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Two-photon excitation of the lowest 4f =4f 5d near-ultraviolet transitions in Pr +:Y,A1,0,2
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Two-photon transitions from the 'H4 ground-state manifold of the 4f' configuration to the lowest

state of the 4fSd configuration of Pr in YiAlsO, t have been studied with a tunable dye laser as a func-

tion of the excitation wavelength, intensity, temperature, and focusing geometry. The two-photon exci-

tation spectrum is vibronic in nature and covers the 555-615-nm excitation wavelength range. Both the

direct nonresonant and the resonantly enhanced transitions are observed. The measured two-photon-

absorption cross section varies over 3 orders of magnitude with a maximum of 1X10 " cm s at the

peak of the resonantly enhanced transition at 581 nm. The parity selection rule which forbids these
two-photon transitions in a free ion is relaxed by odd-parity crystal-field mixing of the wave functions,
making these transitions possible. Two-photon excitation measurements are complemented by one-

photon-absorption and -emission measurements.

I. INTRODUCTION

This paper presents the results of a study of first-order
parity-forbidden 4f ~4fSd transitions in trivalent
praseodymium (Pr +

) ion doped yttrium aluminum gar-
net (Y3Als0, 2), commonly abbreviated as YAG. The
Pr + ion has played a very important role in our under-
standing of optical and spectroscopic properties of im-
purity ion-activated insulators. The optical and spectro-
scopic properties of this ion both in the free-ion state as
well as in many different crystalline and glassy hosts are
well documented. A number of novel high-resolution and
nonlinear laser spectroscopic studies on this ion doped in
various crystals have been reported over the years. These
include fluorescence line narrowing, four-wave mixing,
photon echo, two-photon absorption (TPA), and polar-
ization spectroscopy. ' Laser action in a number of crys-
tals doped with this ion has also been demonstrated.

However, most of these studies have concentrated on
transitions between Stark manifolds belonging to the
same 4f electronic configuration which give rise to
sharp lines in absorption and emission spectra. There is a
paucity of detailed studies of the interconfigurational

4f ~4f 5d transitions in this ion. One major reason for
this scarcity is that, in most crystals, the 4f5d levels of
Pr + ions are located at energies -50000 cm ' above
the ground state. So, these levels are not so readily ac-
cessible to conventional light sources. The strong ultra-
violet (uv) absorption of the host lattice has limited the
study of these transitions as we11. In a pioneering study,
Elias et al. used the intense uv radiation from a
synchrotron-storage-ring source to conduct a study of the
broadband linear absorption and emission spectra of
Pr + in LaF3 following excitation of the 5d and 6s states
of the ion. However, the energy-level structure of Pr +

is different in YAG. The large crystal-field splitting of
the 5d states in this crystal results in relatively low-lying
Sd levels as compared to those in common hosts like

LaF3, CaF2, etc. However, the system has received only
limited attention, ' and a detailed study of its spectro-
scopic and quantum electronic properties yet remains to
be completed. Hooge measured the one-photon at. =-orp-

tion and fluorescence spectra involving f +f trans—itions
between 16 K and room temperature. Gourley complet-
ed a detailed analysis of the spectral linewidth of the
H4~ Po transition in this crystal. The study of the 5d

states of Pr + in this crystal was undertaken by Weber,
who investigated the radiative and nonradiative deexcita-
tion of 5d states using the temperature dependence of
fiuorescence lifetime.

Although the first experimental demonstration of
two-photon (TP) excitation involved the electronic
4f ~5d transition in Eu +:CaFz, the subsequent studies
of two-photon transitions in rare-earth ion-doped crystals
mostly centered on the sharp, parity-allowed f~f tran-
sitions in these ions. The theory of TP processes for these
transitions is now well developed and provides quantita-
tive agreement with experimental data. " Gayen
et al. ' ' carried out a detailed study of first-order
parity-forbidden 4f ~5d TP transitions in Ce +:CaFz.
Their theoretical interpretation' of the electronic zero-
phonon transition has been further extended and pro-
vides reasonable qualitative agreement with experimental
values of cross section and polarization anisotropy. ' '
Two-photon absorption has been studied in Pr +-doped
crystals as well. ' ' All three reported studies have cen-
tered on the 'So state, which happens to be the highest
excited state in the 4f manifold of Pr in the crystals
investigated. Yen et aI. ' excited the state in LaF3 by
first populating the intermediate D levels by one-photon
absorption, followed by a TP transition to the 'So level.

Bloembergen and co-workers studied the same level both
in LaF3 and LaC13 by a direct two-photon transition from

the ground state. ' '
The thrust of the present study is to further extend and

complement the current state of spectroscopic characteri-
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zation of Pr +:YAG in two respects. First, it undertakes
an investigation of the spectroscopic properties of Pr +

ion in YAG, with particular emphasis on the lowest 5d
state. Only a few studies on the 5d states of Pr + exist, '

and even a detailed study of the states of 4f manifold of
this ion in YAG is lacking. YAG has been proven to be
an efficient host material which supports laser action in a
number of ions doped into it. In this respect, the present
work is expected to have practical implications. Second,
it investigates two-photon transitions which are parity
forbidden in the free ion, but acquire strength because of
mixing of states of opposite parity by the odd-parity crys-
tal 6eld.

The observed room-temperature TP excitation spectra
is a broad vibronic band which extends over the
555-615-nm spectral range. This spectral range corre-
sponds, in two-photon absorption, to the range covered
by the intense parity-allowed lowest 4f ~5d one-photon
absorption (OPA) spectrum. A very interesting feature of
the TP spectrum is that, in addition to direct two-photon
absorption transitions involving off-resonance intermedi-
ate states, resonantly enhanced TP transitions with about
2 orders of magnitude higher transition strength are ob-
served. Since, the TP absorption cross sections are prohi-
bitively small for direct absorption measurements, the
near-uv Pr + fluorescence from the lowest 5d state was
monitored as a function of excitation wavelength to
achieve adequate sensitivity in detecting TP transitions.
The energy gap between the lowest 5d level and the
nearest 4f excited level being greater than 10000 cm
the quantum efficiency for 5d fluorescence is high. In
addition, most of the emission is over a limited spectral
range far removed from the excitation wavelength range.
These facts helped optimize the detection sensitivity for
weak TP signal.

In Sec. II, we briefly present the results of our linear
spectroscopic measurements on Pr +:YAG, which com-
plement, and help analyze, the two-photon excitation
measurements. Section III outlines the experimental pro-
cedure and parameters for two-photon excitation mea-
surements, and Sec. IV presents experimental results. In
Sec. V, a simple theoretical argument based on second-
order, time-dependent, quantum-mechanical perturbation
theory is provided for a qualitative understanding of ex-
perimental results. The measured TP excitation cross
sections are compared to those observed in other ions,
and the implications of experimental results are dis-
cussed.

II. ONE-PHOTON SPECTROSCOPY OF Pr:YAG

The characteristics of single-photon absorption and
emission spectra of Pr +:YAG, which are necessary for
the interpretation of the two-photon excitation measure-
ments, are presented in this section. The single-crystal
sample used in all the measurements reported here was
grown by the Czochralski method at the Crystal Prod-
ucts Division of Union Carbide. It contains 0.4% of the
Pr + ion, which is equivalent to a concentration of
5.5 X 10' ions/cm . The crystal is a 10-mm-long cylinder
with its axis collinear with the [111] crystallographic

axis. The exciting radiation for all measurements was in-
cident along this axis of the sample.

The room-temperature absorption spectra of the
crystal, taken with a Perkin-Elmer Lambda-9
uv —visible-near-infrared spectrophotometer are
displayed in Figs. 1(a)—1(c). The two intense, broad
bands at wavelengths shorter than 325 nm, in Fig. 1(a),
are due to strong, electric-dipole transitions from the H4
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FIG. 1. One-photon absorption spectrum of 0.4%
Pr'+:Y,Al50» at room temperature covering (a) 185—400-nm,
{b) 400—700-nm, and (c) 900—4500-nm spectral regions. Spec-
trum beyond 3200 nm shown by dashed line in {c}was taken
with an ir spectrometer as described in the text. No absorption
was observed in the range 700—900 nm, so that spectral region
is not displayed in the figure.
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ground state of the 4f configuration to the two lower-
lying states of the 4f5d configuration of the Pr + ion.
Wavelengths shorter than 185 nm were not accessible to
the spectophotometer. However, the onset of the funda-
mental absorption edge of YAG occurs around this wave-
length, so measurements at shorter wavelengths may not
reveal any distinct Pr + feature. The numerous sharp ab-
sorption lines below 450 nm are due to transitions from
the H4 ground state to the higher excited states of the
4f configuration. We have measured the infrared (ir)
absorption spectrum of the sample down to 400 cm ' (25
pm) using a Perkin-Elmer 983 infrared spectrometer.
Part of that spectrum is combined with the spectrum tak-
en with the uv —visible-near-ir spectrophotometer to gen-
erate the composite absorption spectrum shown in Fig.
1(c). The part of the spectrum taken with the ir spec-
trometer is shown by the dotted line. The additional
feature revealed by the ir absorption measurement is the
shallow structure centered at 3902 nm, and is attributed
to absorptive transitions to the H5 multiplet. At wave-
lengths longer than 4400 nm, the YAG host starts to ab-
sorb, so the spectrum is presented only up to 4500 nm
showing the onset of host absorption. Thus of the 13 pos-
sible multiplets belonging to the 4f configuration, 12 are
tentatively identified from the absorption measurements.
The 'So level, which lies -46000 cm ' above the ground
state in other host materials, ' ' and is expected to be
about that far removed in this crystal, presumably over-
laps with the second 5d level and may not be readily
identified.

An energy-level diagram of Pr +:YAG constructed on
the basis of our measurements is shown in Fig. 2. The ex-
tent of the boxed regions for the two Sd bands denotes
the full width of the bands at one-half maximum. The
solid circles indicate levels from which fluorescence was
observed in our measurements which extended only up to
850 nm in the long-wavelength region. The positions of
the multiplets of the 4f configuration are in agreement
with previous experimental results. The positions of
5d bands agree in general with Weber's measurement;
however, the second 5d band extends to higher energy in
our sample than that reported in his work.

The room-temperature fluorescence spectrum of
Pr +:YAG, over the 300-600-nm spectral range for exci-
tation at 280 nm into the first 5d absorption band, is
presented in Fig. 3. An exactly similar spectrum is ob-
tained for excitation into the second 5d band at 240 nm.
The fluorescence spectra were taken with a Perkin-Elmer
Model LS-50 Luminescence Spectrometer. The strongest
5d fluorescence extends from 300 to 450 nm and is due to
transitions terminating on the FJ {J=2,3,4) and HJ
( J=4,5,6) manifolds. Although the estimated minimum
5d to 4f energy gap i-s —-10000 cm ', and the lowest 51
state fluoresces with near-unity quantum efficiency,
weak nonradiative transitions from the lowest 5d state to
the nearest P~ manifold do indeed occur. Subsequent
intraconfigurational nonradiative relaxation then popu-
lates the Po manifold. The radiative deexcitation of this
manifold to the ground and the H~ states results in the
sharp, relatively weak fluorescence lines in the 480—570-
nm spectral range. Even weaker emission at wavelengths
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FIG. 2. An energy-level diagram for Pr + in YAG showing
the locations of multiplets of 4f ground configuration and the
first two lower states of the 4fSd excited configuration. Levels
from which fluorescence has been observed are marked with
solid ellipses.

between 610 and 750 nm has been observed (not
displayed in the figure), which seems to include overlap-
ping contributions from the lowest 5d ~ 'Dz and
'Dz~ H4, H5 transitions. This is inferred from mul-
ticomponent decay of fluorescence in this spectral region.
However, the details of the fluorescence dynamics are not
the thrust of this article and will be presented elsewhere.
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FIG. 3. A room-temperature fluorescence spectrum of
Pr +:YAG for excitation at 280 nm into the lowest 4f5d ab-

sorption band.
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For the two-photon excitation measurement we moni-
tored the fluorescence in the 300-450-nm range. The
fluorescence lifetime in this spectral region was measured
following two-photon excitation of the lowest 5d state
with 7-ns pulses from a dye laser. From a simple-
exponential fit of the fluorescence decay, a room-
temperature fluorescence lifetime of 25+5 ns is estimated,
which is in agreement with the previously published re-
sult. '

III. EXPERIMENTAL ARRANGEMENT

The experimental arrangement for two-photon excita-
tion measurements is shown in Fig. 4. The two-photon
transitions were excited by 7-ns pulses from a frequency-
tunable dye laser pumped by the second harmonic of a
Nd: YAG laser (Spectra Physics DCR-3G). The dye-laser
consists of an oscillator and an amplifier. The oscillator
uses a dual-prism beam expander and a 600-line/mm
blazed grating in Littrow as the back mirror to produce
narrow-bandwidth pulses. The dye laser may be continu-
ously tuned by angle-tuning the di5raction grating. The
output of the oscillator is further amplified by the
amplifier stage as needed. The dye-laser output has a
nominal bandwidth of -0.1 cm '. The dye-laser beam is
focused into the sample by a 1-m focal length lens. A
small fraction of the dye-laser beam energy is sent to a
monochromator for frequency calibration.

The sample used in this study has been described in
Sec. II. The sample was mounted on a cold finger in the
tail section of a cryostat, which uses a small pool of liquid
nitrogen to cool the sample by conduction. The dye-laser

beam is vertically polarized and is incident along the
[111]axis of the crystal. The alignment of the sample
axis with respect to the horizontal laser beam and a verti-
cal reference direction was accurate to +2'.

The 5d to F& and HJ Pr + fluorescence was collected
at right angles to the laser beam and collimated by a 5-
cm-diameter, 10-cm-focal-length lens placed 10 cm away
from the sample. The collimated light was converged by
an identical second lens and passed through a set of
visible-absorbing, uv-transmitting filters (two Corning 7-
54, one 7-59, and a 4-80) before being detected by a pho-
tomultiplier tube with S-20 response. A silicon photo-
diode (Hamamatsu S-2386-18 K) calibrated against a
laser-energy meter (Scientech Model 36-0001) was used to
monitor the changes in the dye-laser pulse energy. Both
the photodiode and the photomultiplier current outputs
were integrated by collecting capacitors, which in parallel
with a resistor, provide a voltage output with a 50-JMs de-
cay time. These signals were sensed by identical gated in-
tegrators and boxcar averagers (Stanford Research Sys-
tems Model SR250) and processed by an IBM AT compa-
tible microcomputer.

Three different dyes (Exciton DCM+Rhodamine 610,
Rhodamine 610+Rhodamine 590, and Rhodamine 590)
dissolved in methanol were used to provide overlapping
spectra in the 615—555-nm spectral region. The fluores-
cence signal was normalized by the square of the dye-
laser pulse energy to account for the variations of the
pulse energy. The normalized ratio was averaged over
100 laser pulses at each wavelength to achieve an ade-
quate signal-to-noise ratio against the random fluctua-
tions in the dye-laser pulse energy and temporal profile.

Nd: YAG laser = HG

Computer

Cryostat

PMT

FIG. 4. A schematic diagram of the experimental arrangement used for two-photon excitation measurement. Key: A. =gated in-
tegrator and boxcar averager, BS=beam splitter, D=beam dump, DL=dye laser, F=filter, Ho=harmonic generator, L=lens,
PD =photodiode, PMT= photomultiplier tube, S=sample.
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IV. EXPERIMENTAL RESULTS

A. Two-photon excitation spectra

The two-photon excitation spectra at room and liquid-
nitrogen temperatures are displayed in Fig. 5. The
room-temperature spectrum is a broadband covering the
615—555-nm spectral range. The salient features of this
spectrum are the strong resonance peaks centered at 610,
593, 587, and 581 nm. The two-photon signal at these
resonance wavelengths are about 2 orders of magnitude
higher than the signal observed at other wavelengths. In
order to show the relative strengths of these transitions
with other transitions, it was thus necessary to present
the TP signal on a logarithmic scale. At liquid-nitrogen
temperature, another narrow, sharp peak appears at
614.4 nm, in addition to those observed in the room-
temperature spectrum. A significant decrease in the
fluorescence intensity at wavelengths shorter than but
close to 614.4 nm is observed in the low-temperature
spectrum as compared to that in the room-temperature
spectrum. In addition, the shorter-wavelength sideband
exhibits more structure at low temperature, and the
structures of the peaks become better resolved.

The sharp line at 614.4 nm is a zero-phonon line which
arises from a direct two-photon absorption process caus-
ing a purely electronic transition from the H4 ground
state to the lowest 4f5d state. The broad and structured
sideband at shorter wavelengths is the phonon sideband

of this electronic transition, and originates in vibronic
transitions between the two states. Like the zero-phonon
line, the phonon sideband (except for the peaks men-
tioned above) is due to direct TP transitions between the
initial and final states. These transitions involve only
nonresonant intermediate states, no real intermediate
state is physically occupied by the ions making the transi-
tions.

However, each of the strong resonance peaks centered
at 610, 593, 587, and 581 nm in the TP excitation spec-
trum corresponds to a one-photon absorption maxima in
Fig. 1, or to a transmission minima as displayed in the
one-photon transmission spectrum in Fig. 5 (the lower
dashed curve). This indicates that the TP absorption pro-
cess is resonantly enhanced when the excitation wave-
length is resonant with a one-photon transition in the
sample. The interpretation of the resonantly enhanced
and nonresonant TP transitions will be discussed further
in a latter section.

In order to verify the two-photon nature of the excita-
tion process, we have measured the dye-laser power
dependence of the fluorescence strength. A set of cali-
brated neutral density filters was used in the dye-laser
beam to attenuate the power as desired, thus avoiding the
systematic error which may result from controlling the
dye-laser power by varying the YAG-laser lamp energy.
Figure 6 displays the results of the measurements done
both for a resonantly enhanced transition for excitation
at 581 nm, as well as for a nonresonant TP transition at
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FIG. 5. Composite two-photon excitation spectra of 0.4%%u& Pr':YAG: (a) at liquid-nitrogen temperature (solid, heavier line), and

(b) at room temperature (dotted, lighter line). The fluorescence intensity has been point by point normalized to the square of the

dye-laser power. The lower dashed curve shows the positions of one-photon (OP) transmission minima of the sample over the same

wavelength range as that in the TP spectra. The baseline of the OP transmission curve has been arbitrarily shifted to make the

transmission minima more prominent. The OP transmission curve is not drawn to the scale either.
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varies with the propagation distance z. The focusing
characteristics of the beam were found to be well approx-
imated by

w (z) =wo [ I+ [2(z —zo)/b] ], (4)

N= [tan '[(L —2zo}/b]
TpcrI'

where the minimum beam radius w0 is at z =z0, and
b =2m wo/A, is the confocal parameter. Since the sample
radius is very large compared to the dye-laser beam ra-
dius at the sample, the upper limit on the radial integral
in Eq. (2) may be set to ao. Using the descriptions of
F(r,z) and w(z) given by Eqs. (3) and (4), the integral in

Eq. (2}may then be expressed in a closed form as'

10 100 1000

Laser Power (arb. units)

FIG. 6. Excitation power dependence of Pr'+ emission.
Each point represents the average of five measurements, each of
which has been averaged over 100 laser shots. The upper curve
(crosses) is for excitation of a resonantly enhanced transition at
581 nm, the lower curve (solid squares) is for excitation of a
nonresonant transition at 571 nm. The straight lines have a
slope of 2.

571 nm. A quadratic dependence of the fluorescence
strength on the dye-laser power is observed as expected
for a two-photon absorption process. We have observed
similar quadratic dependences for other resonantly
enhanced transitions, and direct TP transitions for excita-
tion at other wavelengths as well.

B. Measurement of two-photon absorption cross section

We have made an approximate measurement of the
cross section for two-photon absorption for excitation at
the vacuum wavelength of 581 nm, which corresponds to
the peak of one of the resonantly enhanced transitions in
the excitation spectrum of Fig. 5. Following the common
practice in the literature, the TPA cross section cr is
defined such that the induced transition rate per ion, W,
is given by

+ tan '[(L +2zo )/b] j . (5)

The dependence of X on z0 may be used to obtain an

effective minimum waist w0, and to determine the
geometry for the optimal two-photon signal. Using the
geometry of Fig. 7, z0 can be related to the sample-to-lens

separation x, and the lens-to-minimum-waist distance d2.
In the far field of the dye laser, the value of d2 is nearly

independent of d &, and one may vary z0 by moving the
lens instead of the sample. The result of measurement
of Pr + fluorescence as a function of z0 is shown in Fig.
8. The solid line represents a fit of the experimental data
denoted by solid squares to the bracketed term in Eq. (5)
for 6=14.3 cm. This leads to an effective beam waist pa-
rameter of 114.9 p,m, which agrees well with a 113-pm
value estimated from scanning a 10-pm slit across the fo-
cal point. For our I-cm-long sample L/b-0. 07, which

implies that the excitation intensity does not vary too
much over the pumped volume of the sample. This loose
focusing geometry also reduces the possibility of unwant-
ed Stark mixing, as well as surface and bulk damage of
the sample, while providing an adequate signal for mea-
surement.

In our measurements, the minimum waist is located at
the center of the sample (z0=0), and Eq. (5) takes the
simpler form

N = P tan '(L/b) .

8'=OF (I} The number of ions, N excited by a laser pulse may be es-

where I' is the incident photon Aux in units of
photons/cm s, and o. is in cm s. If p is the Pr + density
in ions/cm, then the number of ions excited per laser
pulse of duration T is'

+d&

2wo

N =Tpo f f F (r, z)2mr dr dz,—L/2 0
(2)

dye laser

where L and R are length and radius of the sample, re-
spectively. The spatial profile of the dye-laser beam was
scanned by a narrow slit and the flux distribution was
found to be approximated by a Gaussian

lens z 0
sample

I

=I

+(&,z)=(2P!nw )exp( 2r /w2), —

where P is in photons/s, and w is the beam radius that

FIG. 7. Focusing geometry for two-photon excitation mea-
surement and determination of the e6'ective waist wo. The dye-
laser to focusing-lens separation is 400 cm.
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FIG. 8. Dependence of the fluorescence signal on the
sample-to-waist separation, wo. The solid line is a fit to the ex-

perimental data represented by solid squares using the bracket-
ed term in Eq. (5) for b= 14.3 cm, which yields wo = 114.9 pm.

timated from the peak voltage V per pulse measured
across the integrating capacitor at the photomultiplier
anode, '

V =QN(EQI4w)(aqv),

where Q, the fiuorescence quantum efficiency, is taken to
be unity, the geometrical collection efficiency b,Q/4~ is
0.007, q is the quantum efficiency of the photomultiplier
cathode, U is the voltage per photoelectron from the pho-
tocathode, and u represents the losses at the air-glass in-

terfaces and through the optical filters in the collection
path. We have estimated a value of 3.1X10 V/photon
for the factor aqu by carefully calibrating the photomulti-
plier tube and collection-optics response to a well-
characterized laser-light pulse. The dye-laser energy for
this cross-section measurement was maintained at about
0.26 mJ per pulse, which is equivalent to 1.08X10
photons/s. The resulting intensity at the sample is 89.6
MW/cm . At the peak of the resonantly enhanced TP
transition at 581 nm, the peak voltage across the integrat-

ing capacitor was measured to be 2.2 U. Using these pa-
rameters with Eqs. (6) and (7), the peak cross section is
estimated to be 1X10 ' cm s. Similar measurements
yield a value of 4X 10 cm s for nonresonant TP cross
section at the phonon sideband at 578 nm, and 8X10
cm s for the zero-phonon transition at 614.4 nm. Values
of the TP cross section thus estimated are accurate to
within a factor of 10 because of the uncertainties in the
intensity of the dye-laser beam, variations in its spatial
and temporal profiles, and above all the calibration of the
photomultiplier tube.

V. DISCUSSION

The two-photon excitation spectrum of Pr +:YAG is
characterized by two distinct types of transitions: first,
the resonantly enhanced transitions involving real inter-
mediate states; and second, the direct two-photon transi-
tions involving nonresonant intermediate states. Two-
photon transitions involving nonresonant intermediate
states include a zero-phonon line corresponding to a
purely electronic transition, and an associated phonon
sideband which arises from vibronic transitions. The
peak cross section for resonantly enhanced transitions is

about 2 orders of magnitude larger than the peak cross
section for direct, nonresonant transitions. The resonant-

ly enhanced TP transitions may be looked upon as involv-

ing an f~f transition from the ground to the intermedi-
ate state, and an allowed electric-dipole transition from
the intermediate 4f state to the final 5d state, but should

not be confused with a two-step process. The one-photon

f~f transitions in rare-earth ion-doped crystals are well

explained by the Judd-Ofelt theory. ' Thus the relative
strength of the resonantly enhanced transitions may be
understood. Similar resonance enhancement has been re-

ported in three-photon absorption from the I9/2 ground
state to the states of the 4f Sd configuration in
Nd'+: YAG "

A semiquantitative understanding of some of the ex-

perimental results involving resonantly enhanced transi-
tions may be obtained in terms of a simple second-order
perturbation-theoretical description of the two-photon
absorption (TPA) process. According to this theory, the
TPA cross section per photon per ion in the electric-
dipole approximation, for the general case of impurity
ions in solids, is given by '

16m e 2 v&v2
cr—,(ri, g2) L(v}

h c n, n2

(f(e, r[i)(i et2r(g) (f[e2 r[i)(i[e, r(g)+
V-g V2 l +I. /2 v; v) lp;/2

2

(8)

where ~g ), ~i ), and
~f ) are the ground, intermediate,

and final states of the transition, L(v) is the normalized
line-shape function, v, is the ground-to-intermediate-
state energy splitting in cm, and y, is the full width at
half maximum (FWHM) breadth in wave numbers of the
energy level ~i ), which is assumed to have a Lorentzian
probability distribution. The subscript k (=1,2} refers to
the kth photon with a frequency vk in cm ', and a polar-

ization unit vector ek. The index of refraction at that fre-

quency is nk, and gk =(nk+2)/3 is the local-field correc-

tion. Damping is introduced phenomenologically so

that the denominators at resonance become equal to l'y's.

The summation in Eq. (8) extends over all the inter-
mediate states of the active ion, and even for a moderate-
ly complex ion the states are not well known, and direct
evaluation of the sum is impractical. Sophisticated ap-
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proximation schemes are necessary to evaluate the sum,
and the adequacy of those schemes may be tested by com-
paring the predictions of the theory to the experimental
results. However, Eq. (8) predicts a resonance in the
TPA cross section if one of the exciting photons becomes
resonant with an intermediate state, making a one-
photon transition to that state possible, and if an energy-
conserving final state located at an energy of v&+ vz cm
is available. An order-of-magnitude estimate of the size
of the resonantly enhanced TPA cross section may be
made by assuming that the resonant intermediate state is
the only state that contributes appreciably to the cross
section so that the sum is replaced by a single term. For
a resonantly enhanced transition this is a reasonable ap-
proximation, since the energy denominator for the term
involving the resonant state is much smaller than those
involving other virtual intermediate states. The resonant
term then makes the dominant contribution to the cross
section. Under this assumption, and for our experimental
condition which uses two identical photons to excite a
transition, Eq. (8) reduces to

64nvi) P. f(P (g ~

424
n bc y

(9)

where pk is the electric-dipole matrix element connect-
ing levels ~k) and ~m ). Equation (9) may now be evalu-
ated by assuming the following parameters to obtain an
estimate of the cross section. The typical value of
electric-dipole transition moments for intra-4f transitions
in trivalent rare-earth (R +) ions in a crystal field is
-2X10 esu. However, a close examination of the
absorption spectrum in Fig. 1 reveals that the one-photon
transition to the intermediate state is a very weak one
and we estimate the transition moment to be
)p;g~=1X10 ' esu. The value of ~pf;~ is taken to be
1X 10 ' esu, typical of 4f ~5d interconfigurational
transition moments. The line width (FWHM) of the in-
termediate state is 33 cm ', and L( )=vW '=(5340
cm ') ', where W is the FWHM of the first 5d band.
The index of refraction of YAG is 1.82, and the photon
energy, v is 17212 cm '. Substituting all these parame-
ters in Eq. (9), the peak TPA cross section for the reso-
nantly enhanced transition at 581 nm is found to be
3X10 ' cm s. Given the uncertainties in the experi-
mental value of 1X10 ' cm s, the theoretical estimate
is in reasonable agreement.

However, a direct two-photon transition from a 4f to a
5d state is parity forbidden to first order. The observed
appearance of the zero-phonon line (ZPL) in the TP spec-
trum may be explained in terms of the crystal-field parity
mixing among the states involved in the transition. The
Pr + ion in YAG is at a site of D2& point-group symme-
try, and the odd-parity component of the crystal field
can mix the Sd states with the 04 ground state, and 4f
and presumably 6s states with the lowest-5d final state.
The parity selection rule is thus relaxed, making a TP
transition between mixed-parity initial and final states
possible. The measured peak two-photon cross section of
8 X 10 cm s for the zero-phonon transition is compa-

rable to the 2 X 10 cm s value' for a similar transition
in Ce +:CaF2.

The phonon sideband owes its origin to two different
contributions of comparable strength. First, because of
the odd-parity crystal-field mixing of wave functions, the
zero-phonon line and vibrational progressions built on it
appear in the TP excitation spectrum. Second, phonon-
assisted transitions induced by the vibronic coupling give
rise to totally symmetric progressions built on false ori-
gins. The experimentally observed TP spectrum is a su-

perposition of both the contributions. A similar situation
was observed' ' in the TPE spectrum of Ce +:CaFz.

Although a qualitative explanation of the observed
direct TP transitions may thus be provided, a theoretical
calculation of the TP cross section is more involved. The
standard second-order perturbation theory of 4f~4f
two-photon transitions in RE ions by Axe has been prov-
en to be inadequate in some cases. ' Further expansion
of this theory by Judd and Pooler' and Downer and
Bivas" through the introduction of third- and fourth-
order corrections to the initial, intermediate, and final
wave functions have led to significant improvements.
However, this theory is not applicable to 4f ~5d transi-
tions presented here. A theory for 4f~5d TP transi-
tions has to start with third-order corrections involving
crystal-field interaction which should have odd parity.
Even-parity crystal-field (CF), and spin-orbit (s.o.) in-

teractions may contribute to transition strength in fourth
or even higher orders. Development of such a third-
order theory for purely electronic TP transitions has been
undertaken by Leavitt who considered both static and dy-
namic crystal-field contributions, ' as well as by Ma-
khanek et al. who considered only static CF effects. ' A
more comprehensive theory will require the incorpora-
tion of even higher-order corrections involving the CF
and s.o. interactions, as well as lig and-dependent
effects. A detailed analysis of direct TP transitions in
Pr +:YAG along this line will be presented in a forth-
coming article.

The theoretical formalism used above to estimate the
cross section for resonantly enhanced two-photon absorp-
tion treats the transition process as one involving the
simultaneous absorption of two identical photons. This is
indeed the case for a direct TP transition where no reso-
nant intermediate state is involved. A similar situation
generally follows for a near-resonant, or resonant process
as well. The process is coherent and may be looked upon
as the effect of one photon modulating the energy spec-
trum of the matter in such a way that the second may be
absorbed within the duration of the modulation ( T2 ).
However, for the case of a resonant intermediate state,
the excitation process may involve linear absorption to a
real intermediate level followed at a later time by the ab-
sorption of a second photon. Such a two-step process is
incoherent, the lifetime of the stationary intermediate
state (T&) enters dominantly into the absorption cross
section. Since T, )T2, such a two-step process, in many
cases, may be much stronger even than a resonantly
enhanced TP transition. ' In a two-step process, it is also
possible for the system to undergo some nonradiative re-
laxation before the second photon completes the transi-
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tion process. As pointed out by Singh and Geusic, the
measured fluorescence intensity may then depend on the
duration of the excitation light pulse. However, in the
lowest order the transition rate for both the processes will
have a quadratic dependence on laser intensity with a
cross section given by Eq. (8).

VI. CONCLUSIONS

First-order parity-forbidden two-photon transitions
from the H4 ground manifold of the 4f state to the
lowest 5d excited state in Pr +:YAG have been observed.
The low-temperature spectrum is characterized by a
sharp zero-phonon line at an excitation wavelength of
614.4 nm corresponding to a purely electronic transition
between the initial and the final states. The zero-phonon
line is accompanied by a structured phonon sideband. As
the excitation wavelength is tuned to one-photon reso-
nances, about 2—3 orders of magnitude enhancement in

transition strength is observed. The peak cross section
for the resonantly enhanced TP transition for the excita-
tion wavelength of 581 nm is 1 X 10 ' cm s. An esti-
mate of the TP cross section in terms of a second-order-
perturbation theoretical model is in a reasonable agree-
ment with the measured value. The TP cross section for
the zero-phonon transition is 8X10 cm s, and has a
comparable magnitude for the phonon sideband. Static
and dynamic odd-parity crystal-field eAects in third or-
der, and even-parity crystal field and spin-orbit interac-
tions in fourth or higher order, are expected to be respon-
sible for the relaxation of the parity selection rule, mak-
ing the observed transitions possible.
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