seen in both experimental
ever, the peaks in the spectrum do correspond to the lowestiatd ! and our model’s predictions.
energy modes as they occur at lower energies and have re- The variation of photon intensity wittip radius was cal-
duced broadening. Quantum efficiencies were calculated amilated to bepo R%“for the W-Au junction with a tip bias of
2.6xX10 % (W-Ag) and 9.2x 10" % (Ag-Ag) photons emitted +3.0 V. This exponent varies between 2.0 and 2.5 for all

Ill. COMPARISON OF THEORY WITH EXPERIMENTS
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Imaginary part of dielectric function

200 300 400 500 600 700 800 900
Wavelength (nm)

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

L . . . FIG. 6. Top: topography of Ag spheres with sizes of up to 17 A.
combinations of metals in sphere-plane junctions. The dethe images are of size 2080750 A2. Bottom: photon map of the

pendence of the individual rates of excitation and deexcitagame area—actually a map of quantum efficiettg photon flux

tion on tip radius was calculated to bg,R™ %% v,q  divided by the currentto remove small variations in tunneling cur-

xR, pgecR% Although these combine together in Eq. rent. The images were taken at a tip bias-8.1V, tunneling
(16), as n<R®, the missingR®® comes partly from the in- current 10 nA, and the photon counts per pixel are 0-140, corre-
creasing proportion of the broadened mode able to emigponding to a quantum efficiency of 0—X70 . The tip radius
light—i.e., that which is below the.,=—2 cutoff, and was deduced to be 73 A from the apparent lateral broadening of the
partly from the increasing number of other modes appearingpheres in the topography. The spheres are formed by evaporation
below the cutoff. An advantage of the model is that we areof Ag in ~1 mbar of argon in a preparation chamber, and the STM
able to determine the relative sizes of fhdividual rates of ~ chamber is kept at a pressure 6fL0~*° mbar. The silicon sub-
excitation and deexcitatiofor each modeThese werey,,o,  Strate, originally the $111)-7x7 surfa_ce, is nonemitt?ng, ar_1d two
=7x10°sL, Vyad= 3% 108 s, and V= 5% 1051 monatomic steps can be seen running almost vertically in the to-
for the dominant and lowest-energy mode of the W-Ag junc-Pegraphy.

tion modeled in Fig. 3. This results in a natural broadening Ofphoton decay has a probability of 0.25¢ll other events
fi(viiert rad = 3.3 €V. For Ag-Ag the broadening of the tWo yeing gielectric lossesIn marked comparison, the Ag-Ag

lowest-energy modes is 0.12 and 0.27 eV. For the W-Agnction [Fig. 3(b)] has only 0.4% inelastic current, but a
junction [Fig. 3(a)] we calculated that the inelastic current probability of 24% decay to photons.
accounts for 10% of the total current, and that the plasmon t0 \ye now consider the sphere-sphere case, which is similar

to the sphere-plane case in that theg,=2 cutoff ande;,,
- ' variations will be present in the spectra, but different in that
’ the modes occur at lower energiés that the spectra are
. -6.0V more redshifted Additionally, a sphere has a larger dipole
— ., Teed than that of a flat surfad@vhere it is simply the image dipole
I - of the tip), unless the sample sphere has a far smaller radius
. 5.0V than the tip. The only change to the model is the usg of
e, =0, the two cases being otherwise identical in their methods
and assumptions.
Some of the motivation for the model arose from our
; experimental results of photon emission from Ag clusters. A
I & T photon map is presented in Fig. 6, of Ag spheres formed by
: evaporation in 1 mbar argon. In the size range 5-20 A we
. . -3.0v found experimentally that the quantum efficiency
—_— o * RyipRsamplefor a W tip of radius 73 A. Our model, however,
T predicts thatn=(Ryp)*(Rsampd > This apparent discrep-
ancy can be explained by simply noting that many instabili-
o ties occurred during experiments. This almost certainly is a
200 400 600 800 consequence of momentary contacts between tip and sample
Wavelength (nm) so that the tip picked up Ag particléd Assuming then a Ag
tip, the model’s prediction for wagxRj;Rsampie in cOM-
FIG. 5. Predictions of the dependence of emission spectra on tiplete agreement with results. Although there is no simple
bias from our model to compare with those in Ref. 11, for a 300-Arule for any combination of tip and sample materials, in gen-
radius W tip and a Au surface. The tip-surface separation is coneral increasing the tipr sample radius for any metal will
stant at 5 A. cause an increase in emissi@mtil retardation effects be-

Relative intensity
N
(=]
<

T+2.0v
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I I [ —‘W-Ag 6X10»6V"" T T T B L N
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21 - 5x10°°F (@)
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1 I & ax10°} I
2 5 1
S © .6
21 1 £ 3x107°4 T
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FIG. 7. Predictions of emission spectra for W tips dadAg, 2 25 3 35 4 45 5 55 6
(b) Au particles. In both cases, the tip bias-ig V, tip radius 73 A, Sample bias (V)
sample radius 10 A, and separation 5 A. Overall efficiencies art
W-Ag, 2.6X10°7; W-Au, 3.0x10~". Predictions for a larger ra- 6x10° 7 s S N
dius particles produce very similarly shaped spectra, as do those fi i (b)
Ag tips. 5x10° 7 [ ]
Py [
come important A further consequence of increasing tip or § 4x10 |-
sample radius is that modes will be redshifted. £ Ll
The spectra predicted for two-sphere W-Ag and W-Au ¢ 3x10 |
junctions are shown in Fig. 7, for a 73 A radius tip and 10 A 2 .
radius particles at-4V bias. The two spectral peaks, at § 210 |
around 370 nmviolet) for Ag and 540 nm(green for Au, © 1071
can be seen to be entirely separable, and remain so for pe ;
ticles with a radius of less than a few hundred angstroms ol ‘ , ‘ ‘ ‘ , ,
When a large radius Ag tip is used on either a flat or spheri > 25 3 35 4 45 5 55 6
cal Ag surface, peaks such as those in Figp) ®ccur. If the Tip bias (V)

sample radius increases these peaks will be redshifted. How-

ever, for asmall radius Ag tip(or larger radius W tipthe FIG. 9. Quantum efficiency as a function of tip bias for 10-

peaks stay close te,.,= —1 and the amount of redshifting A-diam particles, taken while the feedback loop was held, for a W
is greatly reduced. The spectra are then less influenced Bip. () Ag particle, tip radius calculated as 65 A from apparent

changes in geometry. The variations of quantum efficiencyroadening of particles in imageft-hand scale (b) Au particle,
with bias for the W-Ag and W-Au junctions of Fig. 7 are tip radius unknown(right-hand scale The high level of noise in
shown in Fig. 8. Ag and Au spheres are predicted to hav#oth cases is due to the division of two noisy signals—the photon
these characteristic curves, whether the tip material is AgSeunts and tunnel current. A similar shaped curvéajowas seen
Au, or W. Changes in tip or sample radius also had littlefr @ deposit of size 100 A, formed when a voltage pulse

effect.
In order to compare the model with more experimental
data, we deposited Ag and Au as 1-nm spheres ¢hlFi
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FIG. 8. Predictions of efficiency-voltage characteristics for Ag
and Au particles atha W tip. In both cases the tip radius is 73 A,

was applied to a tip believed to be coated with a number of silver
particles.

surfaces. The metals were evaporated~ith mbar Ar, and

the Si substrate was nonemitting. These results are shown in
Fig. 9 for Ag and Au spheres, which show excellent agree-
ment with the model’s predictiond=ig. 8). This implies a
method to perform chemical mapping, whereby photons
would be collected at= —2.5 and~—3.5 V. The first map
would show only Au particles and the second, both Ag and
Au particles.

IV. STRATEGY FOR CHEMICAL IDENTIFICATION

Having demonstrated that Ag and Au particles can be
distinguished from each other, we can use the model to pre-
dict whether other metals can be distinguished by means of
their spectra. With an appropriate bias and choice of tip,
there are three possible features specific to the metal that
occur in the spectrum. First, each metal will have a cutoff in

sample radius 10 A, and separation 5 A. Again, Ag tips or largetthe spectrum at a characteristic energy whggg= — 2 (pro-

particles produce similarly shaped curves.

vided the surface is either relatively planar or spheyicéc-
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TABLE I. Optical data for common metalgalculated from Ref. 12 and their methods of identification
from emission spectra.

Energy of Value of Features ire;,, in optical
Metal Erea™ — 2 eim at 2.5 eV spectrum(1.4—-4 e\j Method of identification
Ag 35eV 1.4 cutoff, broadenin¢see N)
Al 9.0 eV 9 peak 1.5 eV features
Au 25eV 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 Ij
Cu 35eV 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, featuresee Cy
Li 3.4 eV 0.9 levels off above 2.3 eV cutoff, features
K 23eV 0.11 cutoff
Mg 6.0 eV 3.1 a a
Mn 3.8eV 14 (cutoff, see T)P
Mo l4eV 25 cutoff, broadeningsee Zn
Na 3.3eV 0.26 shoulder 1.9-2.5 eV cutoff, features
Ni 3.4 eV 10 cutoff, broadenin¢see Ag
Pt 4.5 eV 13 cutoff in UV
Ta 1.9 eV 11 large, broad peak 2—4 eV cutoff, features
Ti 3.8eV 9 (small shoulder at 1.4 6V (cutoff, features, see M
\% 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, broadeninsee Mg

Ansufficient data.
bUnlikely to be identified due to another element with a similar cutoff energy and broadening.

ond, some metals will have dips or peaksdp, that will and spectrometer capable of working freal.3-6.3 eV to
cause spectra to have characteristic peaks or dips at certagtentify all metals. A higher efficiency alternative would be a
energies. Third, metals could be distinguished by comparing-100 A Ag tip, though it would be able to identify many
the broadening of the spectra. Table | shows cutoff energiesewer metals due to its lower cutoff ener@yut it would not
features ing;,, and relative broadening for a number of require ultraviolet detection With either of these two tips,
common metals. the modes would be kept close to the surface plasmon fre-
It should be noted however, only features in the sample’guency (at e,,=—1) and as such the spectra should be
eim below its cutoff energy can show up in the spectrum.largely invariant to changes in geometry. And whichever tip
Also, if a W tip is used on Ag particles then the spectrumis used, the bias must be large enough to show up the cutoff
will stop at 3.5 eV(e,.o= —2 for Ag), whereas a spectrum energy of the material, and both a high tunnel current and
from an Al particle will stop at 5.3 eVe, 5= —2 for the W  good collection/detection system should be used to ensure a
tip) rather than 9.0 eMg, = —2 for the Al samplg In  low-noise spectrum.
other words, a tip will only be able to identify cutoff energies
below that of its own. If the tip is used on a sample with a
higher-energy cutoff then the resulting emission spectra are
dominated by the tip's dielectric function rather than the Early studies of photon emission from metals concen-
sample’s. This can be seen in the results of Berndt antrated on the localized plasmon and how the ggaia the
Gimzewski* of the W-Ti and W-Fe systems. The first spec- emission were a result of some sort of resonance phenom-
trum was featurelesgollowing the dielectric function of i enon. Photon maps of granular films were unpredictable
but the second had more structure in the range 600—-800 nand the whole process seemed interesting but little more than
(following the dielectric function of W, which has variations an extension of investigations into photon emission from
in that region. solid-state tunnel junctions. Later, from work on single-
In order to identify the widest possible range of metals,crystal metald;'! it became clear that the dielectric function
the ideal tip would be Al and have a radius-e60 A. Inthis  of the sample played an important role in the emission spec-
way spectra would always be limited to the sample/gy  trum. Although many features in these spectra corresponded
= —2 energy, and would be broad enough to show up variato the dielectric functions, interest was focused more on the
tions ine;,. Although its good topographic resolution would positions of the peaks, and the fact that they varied with
be another benefit, its major drawback would be its low ef-geometry suggested that it would be difficult to extract
ficiency, and it would take a sophisticated collection systenthemical information.

V. CONCLUSION
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The theory presented in this paper is modular enough teonfused, but this uncertainty in energy should be small, as
show which parts of the mechanism are dominated by geone ., changes rapidly.
etry and materials, and it is able to cope with sample curva- In order to identify a wide range of metals, a spectrometer
ture, which is essential. The predictions of the theory comwith extended ultraviolet sensitivity is required. Also, as
pare favorably with experimental results in the sphere-planemission can be an inefficient process for many metals, both
case, and in the sphere-sphere case it agrees well with ophoton collection and detection efficiencies should be high,
experimental findings, where chemical identification of par-otherwise a long collection time may mean smaller particles
ticles was achieved even without a spectrum. will not be identified due to drift in the STM. Yet, the excit-

To identify any metal particle or part of a surface, it is ing promise of such a powerful technique that combines the
necessary to take the emission spectrum. For a certain tiguperior resolution of the STM with simultaneous chemical
radius and material, the spectrum will be dominated by theanalysis should be incentive enough for many to implement
dielectric function of the sample. Then almost all metals carsuch an add-on optical system.
be identified from either theie .= —2 energy(where the
spectrum is forced to zeyaor features at certain energies
relating to changes in;,,, provided the bias is high enough.
For nonspherical tips or surfaces, the spectrum will be forced This work was carried out as part of an ESPRIT basic
to zero wheres,, is different to —2, so metals may be research progrartProject No. 8523, PRONAND
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