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I" point between the top of the valence band and
the lowest antibonding d bands in the Oguchi cal-
culation, the latter states have negative disper-
sion. Thus one would not expect to see emission
from the bands at F but rather from the indirect
minimum atX, a transition of only 0.7 eV. In
addition to this quantitative discrepancy between
our measurements and the Xa calculation, anoth-
er unresolved problem is the short carrier life-
time of this material. Nonradiative recombina-
tion or transitions to intermediate levels, possi-
bly the d bands, are the dominant relaxation
processes in CdCr, Se4. Like the deep levels in
semi-insulating GaAs:Cr, the d bands in the gap
may have the effect of shortening carrier life-
times but to a much greater extend in this stochio-
metric material.
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Two-Photon Absorption as a New Test of the Judd-Ofelt Theory
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Observation by fluorescence detection of direct two-photon absorption within the 4f
configuration of the Gd'+ ion following excitation with a continuous-wave laser is re-
ported. Quantitative intensity measurements test assumptions behind the Judd-Ofelt
theory of lanthanide transition intensities in a new way, and significant discrepancies
are found. The discrepancies indicate that the radial integrals (4f ~r~ 5d) vary markedly
for different J multiplets, and that ligands significantly influence two-photon intensities.

PACS numbers: 78.40.Ha, 42.65.-k

-Kaiser and Garrett' observed direct two-photon
absorption for the first time by exciting a 4f"
—4f" '5d transition in a lanthanide ion with a
pulsed ruby laser. Few subsequent studies of

two-photon absorption, however, have explored
the parity-allowed transitions within the 4f" con-
figuration of lanthanides. " In the present work
we report observation of direct two-photon f —f
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FIG. 1. Schematic diagram of the experimental ar-
rarge ment.
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transitions in the Gd'+ ion in a I aF, host, using
continuous-wave (cw) dye-laser excitation. To
our knowledge, this represents the first experi-
ment in two-photon solid-state spectroscopy done
exclusively with cw lasers. The purpose of this
Letter is to show that quantitative measurements
of relative two-photon absorption cross sections
provide a new test of the method of Judd and
Ofelt" for calculating oscillator strengths of f
—f transitions in lanthanide ions.

Figure 1 shows the experimental arrangement.
A cw dye laser (Coherent Inc. Model 599-21),
operating broadband with Rhodamine-6G, is
pumped by an 18-W argon-ion laser. A small
fraction of the dye-laser power is sent into a
monochromator for frequency calibration. A lin-
early polarized beam of several hundred milli-
watts is focused into a sample crystal, the tem-
perature of which could be varied between 4 and
300 K. The LaF, crystal, which contained 0.5%
Gd", was purchased from Optovac, Inc. It was
mounted with its q axis either parallel or perpen-
dicular to the direction of beam propagation. The
experiment has also been performed in another
arrangement in which the sample and cryostat
were placed inside the dye-laser cavity. An in-
crease in laser intensity of an order of magnitude
was obtained. The data reported here were taken
with the sample outside the cavity. This simpli-
fies the operation and adjustments.

Two-photon transitions were induced between
the 'S7i, ground state of Gd" and the lowest-lying
excited multiplets 'P», at 32 230 cm ', 'P», at
32790 cm ', and 'P„, at 33360 cm ' above the
ground state. The relevant intermediate states,
which belong mostly to the 4f" 'Sd configuration,
lie about 100000 cm ' above the ground state.
This fact, in combination with 4f - 5d oscillator
strengths of only about 10 ', makes two-photon

absorption cross sections prohibitively small for
direct absorption measurements. In order to
achieve the required sensitivity, therefore, uv

fluorescence from one-photon decay back to the
ground state was monitored at right angles to the
laser beam with a suitably filtered EMI 9635 pho-
tomultiplier tube. With three Corion solar-blind
filters, we achieved a rejection ratio against scat-
tered light larger than 10", and a very good sig-
nal-to-noise ratio. The observed fluorescence is
emitted almost entirely from the lowest-energy
crystal-field component of the 'P„„since high-
er-lying 'P levels decay to this level through rap-
id, nonradiative processes. Fluorescence yield
of this lowest level, on the other hand, approach-
es unity, since, because of the large energy gap
separating it from the ground state, radiative de-
cay dominates. Nevertheless, to check that fluo-
rescence following excitation of different excited
states was not selectively quenched, which would
lead to erroneous measurement of relative transi-
tion intensities, single-photon absorption and flu-
orescent spectra were taken with a Cary 14 spec-
trophotometer and found to yield identical rela-
tive intensities to all of the 'P~ and 'I~ excited 4f
states (except for an inconclusive result with the
P 3/2 which was too weak to be ob served by di-
rect one-photon absorption).

Two-photon intensity measurements were made
at both liquid-nitrogen and liquid-helium temper-
atures. As suspected, no temperature depen-
dence was observed, since the ground-state split-
ting is less than 0.3 cm ', so that all Stark corn-
ponents are essentially equally populated even at
4'K. Level positions for the two-photon transi-
tions were checked at liquid-helium temperature,
and found to agree within the resolution of our
monochromator (+ 1 cm ') with those reported by
Schwiesow and Crosswhite. ' The expected tem-
perature dependence of the level positions' was
confirmed. Crystal-field splittings of the 'P mul-
tiplets were fully resolved, as shown by the ex-
perimental curves in Fig. 2. The observed line-
widths of 1-2 cm in this figure arise from a
convolution of the laser linewidth (0.3 cm ') with
itself and with the transition linewidths, which
are homogeneously broadened at 77 K. Measure-
ments at 4 'K on the 'P„, state with a single-
mode dye laser (- 1 MHz width) yielded transition
linewidths of 7 GHz for the three lowest crystal-
field components (see Fig. 3), and a linewidth of
21 GHz for the highest. This last component is
homogeneously broadened because of spontaneous
emission of phonons. Fluorescence line narrow-
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FIG. 2. Observed uv fluorescence intensity at 77'K following two-photon absorption with incident light linearly

polarized perpendicular to c axis from the Bgy, ground state to the (a) 6P&i~, (b) 6P5i~, and (c) 6P, i, excited states.
Note that the vertical scale in (a) is different. The indicated scales measure the relative intensities.

ing following two-photon excitation, which is in
progress in our laboratory, should help to elim-
inate inhomogeneous contributions to the width.
The ground-state splitting of 8 6Hz' might then
be resolved.

Axe' showed that for photons of the same fre-
quency and polarization, the Judd-Ofelt method
gives the integrated line strength $ for a two-pho-
ton transition from a ground state with compo-
nents

l f"gJM) to an excited state with components

l
f"p'J'M') in the form

excited states, then Eq. (l) shows that, for a
given polarization, the relative integrated inten-
sities of two-photon transitions to states

l
f"g' J')

should be given by the ratios of the quantities
(g.s. ll

U'"ll f"g' J') '. These quantities have been
calculated for most lanthanides by using atomic
intermediate-coupling wave functions, ' and the
appropriate ratios for the 'S7/2 7/2p I'5/2p P3/2
transitions in Gd" are shown in Table I. This

q is a polarization dependent factor equal to 1 for
linearly polarized light and 2 for circularly po-
larized light. 0, contains integrals over the radi-
al parts of the 4f" and 4f" '5d wave functions,
and is analogous to the phenomenological T, pa-
rameter in Judd's theory of one-photon intensi-
ties, in which the role of the second photon is
replaced by the noncentrosymmetric part of the
crystal field.

Equation (l) assumes that total angular momen-
tum Jis a good quantum number. Effective spher-
ical symmetry is then obtained by summing over
all components of each Jmultiplet. Our calcula-
tion of the effect of J mixing of the free-ion 4f'
levels by the crystal field V=+„,B~,C~„by
using coefficients B~, determined from a phenom-
enological fit of crystal-field term splittings, "
indicates that it is negligible. If we assume, as
is customary, that 0, has the same value for all

. z
DJ
I—z

t—20 6Hz~

FIG. 3. Observed fluorescence at 4.2 K following
two-photon absorption from the S&h ground state to
the second-lowest-energy crystal-field component of the

PY/2. The laser was operating in single mode.

563



VOLUMK 46, +UMBER 8 23 FEBRUARY 1981

TABLE I. Calculated and experimental ratios of integrated intensities for three two-
photon transitions in Gd'+ with incident light linearly polarized perpendicular and par-
allel to crystal c axis.

Intensity
ratios Calculated

Experimental
Polarization perpendicular Polarization parallel

to c axis to c axis

58+ 5
5.4+ 0.4
320+ 10

83+ 5
S(6I' / )/S(6I' / ) 29 4 &15
S(6I' / )/S(~P / ) 68 8 &900

Ratios of the quantities (g.s.~~V~2)
~~ f

'g' J)', as calculated in Ref. 10 for the states
indicated.

table also illustrates, however, the serious dis-
crepancies between this theory and the experi-
mental results, considerably larger than discrep-
ancies normally encountered in single-photon in-
tensity data. We believe the reason is that two-
photon absorption experiments uniquely test a
prediction of the Judd-Qfelt method which does
not involve phenomenological parameters. They
are, therefore, more sensitive to the physical
assumption on which the method rests.

Among these assumptions use of the closure re-
lation for arriving at Eq. (I}may be questioned,
although in our opinion the large number of inter-
mediate 4f" '5d states justifies the replacement
of individual energy denominators by a common
average denominator. A violation of the assump-
tion of effective spherical symmetry, arising,
for exa.mple, from interaction of the 4f electrons
with the ligands, would be expected to show up as
a polarization dependence of the integrated inten-
sities. Measurements of the variations of the in-
tensities of individual crystal-field components
with the direction of the electric field with re-
spect to the crystallographic axes have been
made. There are sizable variations both in the
c plane, as well as for E~~ c axis. The anisotropy
of the integrated intensity of the J= & and & mul-
tiplets is much smaller. There is practically no
variation in the c plane, and the difference be-
tween E~~ c and Eic axis is less than 20k. The
J= & intensity is quite small for E~~ c, as shown
in Table I. In addition, measurements with light
circularly polarized around the c axis show sig-
nificant deviations from the polarization depen-
dence predicted in Eq. (I}, indicating a need for
a theory of two-photon absorption which takes
ligand-field effects into account. These data will
be reported in more detail elsewhere.

In addition, the radial integrals (4f~ x~ 5d) con-
tained in 0, may vary for different 4f" states.

We note, in support of this suggestion, that theo-
retical fits to measured crystal-field splitting
are often markedly improved if different sets of
crystal-field parameters are used for different
multiplets. " This indicates that the charge dis-
tribution of the 4f electrons, and presumably the
small overlap of the 4f" and 4f " '5d wave func-
tions as well, can depend on the nature of the
state. Judd, " in fact, has used the effect of the
contraction of the 4f" wave function by attractive
exchange intereactions to explain a number of
discrepancies in crystal-field analysis.

State dependence of the radial integral (4f~r~ 5d)
would, of course, influence T, as well as 0,. Our
results, however, would not contradict single-
photon intensity data, since more than 95% of the
single-photon intensity of the '87/ +7/2 I'5/2
transitions is magnetic dipole in nature, "and
thus unaffected by this integral. "

Two-photon absorption data can significantly
augment our knowledge of lanthanide wave func-
tions. Studies of the 'D~ states of Gd", which
have large values of the relevant U'" matrix
element, should be of considerable interest. We
have searched for the two-photon transitions to
the 'I7/2 9/2 ~ ii/2 states without success, in agree-
ment with calculated values of the U'" matrix
element" more than an order of magnitude small-
er than those to the 'P», state.
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Resistance measurements have been made on low-resistivity thin Cu films (50—500 A)

between 1 and 20 K. A logarithmic temperature dependence of the resistance is observed.
For a resistance per square of A &20 &/~, good agreement is obtained with the localiza-
tion theory. The amplitude of the resistance variation and its large magnetic-field depen-
dence exclude possible Coulomb-interaction effects predicted by Altshuler et al . as the
main source of the observed behavior.

PACS numbers: 71.55.Jv, 73.60.Dt

Based on the scaling ideas of Thouless, ' Abra-
hams et al.' recently predicted that in a thin me-
tallic film, electronic states should become lo-
calized at low temperatures, resulting in a loga-
rithmic increase of the resistance as the tempera-
ture is lowered. ' Experimental studies of this ef-
fect have been reported in ultrathin (and presum-
ably granular) Au-Pd films' and in inversion lay-
ers. ' The resistance per square R& of these sam-
ples was typically 1000 0/CI or more Althoug. h

the results did show the predicted lnT dependence,
the magnitude of the effect was only a half to a
quarter of that predicted by the theory. Similar
problems have arisen in the study of one-dimen-
sional (1D) localization in highly disordered' and
amorphous' systems and have been attributed by
Thouless' to a linear temperature dependence of
the electron-phonon scattering time characteris-
tic of highly disordered two-level systems. ' An

alternative interpretation of these results in terms
of the Coulomb interaction has been proposed by
Altshuler, Aronov, and Lee."

We report for the first time on measurements
of 2D localization in clean metallic (copper) films,
with a mean free path of the order of the film
thickness and a resistance per square of the or-
der of 10 0/O. The resistance of these films
shows the expected logarithmic increase at low

temperatures. The strength of the effect is in

agreement with the localization theory but dis-
agrees strongly with the theory of Altshuler et al. ,
in view of the Hartree correction which becomes
very important for clean films. Slightly thinner
films, approaching the discontinuity limit, show

a weaker effect, similar to what was observed by
Dolan and Osheroff. However, in this limit it is
quite difficult to distinguish between the predic-
tions of the localization and the Coulomb theory.
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