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Role of tip shape in light emission from the scanning tunneling microscope
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The influence of tip shape on the light produced by scanning tunneling microscopy is analyzed theoretically
for the case of nobel metals where collective modes enhance the photon emission. We investigate a hyperbolic
tip geometry where the aperture of the tip and its apex curvature can be changed independently. The electro-
magnetic field in the tip-sample region is calculated with the use of the boundary charge method. The tunneling
current is treated in a modified Tersoff-Hamann theory. The aperture of the tip is found to control the overall
shape of the emission spectrum, while the radius of curvature of the apex is more important for the intensity.
Experimentally observed variations of emission spectra may be understood in terms of different tip shapes. The
lateral extent of the tip-induced charge density is strongly dependent on the tip shape, and may reach a
near-atomic scale for sufficiently sharp tips. This spatial localization has direct implications for the resolution
in photonic maps.

[. INTRODUCTION ical study of tip shape effects may be helpful to establish the
role of the tip shape. We note that similar geometrical fea-
The scanning tunneling microscope has proven to be &res are also relevant in other scanning probe microscopy
powerful tool to study electronic properties of surfaces on artechniques, such as in force measurements using atomic
atomic scale. Photons emitted from scanning tunneling miforce microscopy, where tip shape plays a crucial role and
croscopy(STM) yield additional information on local elec- affects the measured force and force derivatfv¥.
tromagnetic properties:® The light emission from metal sur- ~ AS an example of the type of problem we are addressing,
faces in STM is excited by inelastic tunneling of electronsin Fig. 1 we show two experimental spectra obtained with
between the tip and sample which couples to localized, coldifferent silver tips on a silver sample in ultra-high vacuum.
lective modes of the tip and the samgidP modes.®” The  Although the current and bias voltage used in both cases
photon emission has an efficiency of around 4@hotons  Were equal, the spectra exhibit light emission peaks in very
per tunneling electrofi®® This radiative process is mainly different positions. This fact is likely due to the intrinsic
governed by two factors: first, the density of states of the tigsharacteristics of the tip used, i.e., its particular geometry, as
and the sample determining the tunneling current whichve will show Ia}ter. Similar effects were also reported for the
serves as an excitation soutteand second, the electrody- case of gold tips on gold samples bycReu et al,*® who
namic properties of the tunneling junction which depend on
the materials and the geometry which favors some energies
with respect to other¥: In this paper we are concerned with
the influence of the shape of the tip on the radiation process.
The role of the geometry in STM light emission is important,
since the local electromagnetic field distribution governing
the emission is sensitive to changes in the boundary condi-
tions of the configuration. In some approximations, the tip
was described by means of a spliéfe®or a cylindet* to
mimic the behavior of the tip close to the sample. The gross
features in the experimental results can be explained by the
use of these geometries, but some deviations found are likely
connected with the particular geometries used. Another limi-
tation of existing theories, namely, the neglect of retardation,
was recently dealt with by JohanssbriNevertheless, there
is room for improvement of the theoretical understanding of ]
a number of experimental observations. In particular, the 40\?VAVELE6£8TH 800
variability of spectra observed under supposedly similar con- (nm)
ditions is likely to be linked to varying tip geometries. This  FIG. 1. Experimental light emission spectra for two different
paper therefore aims at an understanding the influence of thaiver tips on a silver sample, normalized to the same peak height.
tip shape on light emission spectra. Although the exact shapehe tip bias used in both cases\ig= —4 V. Note the shift in the
of a tip used in an experiment is usuallpknown a theoret-  peak positions.
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obtained different spectra of light emission for different tips z
under the same bias and current conditioisge Fig. 5 of
Ref. 18.

In the framework of a nonrelativistic dielectric theory,
properly extended to deal with inhomogeneous situations, it
is possible to study what role the shape of a tip has for the
spectrum of light emission. In particular, a numerical method
based on the boundary charge metfibdlready used for an
interpretation of electron energy loss in scanning transmis-
sion electron microscop¥f;?! allows us to tackle general ' T
shapes of both the tip and sample. We calculate the radiated d s
power using a reciprocity theorem which expresses the elec-
tromagnetic field at infinity produced by the tunneling cur- h[ JirY)
rent in terms of the local-field enhancemé¢®{ at the junc- E —
tion produced by an external source located at infi?ﬁtWe € ample ind H
consider tip shapes which correspond to presumably realistic
experimental geometries. In particular, a hyperbolic tip is FIG. 2. Geometry for the STM configuration. The aperture of
considered since this geometry allows a control of both théhe tip is given by the angle), and the curvature of the apex is
aperture and the curvature of the apex of the tip, separétely.given by the ratidb/d. o, E, jir, andE;; denote the sources and
The electromagnetic modes of the junction are calculatedi€lds connected by the reciprocity theorem.
since these are important for the spontaneous emission tak- , )
ing place. The coupling of these modes with the inelastidvhere G(6.r',») represents the local-field enhancement at
current in terms of radiated power is presented for metalli¢’ for a plane wave impinging with anglé, 6 being the

materials often used in STM configurations such as silve”ndle betweem and thez axis. If we now substitute Eq3)
and gold. into Eqg. (2), we obtain

if

=
e

@ Zf d*r GO, )t w). (4

Il. FORMALISM Eif(r,w)=
47e,C

A. Radiated power

The current density gives the electric field at infinity
Eif(r,o) when weighted in the integral of E@4) by the
local-field enhancemer®(6,r’,w). Therefore, the expres-
sion for the radiated power becomes

The total radiated power per unit solid angkand unit
photon energyi e is®

d?P
— = 2|E. 2 =
dQd(fw) 2080; r?Eif(r,0)|*8(Ei —Et—ho), d2p 2 5 f - )
= r/G a'r!, i, r/'
oy dQd(fw) 877280C3 =~ ( o)) (r', o)

whereE;;(r,w) is the radiated electric field derived from an X S(E;—E(—fiw). ©
electronic transition from the initial staté) in the tip with
energyE; to the final statéf) in the sample with energf;.  In this expression two main factors determine the radiated

c is the velocity of light, and =|r| is the distance between Power: the current density; and the local-field enhance-
tip and observer. The electric field at infinity can be ex-mentG.

pressed by means of the induced field at the cavity with use

of a reciprocity theoref? (see Fig. 2 as B. Current density

The current densitji¢(r’,w) can be expressed in terms of
the transition from the tip statg) to the sample statg).
Within the transfer Hamiltonian approaéfi;®

2 * _
i (awf aw.)(r,)

| s —rig) Eatro)

:fd3r,Eind(r!r,1w)'jif(rliw)r (2) S ' I R R S
z:jig(r' o) = 5 pur i~ s P

where the indexi( f) refers to a particular transition from an g

initial sta_te||2 to a final statg f). Following the scheme in +E“f d20(2' — 2) 4 d(1) |, (6)
Fig. 2, jif(r',w) is the corresponding current density. 0

Eind(r,r',w) is the induced field at’ due to an external ) )
current sourcg,8(r—r') located atr. They can be related Where ¢; and ¢ account for the left- and right-hand-side

aL? wave functions which describe the tunneling process in the
junction. The tip-sample separation distancd,iandz is the
. iKr unit vector perpendicular to the sample surfagg;=E;
Eg(fr @)= lw - eTG(e,r’,w)jo, 3y ~Ei=—hoisthe energy difference between the initial and

4ireC final states, an® (x) is the Heaviside step function, which
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takes into account the fact that the inelastic process occurs at d—z

a particular point in the cavity'. Indeed, the last term on the Keiy(2)= \/— Et+ oS+ (eVi+ ¢t — d)s)[—} — Ef(i)> ,

right-hand side of Eq(6) accounts for tunneling transitions h? d

in which the energies of the states involved are not equal. (12
We perform the integration over the current density in the

transverse direction, and define which depends on the Fermi energy of the sanffie the

work functions¢® and ¢' and the applied bia¥,. Eg is
the energy of the findlinitial) state andz=0 corresponds to
the position at the tiginitial state.
7'=1z, In the WKB approximation the sample wave function is
given by

* —
l,bS: wf:Q;]./zCSeIka,‘ ’ Kf (*Z d)e*ng?(Z’)dZ’,
The local-field enhancement factor can be taken out of the K; (2)

integral in the transverse direction in E&), since its decay (13
in this direction is sloweralgebrai¢ than the decay of the

current given by the exponential decay of the tip wave funcawherep is the coordinate along the transverse direction,
tion itself. The radiated power can then be expressed as

h2 [yt I,
—(—fw-—w?—“’)a')

2m| 5z " 9z’

Mfi(zo,w)EJ dZS,'

d
—ﬁwfodZ(@(Zo—Z)l//?l/fi(r)]- @)

d?p alw)? 2ik,
- = Co=i————
dQd(w) h c) ik, —k(z=d)
2
X >, U dz,M+i(zo,0)G(6,2,,®) is @ normalization constank, andk; are the perpendicular
if and parallel components of the momentum of the final state
X S(E—E;— o), ®) respectively, and? (z) = x%(2) + kZH .
If we assume a free-electron gas to describe both tip and
where« is the fine-structure constant. sample materials, the matrix element connecting the initial

The matrix elemeni ¢;(z,,w) can be directly related to a and final states in Eq(7) becomes
currentl(z,,w) (Ref. 25 for a certain biad/;:

Ae Mfi(ZO!w)
2
l(zo,0)= = 2 [f(Ei—eW)~f(E)]Mi(zo,0)]
2ik KY
XS(Ei—Ei—hw). 9 _ ~1/2 L f (ki— )R
(E—Efio) O =0 iki_Kfzm\/;e( DRTi(Z,0),
We use Tersoff and Haman'’s the8tyo describe the tun- (14

neling c;grrent and extend this theory to include large bias
voltages?’ This theory includes the radius of curvature of the .. _ _
tip in the description of the current by means of a paramete\p/Ith K= Ki(2=0), x=K(2=d), and
R in the wave function describing the tip,
ﬁZ
= =0 Y2CReR(i|r—ro)) te il rol, (100 Tri(Zo,w) =5~

with r, the position of the center of curvature, and K* ,(Zo) k¥ ,(Zo) . .
* T — ki (25) = K5 (20)
2m " t 2Ki (ZO) 2Kf (Zo)
K= F(EF_’_(ﬁ —E) (19 \/Kr(zo)K?(Zo)

the inverse decay length of the tip wave function given by
the Fermi energy of the tifr and the tip work functionp'.
E; is the energy of the initial states at the tip, is a nor- P I

. . R . d e*foki (z")dz e*fzkf (z')dz
malization constant or order unlf{?,anth is the volume of —hel| dz (15)

. £ H
the tip. o w2k (@)

We adopt WKB solutions in the direction to account for

the change in the value of the potential barrier at the tunnel-
ing junction. The inverse decay lengths of the tip and sample Now, in order to calculate the tunneling current, we turn
depend on the coordinate in such a way that the potential in the sum over initial and final state$,{) into a sum over
the cavity is the same for both of them at a given point, momentum components:

« e—ff)%i* (z’)dz’e—fgoxf*(z’)dz'
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features of the system. Its explicit expression in terms of a

em S 4 eVi— o S eV o .
I(zo,w):—RZJEFﬂV‘ " EHdELfEF+evt ! parametrization ps(u),zs(1)] is
’7Tﬁ3 max{O,E,S;fEH} o]
F , " — ! ! ’ 2+ZI 2
K? I R(El)lIZ(E”‘FEL‘FfLw)l’Z m(i, ") =ps(p )\/ps(M ) s(u')
XdEg—e (ki =x0) 5
o E 4o 2) XJ'dcp—A_CCOSqD eme (21
_K 1
to2mt (B—D cosg)¥?
2m 2 where the primes denote the derivative with respect to the
X —Tri(Zo,0) (16 parametep, and
h
The distance between the tip and santpie fixed by the A=n,ps(pn) =N zg(pw) —zs(n')],
elastic current .= I(w=0) at a given tip bias/;. Typi- 5 5, Vo
cally, d is in the range of 4—7 A for elastic currents from 200 B=pg(u)+ps(p)+[zs(p) —zs(n")]1%,

nA down to 5 nA. )
C= npps(,u )
C. Local-field enhancement: boundary charge method

D=2 ").
In order to study of the local field enhancement plm)ps(i)

G(6,z,w), we use the boundary charge mettod' to cal- (n,.n)=(ZH(w), —pi(m))! /p;(,u)2+ z.()? stands for
culate the electromagnetic field distribution for a realisticihe radial andz components of the interface normal, and
shape of the tip. This method consists of solving Poisson’s (, ) is the projected external field produced by the cur-
equation by means of a surface integral involving the surfac@ent source located at infinity. In our case, we assume a hy-
charge densityr(s,») induced at the interfaces separating perpolic parametrization to describe the tip as shown in Fig.
two different media. The field;,q (see Fig. 2 from a unit 2 where it is possible to control both the curvatuts
current sourcg,s(r—r’) at infinity can be found, therefore, means of the distancke versus tip-sample distanog=b

by means of the surface charge density originated by this h) and the aperturéy means of the aperture anglg of

particular source. The self-consistent integral equation fofhe tip. The explicit parametrization for this case is:
the surface charge densityf{g!

p(p)=btan ¢)sinh( ),
N (s—s')

P o(s,w)ds’,

(€7 where the shortest distance between tip and sample=is
where the vector positiorssands’ refer to interface pointsin - +b. The radiusR included in Eq.(16) can be related to the
Fig. 2,ngis the unit vector normal to the interface at padnt  curvature radius of the tip at the symmetry point as
and —V ¢**{(s,w) is the ® component of the external field
acting ats, due to a source at infinity. (p'(w)?+2z'(w)?)%?

R= n ’ ’ " | = :btarF(¢)'
£2(0) +£1(0) 19 P (w7 () =p (W) () ™ )

Aa(s,w)=—ns~V¢>ex‘(s,w)—J z(p)=h+bcoshu),

A= o) —1(w)

which is the main reason for the strong dependence of the
tunneling current<R? on the curvature and aperture of the
tip.
Once the surface charge distribution is obtained along the
wo interfaceghyperbole and plangethe local-field enhance-
entG is obtained straightforwardly as

depends on the ratio of the two dielectric functiensande,
surrounding each interface poigtto the left and right of the
direction of the parametrizationu(, respectively.

Assuming rotational invariance, E@L7) can be properly
projected by means of an expansion in the azimuth
angleo,

2 [V¢(r,0)+ V"1, 0)]
C Z[Vere)]

As0)= 5 S onlmwed™, (9 G(r.0) S

whereu is a parameter running along the interfaces inghe where the induced part is given by the surface charge density
z plane. This expansion makes it possible to characterize Egalculated in the framework of the boundary charge method:
(17) by the conserved azimuthal numbey

. (r=9)
Vo w= [ T o(s s (24
A(w)amw,w:fmw,wwfdM'me,M')am(u',w), ¢ f|r—s’|3(r ¢

(20 This equation is a key element which takes into account
whereF ,(w,u") are the interaction matrix elements which the different boundaries corresponding to the geometrical
connect the pointg. and u’. This interaction matrix con- shapes at hand. In Sec. Ill, we use it to calculate mode en-
necting the different points only depends on the geometricagérgies of the cavity.
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Ill. MODES OF THE CAVITY 050

Before continuing to calculate the modes and the photon
spectra it is worthwile to have a closer look at the relation W/, =0.20
between geometry and mode energies. These modes deter- 0.15
mine the most probable energies for the inelastic tunneling
electrons to decay into photons. They are strictly governed
by the geometry of the junction. For simplicity, we charac-
terize both the tip and sample as metals with a plasma fre-
quencyw,. In Fig. 3 we show the surface charge density
associated with the lowest-energy collective modes of a me-
tallic tip and sample for three different cases. Figufe) 3
corresponds to a sharp tip whose aperture aggte20°. The
surface charge density is extremely localized. We find a spa-
tial extension of the induced surface charge of merely 2 nm
(a tip-sample separatiah=5 A). At the same separation, for
a more open tip with an aperture angpe=70° [Fig. 3(b)],
the energy of the mode is slightly shifted upward. More im-
portantly, the spatial extent of the surface charge density
around the junction becomes much wider. In this case, the
mode spreads out up to 15 nm, which is one order of mag-
nitude larger than in the previous case. A model based on a
sphere-plane system to model the junction resembles more
the behavior of the open tip, as can be seen in Fig). B8r a
300-A radius sphere over a plane at the same separation of 5
A . The large coupling area allows the surface charge density
of the lowest mode to spread even further than in the case of
an open hyperbolic tip. The low energy of this mode is con-
nected with the large coupling between surfaces in the case b)
of both the open hyperbolic tip and the spherical tip, and
with the larger coupling within the tip itself in the case of the
sharp tip, which confines the surface charge density to the
apex. In all the cases, the lowest mode shows an approxi-
mately dipolar pattern.

The lateral extent of this lowest mode has implications for /e, =0.26
the spatial resolution of light emission maps. Depending on
the shape of the tip, the light emission peaks are related to
larger (open tip or smaller(sharp tip areas on the sample
close to the junction, yielding a different resolution power. It
may be that the unexpected localization to a near-atomic
scale has already been observed in experiments, where
atomic resolution in photon mapping was achie?®d.o
model the observed lateral extent of intensity variations in
those experiments, a lateral extent of the TIP mode=@f
nm had to be assumed. This value is surprisingly similar to

what we find for a sharp ftlp- . FIG. 3. Surface charge density of the lowest-order mode for
The complete set of eigenfunctions found from L) yhree different junctions(@ Hyperbolic tip of 20 degree aperture.
for a hyperbolic tip next to a planar surface with no externaljyperholic tips of the 70° apertui@) and the 300-A spherical tip
source is shown in Fig. 4 for various cavitidg/'d, ¢). Only  (c). In all cases the parameter characterizing the apex has been fixed
modes withm=0 are plotted, since these are the only oneso b/d=2/3, with a tip-sample distanat=5 A . Note the different
being excited by the current at the symmetry gxigational  spatial localization of the induced charge density.
invariance. In Fig. 4(a), the spectrum of modes for the case
of a hyperboloid-plane system is shown as a function of thenodes, close to the end of the tip. For typical tunneling
dimensionless parametbfd characterizing the curvature of distances of around 5 A, the difference in the mode positions
the tip apex(cf. Fig. 2. The aperture angle> is maintained can exceed 0d,, which can be of the order of tenths of eV
equal to 3¢. The mode positions are expressed in units ofin real situations. As we increase the curvature of the tip
the square of the plasma frequenay. In this case the apex(by increasing the value di/d), there is a tendency for
modes are shifted down in energy when compared witlthe modes to shift upward, but this tendency is slow and does
modes belonging to other geometries, such as the sphereet noticeably change the value of the resonances. In Fig.
plane casé.As pointed out above, this is due to a larger 4(b) we show the dependence of the modes as a function of
localization of the surface charge density associated with ththe aperture of the tipg) for a fixed value ofb/d=2/3
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0 02 0.4 0.6 08 FIG. 5. Comparison between light-emission spectra for the case

b/d of an Ag tip and an Ag sample for different apertures of the tip
@ (¢=15°, 30°, and 45° in solid, dashed, and dotted lines, respec-
; tively). The tip-sample distance is fixed at 5 A, and the bias is 4 V.
) | The peaks have been normalized by the elastic current correspond-

RN ing to each case in order to improve the validity of the comparison

(b/d=2/3 in all caseps Peak positions are strong functions of the
aperture angle, but the intensity is similar after normalization, with
a slight tendency to increase for more open tips.

on the spectrum of cavity modes is more pronounced than
the effect of the sharpness at the apex. Thus minor details of
the tip apex do not influence the position of the resonances as
strongly. Going beyond a free-electron model, we note, how-
ever, that the tip apex has a drastic influence on the tip den-
sity of states? For this reason, the spectral features may still
depend on the tip apex even though the electromagnetic
modes remain unaffected.

b Aperture ¢ (degrees) IV. LIGHT EMISSION

FIG. 4. (a) Modes of a STM cavity as a function of the rabéd _V_Ve now TQ‘hOW th‘? main d|ffgrence.s in the radiated power
characterizing the curvature of the tip apex for a fixed aperture ofi'SINg for different tip geometries of interest. We extend the
#=30°. (b) Modes of a STM cavity as a function of the aperture of Well-known case of the sphere-plane systeéanthe hyperbo-
the tip (¢) for a fixed value ofb/d=2/3. In both cases tip and 10id plane, and study the effect of the sharpness and curva-
sample are characterized by means of a plasma frequepcynd ture of the tip |n.the light emission spectrum. In order to
only modes withm=0 are shown(full azimuthal symmetry The ~ Make a systematic study of the aperture on the one hand and
mode positions change more noticeably when changing the apertuf the curvature of the apex on the other hand, we first fix
rather than the apex curvature. the tip-sample distance and change both parameters sepa-

rately. Later, we study the case of a constant current, i.e.,
characterizing the curvature. As the aperture of the tip bevarying the separation distanceto obtain the same elastic
comes more narrowg— 0°), themodes are shifted down- current in all cases, which is more typical of experimental
ward in energy because of a more localized collective resoprocedures.

nance at the tip. For larger apertures—{90°), the modes

are again shifted downward but also upward depending on

the nature of the surface charge density associated with the A. Effect of the sharpness

modes. As a consequence of a larger area of interaction be- Different apertures ¢) of the tip cone strongly influence

tween tip and sample, which resembles the behavior of #he position of the cavity resonances, as shown in Fig); 4

cavity formed by two parallel interfaces, there exist symmettherefore, one should expect a change in the radiation peak

ric and antisymmetric modes which correspond to mode popositions as the aperture of the tip is modified. We first study

sitions larger or smaller than the planar resonanaepat\/i, the case of a silver tip on a silver sample, since it is a system

respectively. This is also the mechanism which generateghich shows well-defined peaks in experimehwe take a

low-energy modes in the case of a sphere-sample system. Wralue ofb/d=2/3 characterizing the curvature of the apex of

the intermediate region, wheig~45°, each mode witlw?  the tip, and change the aperture of the hyperbolic tip from

<1/2 assumes its largest energy. 15° up to 45°, as shown in the insets of Fig. 5. The peak
Generally, one can conclude that the effect of the aperturpositions of the light emission follow the tendency described
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FIG. 6. Radiated power for three different silver tips on silver  FIG. 7. Comparison between light emission spectra for the case
samples normalized to the elastic tunneling current. The parametet§ a Au tip and Au sample for different apertures of the tip (
used to characterize the tips are shown in the insetZ.5, 10, and  =15° and 20°) withd=4.3 and 4.75 A . The tip-sample distance is
50 A, respectively, the aperturep is fixed to 30° and the distance fixed in order to obtain an elastic current of 15 nA for a bias of 1.8
between the tip and sample is 5 A. The bias applied is 4 V. InV. Note that a slight change in the aperture clearly modifies the
contrast to Fig. 5, we now see how the apex controls the intensitposition of the emission peaks, while the intensity remains fairly
rather than the peak positions. constant.

in Sec. Ill: as the aperturé increases up to 45°, the low- position of the radiated power is negligible when compared
energy peak is shifted upwardrom 1.4 to 2.3 eV, and  with the change originating from modifications of the aper-
slightly downward again to 2.2 eV when the aperture in-ture angle under the same conditions of bias and current, as
creases beyond 45°. Comparing to the experimental observave described in Sec. lll. The absolute intensity of the peaks
tions of Fig. 1, we suggest that tips with different aperturesncreases, however, as the tip becomes more hignetater
may have been involved in this experiment. values ofb). Again, the effective area of tunneling is causing
As to the intensity of the field enhancement, we find athis increase, although the field enhancement is larger for
clear tendency for the absolute strength to increase as thgharper tips, as shown in the normalized figure.
aperture becomes larger. This tendency is due to the fact that
the effective tunneling area grows and strongly increases the
elastic currentl 6. In Fig. 5 the radiated power per unit
energy and unit solid angle is plotted for the three apertures In the previous sections we have fixed the tunneling dis-
shown in the insets. The strength of the curves is divided byance in order to isolate the role of the aperture and curvature
the elastic tunneling current calculated in the same way, ifirom any other influence in the spectrum of light emission. In
order to make a more proper comparison. The field enhancgvactice, the quantity usually controlled is the total tunneling
ment|G| at the junction is also increasing for a given biascurrentl g,
and distance when the aperture becomes larger due to a The total current for a given bias can be controlled by
larger interaction area between the two interfaces. This tenmeans of the tip-sample separation. As discussed for the case
dency is less dramatic than the tendency for the current tof constant distance, the mode positions are going to be gov-
increase. This is the reason why all intensities are compaerned mainly by the apertugg. More details are found when
rable after normalization. studying the intensity of peaks in the spectrum, as we change
the sharpness or curvature of the apex while maintaining the
same tunneling current. When the aperture of the tip be-
comes larger, more extended portions of the tip and sample
The curvature of the extreme part of the tip is a featureinterfaces are closer, giving rise to a larger tunneling current.
that can be controlled in our formalism by means of theThis fact also causes a larger field enhancement due to a
parametemb/d, which describes the fine details of the STM more effective coupling of the two interfaces. Now, in order
junction. The variation of the resonances as a function of thiso work in a constant-current mode, we are forced to spa-
parameter has been found to be less drastic, as the tendentially separate the tip and sample to keep the same current.
of the modes showed. As an example, in Fig. 6 we show th&his decreases the field enhancement as a consequence of the
spectrum of light emission for a silver tip and a silver sampleweaker interactions between the interfaces. These opposite
when the separatiod is fixed to 5 A, for a bias of 4 V. The tendencies cancel to some extent depending on the particular
different spectra have been normalized to their correspondnaterial and cavity. In Fig. 7, the radiated power per unit
ing elastic currents. The sharpness of the tip increases whamergy and unit solid angle is shown for the case of a Au tip
b changes fromb=50 A to b=2.5 A and, maintaining the and Au sample for two different apertures of the tip (
aperture¢ fixed to 30°, the positions of the main peaks =15° and 20°, respectivelyThe distances between the tip
remain constant, and only a slight variation in the high-and sample are 4.3 and 4.75 A, respectively, which give a
energy peak position is observed. The change in the pealtal current of 15 nA for a bias voltage of 1.8 V. As the

C. Effect of the tip-sample distance

B. Effect of the apex curvature
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25 10° energy (down to 540 nm in wavelengthand so is the
i =2 higher-order peak which almost disappears from the spec-
trum. In this sense, the detection of experimental peaks at
=g N different positions is most likely due to a shifting of modes

[ — ! depending on the aperture of the tip in use. In some cases
15104 - o this can shift them out of the spectrum range altogether. The
| mechanisms to explain the experimental peaks here are
~ analogous to the ones presented for gold above, and are gen-
: eral features which can be used to estimate the tip aperture
\ for any situation. It is interesting to point out here that low-
\ energy peaks can also be reached in the emission spectrum
\ by making the aperture larger, as is obvious in the mode
a =i ‘ , ~ o distribution in Fig. 4, but this leads to unrealistic values of
300 400 500 600 700 800 the tunneling distance. This fact makes sharp tips more plau-

Photon wavelength (nm) sible for describing different spectra, such as the ones in
Fig. 1.
FIG. 8. Radiated power for two different silver tips on silver g

samples as a function of the wavelength of the emitted photons. The V. CONCLUSIONS

aperturesp used to characterize the tips are shown in the inset, and ) . o
b=3.2 A in both cases. The distance between the tip and sample is W€ have performed calculations of the light emission

fixed in order to give a current of 10 nA when a 4-V bias is applied.ffom metals surfaces in a scanning tunneling microscope.
Note how well this compares with the experimental spectra in FigCompared to previous treatments, we have used a more flex-

1. ible parametrization of the tip geometry, and a more accurate
description of the tunneling current based on an extension of

aperture of the tip becomes smaller, the intensity of the emis €rsoff and Hamann's theory, which also takes into account

sion slightly increases due to the shorter separation distandB€ 9eometry of the tip. In particular, the use of a hyperbolic

giving rise to a more effective coupling between the tip andiiP shape enables a separate variation of the very apex of the

sample. The smaller area of tunneling compensates for thidP and the aperture of the tip ona larger §cale. Th's appears
tendency. A shift of 0.2 eV in the peak position is observed®© be amore realistic descrlptlon_ of experimental tips, which
in the radiated power as a consequence of the different e@relbelleved to o:rt]en l?e fomprlsectj_ of a Sh?ﬁ on a:jlength
ergies of the resonances for each cavity. Following the ten=C2€ doverning the- electromagnetic properties and a mi-
dency pointed out in Sec. Ill, a tip with a small apertureCrOtIp supporting the t_unnelmg current. \_/\(e find that thg tip
shows a low-energy peak at 1.4 eV, whereas a tip with gperture has a large mpact on the position Of. peaks in the
larger aperture shows a peak at 1.6 eV. In both cases t@mssmn spectra, while the very apex is more important for
[

peak corresponds to the same mode of the cavity which € intensity._An importa_nt differenc_e with respect to previ-
ys models is that we find two regimes of aperture angles

210° |- . -~ _

1104 [

dP/dhw/dQ (10° s")

510° |-

shifted up as the shape changes. For a very narrow tip it may h simil d . he i . f
even be possible to detect higher-order peaks which actuall Ith similar mode energies. Fop>45, the Interaction o
urface charges on the tip and sample dominates, bup for

appear in experimental situations for Au on faee Ref. 18 . . .
The intensity of both peaks is slightly different, since the two_<45 the interaction of surface charges on the faces of the tip

effects mentioned abowvéarger field enhancement and sepa- itself dominates the physics. Moreover, in the latter case, the
spatial extent of the tip-induced modes is found to be much

ration distancedo not cancel exactly. A similar tendency is . ) .
also found for silver tips and samples. It is clear, thereforeSMaller than expected on the basis of previous modeling for

that there is a general tendency for the strength of the emi SPherical tip. It may be that this unexpected localization to
sion peaks to show such a compensation when working & near-atomic scale_ has alregdy .been observed in_experi-
constant current, with an influence of the particular materia[€NtS, Where atomic resolution in photon mapping was

which can slightly change this balance in one direction or th@Ch'evedz' I_n future Work,_ it may be possible to extend the
other?® model to include density-of-states effects of non-free-

In Fig. 8 the case of a silver tip and a silver sample isélectron nature. Moreover, it will be interesting to study what

presented for the constant-current mode. The dashed lifd#PPeNs when relaxing the rotational symmetry of the tip.

shows the case of a 25° tip aperture, whereas the solid line
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