
VOLUME 41, NUMBER 25 PHYSICAL REVIEW LETTERS 18 DECEMBER 1978

fields. They also indicate that the SCR theory
does work in temperatures extremely close to
the transition temperature.

To our knowledge, this is the first experimen-
ta1 work to show the divergent behavior of 1/T,
at T, in meak itinerant-electron ferromagnetic
systems, and me conclude that there is general
agreement between the present experimental re-
sults and the SCB theory. %e would also like to
mention that the capabilities and usefulness of a
new technique, muon-spin rotation especially the
longitudinal-field method, have been fully demon-
strated here, in a current problem of magnetism
study inaccessible to conventional NMB tech-
niques.
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A resonancelike structure has been reported in the frequency spectrum of light emitted
from small-particle tunnel junctions. Here we present a calculation of the frequency-de-
pendent dipole moment and the radiation emission spectrum for a small particle located
above a metal film. The dipole moment exhibits a resonance structure associated with a
localized surface plasma mode at a frequency corresponding to the peak in the structure
observed in the emission spectra.

Small metal particles deposited on an oxidized
metal film emit light when driven by inelastic
tunneling electrons. In this process, the parti-
cle-film system acts as an antenna and the in-
elastic tunneling electrons as a current genera-
tor. In a previous analysis, the induced dipole
moment of the antenna was calculated within a
guasistatic limit appropriate for frequencies
well below the plasma resonance threshold. ' Ex-

perimental studies of the intensity spectra from
tunnel junctions formed by depositing gold parti-
cles onto an oxidized aluminum film exhibit a
resonancelike structure near 650 nm (1.9 eV).'
Here we report calculations which suggest that
this structure arises from local plasma resonant
modes of the gold-particle-aluminum-film sys-
tem.

Figure 1 shows the geometry of the small-par-
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ticle-film system. A typical particle radius a is
of order 100-200 A, while the particle-film sepa-
ration d is about one-tenth of this. Since the par-
ticle size is small compared to the wavelength of
light, we can neglect retardation. Furthermore,
the tunneling charge transfer is localized near
the region of closest contact between the particle
and the film so that it can be well approximated
by a local source.

Before discussing the details of the calculation,
it is useful to make some physical estimates. If

FIG. 1. The geometry of the small-particle-film sys-
tem using bispherical coordinates {o.', P) .

the gold particles were replaced by a gold film,
the Au-A1, O, -Al interface would support an inter-
face plasma resonance. For thick films, neglect-
ing retardation, the dispersion relation for this
mode with wave vector q is known to vary as
&u~(qd) 'c, "' at long wavelengths. ' Here u&~ is
the reduced average plasma frequency of the two
metals, and ~, is the dielectric constant of the
oxide. Now, in the case of a small particle, the
translational invariance is broken, and these sur-
face plasma modes become localized under the
particle. A simple estimate, based on the length
over which there is a doubling of the particle-
film spacing, shows that the mode is localized
over a distance set by the geometric mean of the
particle radius and the particle-film separation
distance, (ad)~'. The frequency of a surface plas-
ma mode with q-(ad) ~' is of order a&~(d/a)~'~, ~'.
Within a numerical factor of order 1, this is just
what we find for the lowest mode of the particle-
film system in the calculations outlined below.
Lying above this are an infinite, discrete set of
levels which cut off at the upper frequency limit
of the Au surface plasmon. Damping broadens
these modes so that they overlap, and the inter-
band transitions in Au damp the higher-frequency
ones. In the calculations leading to Figs. 2 and 3,
the imaginary parts of the dielectric constants
for Au and Al have been included. In addition,
the dipole form factor emphasizes the lower
modes. The resulting dipole moment shown in
Fig. 2 reflects these features, exhibiting a maxi-
ma near u&~(d/a) 'e., "'.
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FIG. 2. The calculated dipole moment in the reso-
nance region of a gold-sphere-aluminum-filxn system.
Here & ' and ~, the complex frequency-dependent di-
electric constants for Al and Au, respectively, were
taken from experimental optical data (Ref. 5) and the
values Po~ (2d/a) =0.3 and e =3 were used.0)

0
1.5 2.0

hu (eV)
2.5

FIG. 3. The calculated emission spectrum from the
gold-sphere-aluminum-film tunnel junction for sever-
al bias voltages. The values po~ (2d/a) =0.3, &

=3, and 0=60 were used.
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In order to calculate the dipole moment, we
must solve first for the potential q determined
by

V [ E(X, (d)V@]=—4'iip ~(X) .

Here e(x, &u) takes on the value e "(&u) in the film,
E~ 0(&u) in the oxide, and e~'l((u) in the particle.
On a scale of distance (ad)~', the charge transfer
associated with inelastic electron tunneling is
well approximated by the local form

p =0 [6(~-d)-6(~)]6(p)/»p (2)

As discussed in Ref. 1, I@~I'= li~/u& I' with I i

= (8 V/2mB)(1 —6 (u /e V), the inelastic tunneling-
current power spectrum. In this expression V is
the junction bias voltage, and R is the tunneling
resistance between the particle and the film.

It is convenient to make use of bispherical co-
ordinates, 4 shown in Fig. 1, in which

c sinn c sin pp= 8coshP-eosn ' coshP —cosn '

where c=(d'+ 2ad)~'. After extracting a factor
[2(coshP- eosn)]~', I aplace's equation sepa-
rates, and for the case of cylindrical symmetry
the potential cp can be written in the form

y '(n, p)= [2(coshp-cosn)]~' g {A„'exp[-(n+-,')(p- p, )]+B„~'lexp[(n+ 2)(p- p, )]jP„(eosn). (4)
n=O

Here the coefficients A„' and B„(')take on different values in the three different regions correspond-
ing to i= 1, in the metal film (p&0); i= 0, between the particle and the metal film (0 & p& p, ); and i = 2,
inside the particle (p, & p). In the first region, A„~' vanishes, while in the third region B„~'l must van-
ish. Since the particle size a is small compared to the wavelength of light, the intensity of the emitted
radiation is determined by the dipole part P of y. Making a multipole expansion of y in bispherical
coordinates, we obtain

P((o) =(2c)' Q (n+ 2)(-A„&'&exp[(n+ —,')P, ]+B„'exp[ —(n+ 2)Po]}.
n=O

Applying the usual boundary conditions in which the tangential component of E is continuous and the
discontinuity in the normal component of D is equal to 4m times the surface charge at the interfaces
gives an infinite set of coupled linear equations relating the various A„(') and B„' coefficients. For
purposes of extracting the induced dipole moment it is convenient to relate all coefficients to A„(') and
B„')which satisfy the equations

and

4„&'&=I „+X&'&exp[ —(2n+1)P, ]B

~(O)+ ~(2) j[sinh POX„+ (2n+ 1)cosh P, ](B„-X
' I'„)- (n+ 1)(B„„—X~'l I'„„)-n(B„,—X

~' I'„,))

(6)

&(»+ ~()
= 4sp — I sin p X t'l(1+ Xi'l) 1I - X

&'l
X

&'& exp [- (2n+ 1)p ]] '

with

1+ "'ex — 2n+1B =(I —X"X"exp[-(2n+1)p j]B ", X =X"
n 1 —X "X"'exp[- (2n+ 1)p, ] '

~(O) ~(s)
~(o)+ ~(i) & n

—2(Q~/c)(-I)"
[ (,) j ( )Q~/c'( )„eoshP, +1

(8)

The results for P(tu) shown in Fig. 2 were obtained by truncating the set of linear equations (6)-(8)
and numerically solving for the coefficients. Experimental data were used for the complex dielectric
constants e~'l(&u) and ~~'l(v) for Al and Au, respectively. ' The results converged rapidly when more
than fifteen terms were included.

Although we have not obtained a general analytic solution of the coupled equations, we have solved
the case of an ideal particle (v~ ' »(u so that et' -—~) above an arbitrary film. In this case, we find

P((u) = 2t~'l g (2n+ 1)exp[ —(n+ —,')P, ] +& &»
+ y(P, )c' [c~' cosh(n+ —,')P, +e~'lsinh(n+ —,')P, ] ' (9

n=0
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with y(PO) the equipotential on th, . sphere,

&p) 0 /c
g&»(g&o&+ g&~&)

(-I)"~&&exp[-(~+-.')~.]„,& ' cosh(n+ —,')P, + e&'&sinh(n+ —,')P,

exp[ -(~+ 2)P.]„,e&"cosh(n+ 2)P, + e&'&sinh(n+ 2)p,

(i0)

The interpretation of this form for P(&u) is simple. The denominators vanish at a set of discrete reso-
nant modes of the sphere-plane system determined by

tanh(n+ —,')P, = —e&'&((u)/e&'&((u) .
For a free-electron metal film with e&'&((u) =1 —((u~/cu)' and constant e&', these resonant frequencies
occur at

t nh(n+-,')P' e&'~+tanh n+-,' (12)

Since P, = cosh '(1+d/a) =—(2d/a)' ', the lowest mode &u, is approximately equal to ~~/(c&' )' '(d/2a)'~',
and the upper cutoff for n —~ is just w~[e&o +1] ' '. The variation of &uo with particle size and oxide
thickness should be tested experimentally. As discussed above, the lowest mode corresponds to a sur-
face plasmon localized in a region of order (ad)'~'. As n increases, the modes approach the limit ap-
propriate to the short-wavelength surface plasma frequency of the e&' (+)-e&'& interface. The form fac-
tor in the numerator of Eq. (9) contains a factor exp[ —(n+ —,')P, ] which suppresses the higher-order
modes reflecting the fact that they have less dipole character. As noted, these analytic results do not
include the absorptive part of e. This was, however, included in the numerical results shown in Figs.
2 and 3. It is interesting to note that the zero-frequency limit of Eq. (9) gives the static case investi-
gated in Ref. 1:

(
Q/c "

2 ' q/c 2P,
2e ' „-,exp[(2n+1)P, ]-1 8e&o& in(1/Po) '

2n+ 1
P(0) 4&&'(P )c Q [(2 1)P )

4y(P,)c' n' 2, Q c
P 2 12 3 2P e&o& in(1/P )

'

8(8, a)EuAQ=, sin'8I1+ I (&u, 8) I'b.uAQ,
IP(&) I ~

8nc~

The power radiated per unit solid angle AQ and per unit frequency hen is given by

(13)

with

(q&1& /g&0& )1/2 cos 8 [1 (e&0& /g{l& ) sjn28]1/2

(6&" /e &") ' ' cos 8+ [1—(e &'& /e ") sin'8] '~'(d 8) =

The factor I' takes into account the effect of the
Al film on the dipole emission. For radiation in
the visible, it gives rise to a peak in the angular
distribution at 0 =60' from the normal in agree-
ment with the data of Ref. 2. Using the full ex-
pression for P(cu) given by Eq. (5) we show the
shape of S(8, u) in Fig. 3 for 8=60' and various
bias voltages. The effect of the plasmon reso-
nance is to produce a peak in 8(8, ~) whose posi-
tion is independent of the bias voltage. Further-
more, beyond the peak the intensity rapidly drops
off. The experimental data of Ref. 2 shows a
definite peak near 1.9 eV and a rapid decrease
of the intensity above this. However, the experi-
mental data do not drop as rapidly as the theo-

I retical results at lower frequencies. We believe
that this is associated with particle clumping
which effectively increases the size of the region
over which the plasma excitation is localized and
lowers the resonance frequency. The distribu-
tion of single particles, pairs, and larger clumps
would produce a smearing below the single-par-
ticle resonance peak. Experiments are in prog-
ress to study dilute, separate-particle junctions.
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ida, P. Hansma, and D. Hone. This work was
supported by the National Science Foundation.
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Band-Gap Assignment in Sn02 by Two-Photon Spectroscopy
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easurements on rutile Sn02. The detailed
r the direct forbidden 1S exciton and the

long-standing controversy concerning the

We present for the first time two-photon m
polarization analysis yields I'3+ symmetry fo
upper valence band. Our results clear up the
symmetry of the upper valence band.

As proposed by Loudon, ' the direct forbidden
transitions are specially suited to be studied by
two-photon spectroscopy. Loudon calculated the
two-photon absorption for Cu 0, which was later
studied by Pradbre and co-workers. ' Because of
experimental difficulties these authors found only
a weak structure, which they attribute to the 1S
exciton. They were not able to measure the polar-
ization dependence. We present for the first time
a detailed polarization analysis of such a direct
forbidden transition. Using this technique we are
able to resolve the long-standing puzzle on the
band-gap assignment in Sno, (D,"„).

Though the early indication of SnO, being an in-
direct material'4 could no longer be maintained
after the excellent work of Nagasawa and Shion-

oya, ' the symmetry assignment of the direct gap
remained as a controversy. Nagasawa and Shion-
oya were able to show that the band gap is direct
forbidden at K =0. They offer three possibilities
for the highest valence band (&,', I",', 2,') as-
suming a 1",+ lowest conduction band, which is
agreed on in later experimental'" as well as theo-
retical investigations. ' Agekyan' analyzed the
quadrupole transition to the XS exciton and deter-
mined I',+ symmetry for the top valence band.
There are two band-structure calculations"
published which contradict each other as weQ as
the assignment of Agekyan. Arlinghaus' assigns
the top valence band to be of F,+ symmetry where-
as Jacquemin' comes up with a I', ' valence band.
Jacquemin states that his assignment is compat-
ible with the experimental results of Agekyan. "

A third band-structure calculation was very re-
cently presented by Robertson, "who calculated
the highest valence band to be of I",' symmetry.
In order to clear up this controversy, we pre-
sent two-photon data on the lowest exciton. A

complete polarization analysis of this transition
allows an unambiguous assignment of the upper
valence band to T',' symmetry.

Our basic experimental setup is described in

detail by Fromich and Sondergeld. " To improve
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FIG. 1. Two-photon spectra of 1S exciton in rutile
Sn02 at 4.6 K (resolution 0.16 mev) . ]] configuration
(0'/0'), both polarization vectors e~ and &2 parallel to
[100]; & configuration (0 /90'), Zq in [100] and e2 in
[010]directions.
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