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Optical Selection Rules in Light Emission from the Scanning Tunneling Microscope
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It is reported that optical selection rules still apply in light emission from the scanning tunneling
microscope (STM). Linear polarization of isochromat light emitted from the tunneling gap between a
STM tip made of tungsten (W) and a silicon (Si) sample with a (001) clean surface strongly depends on
the bias voltage between tip and sample. The results show that 77* and o™ surface states, for example, of
the Si(001) sample contribute to emission of p- and s-polarized light, respectively, in accordance with

optical selection rules.
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Light emission from the tunneling gap between tip and
sample of the scanning tunneling microscope (STM) was
first reported by Gimzewski and co-workers [1] and, since
then, a number of experimental and theoretical studies
[2—6] have been performed on this notable phenomenon.
For noble metal samples [2], the STM-induced light
emission is considerably strong with a quantum efficiency
of the order of 10~* photons/electron, which is attributed
to radiative decay of the tip-induced surface plasmon
[3,4]. For semiconductor samples [5—7], different mecha-
nisms dominate the STM-induced light emission, since
the plasmon energy of semiconductors is in general far
different from the photon energy of visible light, which is
detected in usual experimental setups. For III-V semi-
conductors [5,6], electrons tunneling from a STM tip
recombine with holes in the semiconductors resulting in
strong luminescence with a quantum efficiency of the
order of 10™* photons/electron. Such a process, however,
is forbidden for silicon (Si) due to its indirect band gap.
Another mechanism of interest has been found for a Si
sample in which no electron-hole recombination occurs
[8]. Namely, it has been revealed that direct transitions
between local surface states of the sample and local states
of a STM tip occur, accompanied with light emission
with an efficiency of the order of 107° photons/electron.

In the present work, we have found an experimental
fact of great interest regarding the radiative direct tran-
sitions between tip and sample mentioned above. Namely,
it has been found for a Si(001) sample that optical selec-
tion rules hold with respect to the orbital symmetries of
relevant tip and sample states as the initial and final states
of the direct transition. For example, transitions from a
localized state of a STM tip made of tungsten (W) to the
7" and o surface states of a Si sample with a (001) clean
surface radiate p- and s-polarized light, respectively, in
accordance with optical selection rules. Such experimen-
tal results not only give a direct proof of the occurrence of
the radiative direct transitions between tip and sample,
but also show that the orbital symmetries of surface states
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can be analyzed in an energy-resolved manner at the
spatial resolution of the STM.

Experiments were carried out at room temperature
using an ultrahigh vacuum STM (JEOL, JSTM
4000XV) with an electrochemically sharpened W tip.
As shown in Fig. 1, two optical fiber bunches were placed
near the tip-sample gap of the STM to collect light
emitted from the gap in the following two different
ways. The right fiber bunch collected linearly polarized
light, whose polarization angle was determined by the
transmission axis of a linear polarizer (Corning, Polarcor
[9]) fixed at the front end of the fiber bunch with epoxy
(see the inset of Fig. 1). By rotating the fiber bunch using a
mechanical device, the axis of the polarizer can be ro-
tated, so that p- and s-polarized light can be collected
separately through the fiber bunch. On the other hand, the
left optical fiber bunch was used to measure the total
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FIG. 1. The main part of the photon-detecting STM used in
the present work. Two optical fiber bunches are placed close to
the tunneling gap between tip and sample. The right fiber bunch
has a linear polarizer at its front end. See the text for details.
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intensity of emitted light as described in our previous
papers [8]. In both cases, the collected light was guided to
the outside of the chamber and its optical spectrum was
measured by an optical system with a photomultiplier
tube (Hamamatsu, R2949) and an optical band-pass filter.

A clean Si(001)-(2 X 1) surface (Sb doped, 1 X
10'8 cm™3) was used as a sample. The surface consists
of regularly arranged Si dimers and each dimer has o, 7,
o”, and 7" electronic states formed by Si 2p dangling
bond orbitals [see Figs. 2(a) and 2(b)]. These electronic
states are well separated in energy [10]. Actually, the Si
dimers are buckled as shown in Fig. 2(c), but approxi-
mately the o and o states are formed by 2 p, orbitals and
the 7 and 7" states by 2p, and 2p, orbitals as shown in
Figs. 2(a) and 2(b), where the z axis is perpendicular to
the surface and the x axis is parallel to the surface lying in
the same plane as the dimer axis; the 77 and 7" states have
a strong 2p, character due to the buckling of the dimer
[11,12].

When a W tip was positioned just above a Si dimer of a
Si(001)-(2 X 1) surface, the intensity of emitted light at a
fixed photon energy of hv = 1.91 eV (= 0.06 eV) was
measured as a function of V, at I, = 8 nA by putting a

FIG. 2. Schematic drawing of Si 2p,, 2p,, and 2p, orbitals
that form (a) bonding and (b) antibonding states of a Si dimer
on the Si(001)-(2 X 1) surface. As shown in (c), the Si dimer is
actually buckled as illustrated with either open or filled circles,
but a symmetric dimer is assumed in (a) and (b) for simplicity.
Schematic illustration of (d) p- and (e) s-polarized light crea-
tion by the radiative transition between tip and sample.
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band-pass filter in front of the optical detector, and the
results are shown in Fig. 3(a). This intensity, measured by
the left optical fiber bunch, is referred to as the total
intensity I, since it contains all components of polar-
ization. The quantum efficiency of [, was 0.4 X
107 photons/electron at the maximum intensity in
Fig. 3(a). The light emission shown in Fig. 3(a) occurs
by radiative direct electron transitions between tip and
sample discussed in our previous paper [8] and is illus-
trated in Fig. 4 schematically; note that band bending due
to the electric field produced by the STM tip [13] is taken
into consideration in Fig. 4. Namely, the strong intensity
around V; = —4.8 V and the weak intensity around V; =
—6.5 eV in Fig. 3(a) are due to the radiative transitions
from the 77 and o™ states of the sample, respectively, to
empty states of the tip, as shown in Figs. 4(a) and 4(b);
the reason why the intensity around V, = —6.5 eV is
weak will be discussed later. Similarly, a peak at V, =
+4.2 V in Fig. 3(a) is due to the transitions from an
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FIG. 3. (a) Total intensity I,,, (b) p-polarized intensity 7,
and (c) s-polarized intensity /| of the emitted light from the gap
between a STM tip and a Si(001)-(2 X 1) sample as a function
of Vi at I, =8 nA and hy = 1.91 eV (£ 0.06 eV). (d) The
ratio I} /1, as a function of V. In the figures, solid curves show
fittings to the data, and horizontal broken lines show the dark
count level.
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FIG. 4. (a)—(d) Schematic diagram of the light creation pro-
cess with an energy of 1.91 eV in the tip-sample gap formed by a
n-type Si(001) sample and a metal tip under four different V|
conditions. In the energy diagram, E. is the bottom of the
conduction band, E, is the top of the valence band, E is the
Fermi level of the sample, and E’; is the Fermi level of the tip.

occupied state near the Fermi level of the tip to the 7~
state of the sample as shown in Fig. 4(c). The transition
illustrated in Fig. 4(d) is not observed in Fig. 3(a) because
it should occur out of the experimental range of V, in
Fig. 3(a).

Figures 3(b) and 3(c) show the intensities of the p- and
s-polarized components of the emitted light /; and I,
respectively, measured at the same photon energy hv =
1.91 eV (£ 0.06 V). The measurements of I} and I
were made using the right optical fiber bunch, whereas
I, mentioned above was measured using the left optical
fiber bunch. As we can see, I; and I} exhibit different V;
dependences. Namely, /| shows its maximum at V; =
—4.8 eV [Fig. 3(b)], but the maximum of /| is seen at
V, = —6.5¢eV [Fig. 3(c)]. As a result, the ratio /I,
plotted in Fig. 3(d) shows a strong maximum at V, =
—6.5 eV, indicating an important fact discussed below.

The polarized light emission from the tip-sample gap
of the STM described above is interpreted as follows. The
light creation process is described by the quantum field
theory, where photons are spontaneously created by the
interaction between atomic electrons and the radiation
field [14], and the matrix element of the interaction H;
is expressed as

h .
(BIHipi|A) = e |—=—(BIr|A) - & ¢/, (1)
260V

where |A) is the initial occupied state, |B) is the final
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empty state, €, is a unit vector representing the polariza-
tion direction of the light, €, is the free space permittiv-
ity, V is the volume of the system, and r is a position
vector. The energy of photons created corresponds to the
energy difference between the initial and final states:
hw = E, — Eg. In the case of the light emission from
the tip-sample gap of the STM, the narrow gap allows an
electron to make direct transition across the gap [8]. As is
noted from Eq. (1), the direction of an electric dipole
induced by the transition is determined by the matrix
element vector (B|r|A).

We consider radiation due to the electric dipole induced
by the direct electronic transition in the narrow gap of the
STM. The geometry of the gap modifies the induced
electric dipole as P(w) = a(w) - (Bler|A), where a(w)
is a matrix determined by the shapes and dielectric
functions of the tip and sample [15]. The electric field
radiated from this dipole P(w) is detected at a far field
distance. The field is calculated by solving the Helmholz
equation using a technique similar to that applied in the
calculations of the radiation from an antenna on the
earth’s surface [16]. When the electric dipole is placed
at the origin with the orientation along the z axis perpen-
dicular to the sample surface, the electric field at a far
field distance is expressed in spherical coordinates as

Pz(a)) eikr—itut

EfarJ_(r’ 0) = kz—
’ 47TEO

sinf(1 + V_.(0))é&y. (2)

When the dipole is placed at the origin with the orienta-
tion along the x axis parallel to the sample surface, the
electric field is expressed as

2PX(C()) eikr*iwt
41€ r

—singV,(0)]é, + sing(1 + V,.(0))é,},

(3

where k is the wave vector, V_.(6), V,.(6), and V.(6) are
the Fresnel reflection coefficients determined by bound-
ary conditions, and €, and € 4 are unit vectors in spherical
coordinates. With the notation used in Egs. (2) and (3),
Vij(ﬁ) means the reflection coefficient of the i component
(i = x, z) of the incident wave to the j component (j =
x,z) of the reflected wave. If the parameters V,.(6),
V..(0), and V() are zero, Egs. (2) and (3) yield electric
fields radiated from a single electric dipole in free space.

Calculations of Egs. (2) and (3) using the bulk dielec-
tric functions of the materials of our tip (W) and sample
(Si) provide the following features. First, the radiation
process from the electric dipole on a Si surface is energy
independent in the visible spectral range. This indicates
that the observed V -dependent features are due to the
light creation process. Second, since the geometric ar-
rangement of the tip and the sample has an axial symme-
try approximately, the matrix a(w) is diagonal [17]. Then
Egs. (2) and (3) yield a simple relationship between the
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electric dipole induced by the radiative transition and
polarization of the light at a far field distance. For ex-
ample, in the transition from the p, orbital of the sample
to the d > orbital of the tip [18,19], the axial symmetry of
each wave function in the matrix element vector provides
a nonzero z component (d »|z| p_). Therefore, as expressed
in Eq. (2), the dipole transition creates p-polarized light.
The situation is schematically illustrated in Fig. 2(d).
Similarly, the dipole transition from the p, orbital
of the sample to the d, orbital of the tip creates
s-polarized light as illustrated in Fig. 2(e). Finally, cal-
culation of the intensity of radiation from a dipole on a Si
surface indicates that |Eg, |* is 6 times larger than
|E,. i[> [20]. This difference explains the experimental
result that the averaged intensity of I [Fig. 3(c)] is much
smaller than that of /| [Fig. 3(b)].

The polarization of the isochromat light at three differ-
ent V, marked by the vertical dashed lines in Fig. 3 is
interpreted by the above-mentioned mechanism. The
peak at V, = —4.8 V in Fig. 3(b) is due to a radiative
transition from the 7* state of the sample to an empty
state of the tip as shown in Fig. 4(a). Since the 7" state of
a buckled Si dimer is mainly formed by the 2p, orbital
[11,12] [see Fig. 2(b)] and since the tip with a W surface
has an electronic state formed by the 6d. orbital at
energies of 1-2 eV above E [21,22], the radiative dipole
transition expressed by (d_:|r|p,) induces an electric di-
pole directed along the z axis. In Eq. (2), radiation from
the electric dipole P, causes p-polarized light. This agrees
with the experimental result that 7| in Fig. 3(b) has its
maximum at Vg = —4.8 V. The peak at V, = —6.5 V in
Fig. 3(c) is due to a radiative transition from the o™ state
of the sample to an empty surface state of the tip as shown
in Fig. 4(b). The ¢ state is mainly formed by 2p . orbitals
[see Fig. 2(b)], and the radiative transition from the 2p,
orbitals to the 6d_. orbital creates an electric dipole
directed along the x axis, which causes s-polarized light
emission. This is the reason why /)| in Fig. 3(c) exhibits its
maximum at V; = —6.5 eV. Calculation of radiation
from the dipole P, using Eq. (3) leads to the same order
of p (€5 component) and s (€, component) polarized light
intensity and yields a ratio (f;/I,) of ~1. This is con-
sistent with the experimental result at V, = —6.5 V [see
Fig. 3(d)]. At V, = +4.2 V, the radiative transition from
the 6d . orbital of the tip with an energy near the Fermi
level [18,19] to the empty 7" state of the sample [see
Fig. 4(c)] causes an electric dipole P,, which produces
p-polarized light. Therefore, I, in Fig. 3(b) has its maxi-
mum at V, = +4.2 V. These agreements of the experi-
mental results [Figs. 3(a)—3(d)] with the dipole transition
theory [Egs. (1)—(3)] mean that the optical selection rules
hold in the light emission of concern.

In conclusion, it has been revealed that light emission
from the tunneling gap between the STM tip made of W
and the Si sample with a (001)-(2 X 1) surface is fully
described by the dipole transition theory. Namely, optical
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selection rules still apply in the light emission. This not
only indicates that direct electronic transitions between
the tip and the sample occur, but also suggests that orbital
symmetries of surface states can be analyzed in an
energy-resolved manner at the spatial resolution of STM.
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