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es because of fluctuations when t is near t
By imagining turning the field on at various fixed
values of t,, one can construct curves similar to
those in Fig. 1.

If the simple interpretation given above is ac-
cepted, the present experiment shows the exis-
tence of a first-order transition in very thin
aluminum films at high fields and demonstrates
that the extra conductivity above T, is caused by
fluctuations at a second-order transition and not
by inhomogeneities.
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PHONON CONTRIBUTION TO THE FAR-INFRARED ABSORPTIVITY OF
SUPERCONDUCTING AND NORMAL LEAD*
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Low-temperature measurements of the absorptivity of superconducting and normal Pb
in the phonon frequency region 15-200 cm show an onset of absorption when the photon
energy is large enough to excite appreciable numbers of acoustic phonons. The onset
begins aroung the transverse phonon frequency 0 =35 cm in the normal metal and
around 0+2&=55 cm in the superconductor. Most features of the data can be explained
by a "Golden Hule" calculation of the phonon-generation process proposed by Holstein.

%e have measured the far -infrared absorption
in single crystals of pure lead over the frequen-
cy range from 15 to 200 cm ' in both the super-
conducting and normal states. These data show
the first example of structure on the absorptivity
of a metal due to the excitation of phonons. It is

helpful to consider the analogy to the phonon
sidebands commonly observed on electronic
transitions in insulators. In our case, the "elec-
tronic transition" is the excitation spectrum of
the normal or superconducting metal, so an in-
crease in absorption due to phonon creation is
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expected to start at characteristic phonon fre-
quencies in the normal metal and at the phonon
frequencies plus 24 in t;he superconductor. The
absorption spectra obtained increase dramatical-
ly at the expected frequencies, and structure is
observed which can be correlated with peaks in
the density of phonon states in Pb. We have thus
observed the onset of the volume phonon-genera-
tion process proposed by Holstein" to account
for the near-infrared absorptivity of metals.

In our experiment, radiation from a far-in-
frared Michelson interferometer' was focused
onto a single-crystal sample of lead about 7&& 7
&& 0.5 mm in size, mounted in a highly absorbing
cavity. A doped-germanium thermometer was
cemented to the back of the sample to monitor
its temperature. The sample was supported in
the cavity by thin-walled stainless steel tubing
which served the dual purposes of thermally
isolating the sample and protecting the thermo-
meter from directly absorbing any radiation re-
flected from the sample. The samples had a
residual resistance (Rso,/Rr) of 13 000 at 4.2'K
and 85000 at 1.2'K. Their surfaces were care-
ful1y chemically polished so as to maximize the
specular reflection of visible light. The experi-
ments done at 1.2'K on samples in the supercon-
ducting state were compared with similar experi-
ments on normal-state lead done in a magnetic
field of -1200 6 applied parallel to the sample
surface. Reference spectra were obtained by
substituting a highly absorbing carbon resistance
bolometer for the lead sample. Analysis of the
data consisted of calculating the ratios of the
lead spectra to the carbon bolometer spectrum
and the ratio of the superconducting-lead absorp-
tion spectrum to the normal absorption spectrum.
The superconducting/normal absorption ratios
are more useful because any spurious structure
due to resonant cavity modes should cancel out
of this ratio. The resuIts of many experiments
on several samples in two different cavities were
averaged and standard deviation confidence lev-
els were computed. No significant differences
were observed in the spectra obtained for (100)
and (111) sample orientations. This is to be
expected since the frequencies are generally too
high for the anomalous skin effect to retain ap-
preciable Fermi -surface selectivity.

Figure 1 shows the absorption spectra for
superconducting and normal samples normalized
to the carbon bolometer. The solid line is the
frequency-dependent (surface) absorption arising
from the ordinary skin-effect theory. This was
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FIG. 1. Me asured frequency-dependent absorptivity
in superconducting and normal lead compared with the
prediction of normal-state anomalous skin-effect
theory. The limits of the error bars are plus and
minus one standard deviation (75% confidence).

calculated from Dingle's tables' using the relax-
ation time derived from the resistance-ratio
measurement and Chambers s' value of o'/l. The
shape of the theoretical curve is not very sensi-
tive to errors in the chosen parameters. The
absolute accuracy of the measurements is poor
so the scale factor is established by fitting the
curves in the region from 20 to 40 cm ' where
the theory is expected to be vaIid.

The spectrum for the superconducting sample
shows a well-defined energy-gap absorption
edge at 22 cm ' with very little signal at lower
frequencies; this indicated that at least 95%%uo of
this signal is due to absorption in the lead sam-
ple. ' In addition, the absorption increases sharp-
ly at about 55 cm '. A similar but less sharp
increase begins at about 35 cm ' in the normal
sample. Although the onset of the additional
volume absorption is slow in the normal state,
it must be invoked to explain the fact that the
spectrum becomes concave upward. The skin-
effect theory predicts a curve which is concave
downward throughout this frequency region.
These curves show that the Holstein absorption
is comparable with the skin-effect absorption for
frequencies above the phonon range.

The details of the onset of absorption are seen
more clearly in Fig. 2, where the ratio of super-
conducting to normal absorption is plotted. The
ratio rises rapidly from the gap at 24 =22 cm
to a maximum at 35 cm '. The decrease from
35 to 55 cm ' is due to the absorption onset in
the normal spectrum. The ratio then rises in two
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FIG. 2. Measured ratio (curve A. ) of the absorptivity
in superconducting/normal lead compared with (curve
B) a theoretical estimate of Ag/A// which ignores the
effect of the energy gap on the superconducting surface
absorption, but treats the anomalous skin effect cor-
rectly, (curve C) a second estimate of Ag/A~ with the
surface absorption taken from the extreme anomalous
limit of strong-coupling superconductivity theory, and

(curve D) & (cu-2&)E(cu-2&), the square of the elec-
tron=phonon coupling constant times the phonon den-
sity of states shifted in frequency by the amount M.
Curves B and C are plotted on the same scale as curve
A, but have been shifted vertically for clarity.

steps, centered at -Gb and -95 cm ', which are
due to the onset of absorption in the superconduct-
ing spectrum.

The accuracy of the data in Fig. 1 decreases
toward each end of the measured frequency
range. Error bars are shown which indicate that
the details of the structure around 150 cm ' are
probably not significant. Many errors, both
random and systematic, are expected to disap-
pear from the ratio shown in Fig. 2. The data
shown there are probably accurate to +0.02.
Thus the fine structure near 30 cm ' and beyond
100 cm ' is probably not significant, while some
of the sharp features near 85 cm ' may be.

As an independent check of our absorption mea-
surements, we measured the power reaching a
bolometer after many reflections in a cavity
whose walls were slabs of single-crystal Pb, a
cavity used previously to study energy-gap ab-
sorption edges in superconductors. The ratio
of superconducting to normal absorptivity de-

rived from this experiment was in good agree-
ment with our direct absorption data.

The Holstein process involves the scattering
of a conduction electron which simultaneously
absorbs a photon and emits a phonon. A rigorous
treatment of this process requires a knowledge
of the Fermi surface and phonon spectrum of Pb,
as well as detailed consideration of the supercon-
ducting state. A phenomenological approach sug-
gested by Falicov' can be used, however, to un-
derstand the main features of the data. This
approach assumes the conduction electrons to
be a free-electron gas at T=O and includes ener-
gy-conser vation but not wave -vector -conserva-
tion selection rules. The initial state is a photon
of energy (d; the final state is an electron of en-
ergy e„a hole of energy &„and a phonon of en-
ergy Q. The density of final states is assumed
to be the convolution of the independent densities
of states of the electron, hole, and phonon. The
matrix element is assumed constant except for
a tactor ~ ' ' which arises from the initial pho-
ton state, and a possible dependence of the elec-
tron-phonon interaction on the phonon frequency.
The volume absorptivity is thus proportional to

e, (1/~) fx, (~,)x, (~,)e'(n)E(n)

x 5(e, +t, +Q —o/)de, de,dn,

where N, and N& are the electron and hole den-
sities of states, and n'(Q)E(n) is the product of
the square of the electron-phonon matrix element
and the phonon density of states. Substitution of
a constant for the normal electron density of
states and a BCS density of states in the super-
conductor gives the expressions

a,~ (a/)~(N, '/o/) f (&u —Q) o.'E(n)dn, (2)
0

&,s(~) „' f, ~'E(n)

2E
x [(o/ —n)E(a) — K(a)]dn,

where E(a) and K(a) are complete elliptic inte-
grals with a' = 1—4b, '/(o/-Q)'. These integrals
were calculated using values of e'(Q)E(n) ob-
tained from superconducting tunneling. A com-
posite spectrum was then calculated by adding
the superconducting or normal theoretical Hol-
stein volume absorptivity 8, to the theoretical
anomalous skin-effect absorptivity 8, . The
ratio of these two absorptivities was estimated
by Holstein to be 8,/8, = 168D5/. /15Tv/, -7' in the
limit h~ »ABD where both 8, and C~ are inde-
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pendent of frequency. Here 6& is the high-fre-
quency skin depth c/&u~, and T is the high tem-
perature, large compared with OD, at which the
phonon-limited relaxation time T is evaluated.
The composite absorption in this high-frequency
limit has been used successfully to fit the near-
infrared absorptivity in copper and silver at low
temperatures. " Using the experimental value of
o/I and the London penetration depth c/~p for
Pb, "we estimate 8„/8, =1.9. A reasonable fit
to the data in Figs. 1 and 2, however, requires
the smaller' value 8,/8, =1.

The theoretical ratios of the superconducting
and normal spectra are compared with the data
in Fig. 2. The two curves shown for the theoreti-
cal ratio differ by the way in which the conven-
tional skin-effect contribution to the absorption
was estimated. In B the correct normal-state
skin effect from the Dingle tabulation of the
theory was used for both the normal and super-
conducting states. Energy-gap effects on the
superconducting skin-effect absorption are ig-
nored. The shape of curve 8 clearly accounts
for many of the major features of the data. The
computed curve drops smoothly above 35 cm
as a result of the onset of absorption in the
normal state obtained from Eq. (2). It then rises
in two steps as a result of the onset of absorp-
tion in the superconducting state. The sharply
peaked BCS density of electronic states at the
energy gap weights the phonon density of states
for 0 near &u —2A. Thus the peaks in o F(&u-2h)
shown in curve D contribute step increases to
Eq. (3), and thus to Az/A~.

Although qualitatively correct, the structure
predicted from our simple model deviates from
the measurements in that the latter are system-
atically broadened and shifted to higher frequen-
cies. For example, the theoretical absorption
steps centered at -59 and -88 cm ' appear in the
measurements at -65 and -95 cm ', respective-
ly. This is an understandable consequence of
wave-vector selection rules neglected in the
theory. Equation (1) implicitly assumes that any
electron momentum is available, a good but not
perfect approximation for Pb.

In curve C, the skin-effect absorption was com-
puted in the extreme anomalous limit from val-
ues of o,(~) and o, (~) calculated from strong-
coupling superconductivity theory for Pb." The
extreme anomalous limit is not accurate for our
experimental conditions; it is known, for ex-
ample, to underestimate the steepness of the on-
set of Az above the gap. " The more accurate

wave-vector-dependent calculations of Az/Az
by Shaw and Swihart" are in excellent agreement
with the experimental gap edge, but do not ex-
tend to the phonon-frequency region. Despite
this inaccuracy, curve C illustrates two impor-
tant points. The complex conductivities calculat-
ed from strong-coupling superconductivity theory
show structure due to virtual phonon effects.
This structure appears as small (2-4%) peaks in
the skin-effect absorption centered above the
peaks in a'F(&o —2A) (curve D). These peaks are
small compared with the steps due to real phonon
generation and are not identifiable in curve C or
in the data. A second important effect" (a dis-
persion in the gap function) causes a. broad dip
in curve C between 100 and 300 cm '. The fall
in the data beyond 120 cm ' may thus be due to
strong-coupling effects. Preliminary measure-
ments at higher frequencies show that Aq/Az
continues to fall until 210 cm ', and then re-
mains constant to 350 cm '. This shape, but
not the magnitude, is in agreement with our
approximate theory.

The authors are greatly indebted to Professor
L. M. Falicov for suggesting the simple model
used to estimate the theoretical Holstein absorp-
tion, and to Professor J. C. Swihart for provid-
ing values of 0, and 0, used in calculating the
skin-effect absorption. Thanks are also due to
Professor M. L. Cohen, Professor D. Scalapino,
and Dr. P. Allen for helpful discussions. Our
renewed interest in this problem was stimulated
by discussions with Dr. H. Scher.
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THE EXCITATION OF VISIBLE FLUORESCENCES IN RUBY AND MgO:Cr" t
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We report results of studies utilizing ultraviolet synchrotron radiation as a selective
excitation source for the 8-line fluorescence transitions of Cr in cubic MgO and Al203.
Pump bands for these fluorescences spanning the near and vacuum ultraviolet are iden-
tifiable as charge transfer bands of the Cr063 complex. We report the observation of
broad bands originating from ligand-to-metal bands and terminating in (3d) states. Com-
parison of the excitation spectra of the broad-band fluorescence with that of the R lines
allows us to assign certain properties to the charge-transfer bands.

The infrared and visible spectra of transition-
metal ions doped into ionic hosts have been ex-
tensively studied and their general behavior is
well understood. ' This is not the case for their
properties in the near and vacuum ultraviolet
(uv), principally because of two key difficulties':
(i) Normal laboratory sources are not very in-
tense nor are they continuous throughout this re-
gion, and (ii) the host materia. l is generally
opaque to radiation at these frequencies making
impurity-ion spectroscopic studies difficult, if
not impossible, to conduct. The first of these
empirical difficulties has been remedied by syn-
chrotron radiation; the recent activity in the
field of uv properties of solids attests to the ver-
satility of electron storage-ring synchrotron ra-
diation as an energy source in these hitherto ex-
perimentally difficult spectral regions. '

We present in the Letter results of studies
where we utilized uv synchrotron radiation as a
novel excitation source for visible fluorescence
transitions of transition-metal ions doped into
some well studied lattices, in particular, Cr"
in cubic MgO and trigonal Al, O, . We wish to
show that by monitoring the intensity of the well-
known 'E

g
- A., g

Cr" transition as a function of
the uv excitation frequency, we are able to probe
into the energy level structure of Cr" and its
neighboring anion complex far into the uv, into

regions, in fact, where the host lattice is almost
totally opaque to the excitation radiation. We
wish to report, as well, observation of intense
broad-band and sharp-line fluorescences which
have not been reported previously. These fluo-
rescences originate from high-lying metal ion
and ligand complexes and allow us to assign cer-
tain properties and selection rules to charge
transfer bands in Cr'+.

Synchrotron radiation form the University of
Wisconsin 240-MeV electron storage ring is
passed through a 2-m McPherson model 235 va-
cuum-uv scanning monochromator; the output is
then allowed to irradiate the sample. The sam-
ples are rectangular prism shaped and are locat-
ed in an evacuated chamber (~10 ' Torr) in con-
tact with a liquid-nitrogen cold finger. Sa,mples
are placed in such a way as to expose a maxi-
mum amount of irradiated surface to a viewing
port at right angle to the beam. The resulting
fluorescences are analyzed through narrow-band
filters or through a —,'-m Jarrell-Ash monochrom-
ator with scanning capabilities. The intensity of
the radiative transition may be monitored as a
function oi the excitation wavelength or, by
switching the uv monochromator to zeroth order,
the shape of the fluorescences may be obtained.
The number of photons at the output of the uv
monochromator were counted directly with a,


