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broad, at low temperatures is attributed by us
to the coexistence of regions of pure Ta and of
tantalum-impurity atom precipitates. Although
ordering effects of interstitial atoms in tantalum-
interstitial atom alloys previously have been ob-
served, ' ' in the present case the concentrations
of interstitial atoms were significantly lower (es-
timated to be: N, &40; 0, (100; H, &20; C, (40,
in ppm).

The large, sharp maxima seen at 142, 185,
205, and 230 K in Fig. 2 may be qualitatively un-
derstood as due to ordering transitions of sever-
al impurity species. The differing lattice param-
eters of Ta and of Ta-interstitial-atom precipi-
tate produce large strains at the boundaries of
precipitate "clusters. " Near a transition tem-
perature clusters are rapidly fluctuating in size,
and large numbers of Ta nuclei "see" the cluster
boundaries. It is known that the linewidth of the
NAR line in Ta is markedly dependent on strains
present in the lattice. "~" This strain sensitivity
of the linewidth, combined with the density fluctu-
ations near a transition temperature, produces
a maximum in the NAR linewidth.

Ne acknowledge helpful comments by J. G.

Miller and J. Mishory.

*Research sponsored in part by the National Science
Foundation under Grant No. GP 7931, and Air Force Of-
fice of Scientific Research, U. S. Air Force, under
Grant No. 65-0841.

H. Suzuki and S. Miyahara, J. Phys. Soc. Japan 21,
2735 (1966), and references therein.

D. G. Westlake, Phil. Mag. 16, 905 (1967), and ref-
erences therein.

D. Q. Westlake, Trans. Met. Soc. AIME 239, 1341
(1967).

D. I. Bolef, J. Appl. Phys. 32, 100 (1961). The V(I)
of the present paper is the same as V(I) of this refer-
ence.

5R. W. Thompson and O. N. Carlson, J. Less-Com-
mon Metals 9, 354 (1965).

A. J. Malland, J. Phys. /hem. 68, 2197 (1964).
YB. Pederson, T. Krogdahl, and O. Stakkeland, J.

Chem. Phys. 42, 72 (1965).
R. E. Villagrana and G. Thomas, Phys. Status Solidi

9, 499 (1965).
~K. K. Kelly, J. Chem. Phys. 8, 316 (1940).
E. H. Gregory, dissertation, University of Califor-

nia at Los Angeles, 1965 (unpublished).
~~E. H. Gregory and H. E. Bommel, Phys. Rev. Let-

ters 15, 404 (1965).

PHOTOLUMINESCENCE OF METALS
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Radiative recombination in gold, copper, and gold-copper alloys has been observed
arising from transitions between electrons in conduction-band states below the Fermi
level and holes in the d bands generated by optical excitation.

The first observation of optically excited radia-
tive recombination of electrons and holes in met-
als is reported here. This emission involves
states near the Fermi energy, in contrast to the
soft-x-ray emission in which the excited holes
are in the deep-lying bands. The noble metals
gold and copper were studied as well as gold-
copper alloys, but similar results should be ob-
served in other metals.

The luminescence was excited both by an argon-
ion laser which produced in excess of 2 W cw in
either the 4880- or the 5145-A line and by a high-
pressure Hg arc lamp from which the 3000- to
4000-A emission bands were used. Samples were
in the form of ingots, single-crystal slices, or
evaporated films. The spectra did not seem to
be dependent on the type of sample used. Mea-
surements were made at temperatures from 5 to

300'K. Standard Raman spectroscopy techniques
were used to detect the emitted light and are de-
scribed elsewhere. '

Figure 1 shows the luminescence spectra of
gold at 300 and 10'K and copper at 300'K with the
excitation source being the 4880-A argon laser
line. The emission spectra were totally unpolar-
ized and did not vary with polarization of the in-
cident laser beam which is consistent with lumi-
nescence from cubic cyrstals. The spectrum on
the long-wavelength side is cut off by the strong
absorption near the plasma edge while the short-
wavelength side is limited by the energy avail-
a.ble from the pumping source. The emission
tail on the high-energy side of the laser occurs
from thermal smearing of the electron and hole
distributions and in the case of gold is seen to
disappear at low temperature. In order to make
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FIG. 1. Photoluminescence spectra of gold and cop-
per. Exciting light was incident on the sample surface
at an angle of about 10 deg from the surface while the
emitted light was collected normal to the surface. The
spectra are uncorrected for system response.
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FIG. 2. Schematic band structure of a noble metal
showing the excitation and recombination transitions.

certain that the observed emission was not due

to some other source such as Raman scattering
from electrons, '~' different excitation wavelengths
of the argon laser ranging from 4579 to 5145 A

were used, as well as the 3000- to 4000-A emis-
sion lines from a Hg arc lamp. In all cases the
luminescence peaked at the same energy and the
high-energy tail increased slightly with higher
photon-energy pumping. There was no signifi-
cant change in the emission spectrum when the
angle of observation varied from forward to back-
ward with the laser near grazing incidence. The
present results are not to be confused with the
optically excited plasma radiation reported in
silver and potassium which shoms no difference
in frequency between the incident and emitted ra-
diation. This plasma radiation was interpreted
in terms of light scattering which involved sur-
face roughness and which showed zero intensity
for emission normal to the surface. The present
results are quite unambiguous as the laser exci-
tation provides not only a discrete exciting ener-
gy but a well-defined propagation direction and
polarization. No correction was taken into ac-
count for reabsorption in the present work.
Emission was also observed in copper -goM al-
loys which peaked at wavelengths between that
for pure copper and gold. The dependence of the
peak emission wavelength on alloy composition
was consistent with the absorption thresholds
which have been reported recently for Cu-Au al-
loys. 4

The details of the excitation and recombination
mechanisms are shown in Fig. 2 where the band
structure for a typical noble metal is represent-

ed by a simple model which includes an s-P con-
duction band and two sets of & bands. The 4
bands, indicated by the cross -hatched regions,
in fact are made up of a number of closely lying
bands in k space. The interaction between the
conduction ba,nd and the d bands at their cross-
over is also neglected for simplicity. Excitation
occurs from states in the upper & bands to levels
at and above the Fermi energy. Because of the
small photon momenta the interband transitions
are assumed to be direct. Indirect recombi:sa-
tion cannot be ruled out but woold have to involve
the participation of a phonon or an impurity to
provide the necessa, ry momentum. If the photo-
excited holes in the d band thermalize before re-
combining, they would collect at the zone bounda-

ry since the 4 bands slope upward slightly with
increasing &. The radiative transitions mould

then have to be indirect. The onset of emission
in this case would be significantly shifted to low-
er energy from the laser exciting line. No such
shift is observed. It seems more likely that the
emission arises from direct recombination of
conduction-band electrons below the Fermi ener-
gy with holes in the & band that have been scat-
tered to momentum states less than the Fermi
momentum, kF. Band calculations made on the
noble metals such as copper' and gold indicate
that the 4 bands can be relatively flat at some re-
gions in 4' space less than 4F. This might allow
photoexcited holes to be scattered into a suffi-
cient range of states in 4 space to account for the
observed broad linewidths. Gold showed an ap-
preciable sharpening and shift of its spectrum at
low temperature mhich is attributed in part to a



VOLUME 22, NUMBER 5 PHVSreAJ. REVIEW XEYTERS $ FEBRUARY 1969

change of the plasma absorption edge as mell as
narrowing of the distribution of electrons and
holes. The copper spectrum also narrowed
slightly and shifted from 5930 to about 5800 A in
going from 300 to 10'K.

The intensity of recombination radiation for di-
rect transitions between electrons and holes is
given bye

t(hu) &f IM(k)~*f (k)f„(k) . (1)

Here &()t&) is the intensity per unit range of pho-
ton energy, ~ is the interband matrix element,
fz(k) and fI, (k) are, respectively, the electron
and hole distribution functions which may not be
uniform in space, and ~ is the surface corre-
sponding to the energy &e(k)-&Ii(k) =h& in wave-
vector (k) space. Because the line shape involves
the energy-momentum relation of the various
bands, the spectra might help to elucidate the
band structure of these metals. The role of ex-
citons in the recombination has been neglected
since the high electron densities should effective-
ly screen out any exciton bound state. However,
there has been some speculation' about the exis-
tence of excitons in metals and perhaps the lumi-
nescence studies would help to demonstrate this
effect.

In both metals the peak emission was consis-
tent with the optically observed energy between
the upper d band and the Fermi energy: 2.0 eV
for copper and 2.2 eV for gold. Similar transi-
tions between the conduction band and the lower
d band should also be observed for sufficiently
high pump energies. The transitions should oc-
cur around 4 eV. Further experiments are in
progress to observe this transition. The maxi-
mum integrated efficiency of recombination ne-

glecting corrections for reabsorption was esti-
mated to be on the order of 1 part in 10' .

The observation of interband radiative recom-
bination in metals may very well provide another
technique to help investigate some properties of
the band structure of metals as well as to deter-
mine the nature of scattering mechanisms of ex-
cited electrons and holes. Photoluminescence
might also be observed for transitions between
higher lying bands in semiconductors and semi-
metals and could be accessible to study by laser
excitation techniques.
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