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Resonant enhancement by a factor of over 20 of direct two-photon absorption from the ground
state "Fg to the excited state 3G of the 4/ configuration of the Tb>* ion at 40200 cm ™' has been
observed in time-resolved experiments with two separate pulsed lasers. The results provide clear
evidence for resonant enhancement of two-photon absorption in rare-earth compounds and imply a
similar enhancement for Raman scattering and nonlinear-optical mixing. Two separate contribu-
tions to the direct transition moment were observed. When a single laser frequency was used, the
intermediate states which made the largest contribution were from excited configurations of oppo-
site parity; those intermediate states were far from resonance. Detailed two-frequency experiments
showed, however, that near a single photon 'F¢->D, resonance, a much stronger contribution arose
from the 4f® configuration D, intermediate state. Two-photon absorption was clearly isolated
from two-step (incoherent) excitation by varying the timing of two separately triggered lasers.

INTRODUCTION

Two-photon absorption has been observed in a number
of rare-earth compounds since the basic theory was given
by Goppert-Mayer in 1931.! Indeed, the first observation
of this effect in any material was reported for the rare-
earth crystal Eu?": CaF, by Kaiser and Garrett in 1961.2
Recent experiments’ ' on Gd>* and Eu’" in LaF;,
CaF,, and other hosts have attracted wide attention. The
leading terms in the transition moment were unusually
small for the half-filled shell and near Russell-Saunders
coupling limit appropriate to the 4/’ configuration of
Gd3* and Eu?", so the observations for those ions have
led to several theoretical advances.®>~7° Experiments
and analyses have now been reported for a majority of

the lanthanide elements: Ce3*7,10713 ppi3+ 14-16
Nd3+ 1718 Sm2+ 19 Eud+ 20-24 Eul* 27,2526

bl b
Gd3+’3—6,27—29 TbH, 20,30 F{o3+ 31,32 g3+ 3133 T3+ 34
b ’ ’ ’ .

In each of these cases (except Ref. 17), only the two-
photon resonance was reported. In some cases stepwise
multiphoton processes may have contributed to the ob-
served signals, since separating the two processes is not
always straightforward.

The purpose of this paper is to report significant
intermediate-state enhancement of the direct two-photon
transition probability for a rare-earth system. Such
enhancement of direct two-photon absorption was ex-
pected from the early theory and was observed dramati-
cally in sodium vapor by Bjorkholm and Liao in 1974.%
Large resonant enhancements have also been observed in
semiconductors such as CuCl by a number of investiga-
tors.3¢

Specifically, we report both the observation of direct
two-photon absorption from the ground state 'F level of
Tb3" in LiYF, to the excited-state components of G at
40200 cm™! and the observation of resonant enhance-
ment of this direct transition by over a factor of 20 when
one laser frequency w, was tuned near the real °D, inter-
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mediate state in a two-beam two-color experiment. A
time-resolved technique involving two synchronized
lasers with variable timing has been used to study the
strength of the direct two-photon absorption as a func-
tion of intermediate-state detuning. The Tb3" ion is ideal
for studies of this type since there are large energy gaps
on both the high- and low-energy sides of the D, energy
levels (lowest *D, component at 20553.5 cm !, highest
D, component at 20 644.8 cm ™).

Recently we reported®” ~*! evidence for multiresonant
contributions to the third-order nonlinear optical suscep-
tibilities of Tb(OH); and LiTbF,. Such contributions
could have a close relationship to two-photon absorption.
The experiments reported here provide further proof of
observable multiresonant nonlinear processes in rare-
earth systems.

The similar process of resonant electronic Raman
scattering was inferred by Kiel and others** from experi-
ments on the rare-earth chlorides with several fixed laser
frequencies. More recently, resonant electronic Raman
scattering has been explored with tunable lasers for Tb3*
in terbium aluminum garnet,*® for the Tb**:LiYF, com-
pound we describe here** and for Er*'t and Pr®" in
several phosphate crystals.*> 47

EXPERIMENTAL DETAILS

A partial energy-level diagram for the 4f% config-
uration of the Tb*>* ion is presented in Fig. 1. This is
based on our previous studies*® of excited-state absorp-
tion spectra for Tb>*:LiYF,.

For the single-beam, single-color, single-resonance
direct two-photon absorption experiment, the laser fre-
quency w; was tuned so that 2w; matched the various
"F¢->G¢ transition energies. To investigate the additional
intermediate-state resonance, a double-beam two-color
direct two-photon absorption experiment was carried out.
One laser was fixed at a frequency w,; chosen to be Aw
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FIG. 1. Partial-energy-level diagram for Tb**:LiYF, ob-

tained from earlier two-step excitation experiments. The up-
ward transition corresponds to direct two-photon absorption
between real 'F and °G, levels. The detuning between the pho-
ton energy illustrated by the dashed line and the lowest real °D,
level is varied from about 400 down to 2 cm~!. Two-photon ab-
sorption is sensitively detected by cascade fluorescence from
5D3 to’F 5.

below the *D, energy level, while the ®, laser was tuned
so that w,+w, scanned the two-photon transitions from
"F¢ to G4. Care was taken to differentiate the direct
two-photon absorption and the two-step absorption pro-
cesses as we will discuss later. All experiments were per-
formed at 1.3 K.

The 410-nm antistokes cascade fluorescence from D,
to "Fs was used to sensitively monitor the direct two-
photon absorption. That fluorescence was detected using
a McPherson model-218 0.3-m monochromator whose
slits were oriented parallel to the laser beam for max-
imum collection efficiency. A selected RCA C31034A-02
photomultiplier and gated photon counting gave high
quantum efficiency and negligible dark counts. A Corn-
ing CS 5-58 glass bandpass filter was also placed between
the sample and the monochromator to limit the laser
background.

The laser powers were typically 12 kW, and pulse
durations were 5 nsec. Each laser beam was focused to
approximately 75 umdiam, and the maximum light in-
tensity was about 300 MW/cm?, a value well below the
damage threshold for the material. In two-color experi-
ments, the beams were crossed at a small angle ~1°. The
two dye lasers were pumped by separate N, lasers, so the
time relationship between the two pulses could be
scanned electronically by computer. This feature played
a critical role in. the experiment as we note below. Rela-
tive timing jitter for the lasers was less than 1 nsec.

The following polarization configurations were used,
with each light propagation vector k perpendicular to the
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c axis: (a) 7 with each laser linearly polarized E parallel
to ¢, (b) oo with each laser linearly polarized E perpen-
dicular to ¢, and (¢) wo, o, mm, and 0o combinations of
polarizations achieved with the polarizer at /4 relative
to the c axis.

DIRECT TWO-PHOTON ABSORPTION

First we consider the “single-color” experiments with a
single tunable laser. Direct two-photon absorption spec-
tra showing the ground state 'F (T';) to °G4 (I'},T,, T3 )
transitions are given in Fig. 2. That figure also demon-
strates the excellent signal-to-noise ratio obtained. The
observed G, energy levels are listed in Table I.

The following arguments determine that these are real
direct two-photon absorption signals. (1) The single-laser
frequency is 400 cm ™! below the one-photon absorption
to °D,. (2) The energy levels of °G¢ determined from
these spectra are in good agreement with our earlier
two-color two-step excitation results*® which involved a
real population of the D, state and two different laser
frequencies for each transition. (3) All nearby manifolds
in the vicinity of both one- and two-photon transitions
have been accounted for in the earlier two-color two-step
experiments, and as noted above, no one-photon process-
es are possible in these single-beam single-color experi-
ments. (4) We shall show later in this paper that, in two-
color experiments at the same transition energy o, +w,,
temporal overlap of the two laser pulses had to be
achieved with nanosecond accuracy to obtain a signal.
Timing requirements for an incoherent two-step process
involve the lifetime of the real intermediate state. In this
case that lifetime is approximately 1 msec. That is a
difference of five orders of magnitude. (5) The selection
rules for the direct process are obeyed in our spectra,
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FIG. 2. Direct two-photon absorption spectra from ’Fg to
5G¢ for three polarization conditions: (a) w7 with each laser
linearly polarized E parallel to the c axis, (b) oo with each laser
linearly polarized E perpendicular to ¢, and (¢) 7o, om, 7w, and
oo combination achieved with the polarizer at 7/4 relative to
the c axis. The energy scale is twice the incident photon energy.
The background for each of these laser spectra is essentially
zero.
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TABLE 1. Observed °G¢ energy levels for Tb*':LiYF, ob-
tained by single-beam single-color direct two-photon absorp-
tion. Irreducible representations of the S, site group are used as
labels. Nine of the ten levels are observed.

Sublevel Energy (cm™!)
r, 40272.0
r, 40273.2
T3, 40318.4
T, 40323.1
r, 40340.5
r, 40344.2
| EWA 40352.0
r, 40387.0
r, ; 40402.2

while different and more restrictive selection rules apply
to the sequential or two-step process.

Those arguments leave no room for ambiguity that the
signals we found are from direct two-photon transitions
of the Tb®" ion. In addition, the expected quadratic
dependence of the fluorescence signal on laser power has
been observed as shown in Fig. 3.

The ground state of the Tb®* ion is a near-degenerate
pair of T', levels split by 0.9 cm ~!. The next highest level
is at over 100 cm™!, so it is not populated in these
T=1.3 K experiments. The S, symmetry crystal field in
LiYF, splits the ’G multiplet of the Tb>* jon into three
singlet I'; states, four singlet I', states, and three doublet
I';, 'y states. Since the I'; and I', representations are re-
lated by time-reversal symmetry, their eigenvalues are de-
generate, and they are labeled I'; 4. The single-photon

2.0
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FIG. 3. Demonstration of the expected square law power

dependence for the single-beam direct two-photon absorption
signal.

TABLE II. Selection rules for single-photon electric dipole
transitions in S, symmetry.

r r, T4
I, T o
r, T o
) A o o T

selection rules for electric dipole transitions in S, symme-
try are given in Table IL* Clearly, the T, levels of 3G
cannot be detected by one-photon ultraviolet absorption,
since the ground state is "F¢(T",). The two-step excita-
tion process which uses °D,(T";) as an intermediate state
is also forbidden for electric dipole transitions to T,
states of °G¢ (T',-T'; step allowed, but I',-T"; step forbid-
den). Therefore, neither one-photon absorption nor two-
step excitation could be used alone to identify all the G
energy levels. For the direct two-photon absorption pro-
cess, however, all transitions are allowed as shown in
Table II1.°°

In Fig. 2(a) the four expected direct I',-T", transitions
from 'Fg to >G4 have been identified clearly by direct
two-photon absorption using pure 77 polarization. Both
TF¢(T',)-G¢(T)) and 7F¢(T,)-3G4(T,) transitions are
shown in Fig. 2(b) where the laser was linearly polarized
oo. Since the I',-T', transitions had been identified in
spectrum 2(a), the three new lines are clearly the three ex-
pected T',-T'; transitions. The "F4(T',)-°G¢(T34) transi-
tions appeared in Fig. 2(c) where the combination of po-
larizations 7o, omw, wm, and oo allows all transitions.
One of the three expected I'; 4 lines was not found there.

Nine out of the total ten transitions for "F¢(T,)->G
have been clearly identified. This provides a good illus-
tration that two-photon absorption is complementary to
both one-photon absorption and two-step excitation ex-
periments, particularly in crystals with relatively high
symmetry. Such crystals are obviously preferable when
analyzing energy-level structure in unexplored high-
energy regions via free-ion and crystal field calculations;*
the high symmetry reduces the number of empirical pa-
rameters needed to describe the crystal field to a practical
value.

RESONANT ENHANCEMENT OF DIRECT
TWO-PHOTON ABSORPTION

We now focus our attention on the resonant enhance-
ment of this direct two-photon absorption. We report
here the clear observation of resonant enhancement of
over a factor of 20 in a rare-earth doped crystal.

The intensity of a two-photon transition is proportion-
al to

TABLE III. Selection rules for two-photon absorption from
7F6( Fz) to 5G5.

r, r, Ty,

r, o0,To,0T TW, 00, TO,0T TO,0
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S[(fIByDIi){i|E,-Dlg) /(Fier,~Fies,)+ { f |E,-D|i )i |E, Dlg } /iy~ Fiw)] |*

where |g ) is the ground state, |f ) is the final state, |i ) is
an intermediate state, E is the electric field, D is the elec-
tric dipole operator, and fiw; is the energy of the inter-
mediate state |i ), and w; and w, are the photon frequen-
cies. Summation is carried out over all intermediate
states. For our experiment, the 4f7’5d and 4f75g
configurations of the Tb3" jon give constant amplitude
contributions to this summation, since they are very far
from resonance. On the other hand, the 5D4 energy level
can act as the dominant intermediate state when the laser
frequency w, approaches that energy level. In the latter
case, the nonzero dipole matrix elements arise from the
usual forced electric dipole process’! of Judd and Ofelt
involving interconfiguration mixing of the electronic
states. Those smaller matrix elements are offset by a
smaller energy denominator near resonance. (Alternate-
ly, if one thinks of the electronic states as arising from a
pure configuration, these resonant terms require a
higher-order perturbation expression for the two-photon
transition moment.)

To demonstrate the resonant enhancement of the
direct two-photon absorption from 'F¢ to G arising
from the 5D4 intermediate state, a series of spectra had to
be recorded, each with a different intermediate state de-
tuning Aw. Unlike the previously described case, two
different frequencies had to be used to study this effect.

A further experimental problem also has to be over-
come. Some weak broad-band laser dye fluorescence was
present in the near-resonant ®; beam, even after filtering
it with a prism monochromator. When the w, laser was
tuned near the °D, resonance, the dye fluorescence weak-
ly populated that level, and two-step excitation could not
be completely avoided. (That small population could in
principle also contribute a weak anti-Stokes fluorescence
signal by two-ion up-conversion energy transfer.’?) Since
the anti-Stokes fluorescence from all these two-step exci-
tation processes has a 1-msec lifetime, it provides no
means for determining the original excitation mechanism.

In order to discriminate the real direct two-photon ab-
sorption signal under these conditions, we exploited the

-following time-resolved excitation technique. Each data
point on the resonance curve was taken in several steps.
First, a spectrum was recorded by scanning the frequency
@, so that w;+w, scanned across the known direct two-
photon transitions to G with the timing of the two
beams w, and w, kept exactly identical and the laser fre-
quency o, fixed below the D, resonance by Aw. Second,
w, was fixed at each observed peak excitation frequency,
and the laser timing was scanned to isolate the direct
two-photon absorption signal from the various back-
ground signals. A typical result, given in Fig. 4, shows
the signal versus time separation between the two lasers.
Each laser pulse duration was 5 nsec. The width of the
.timing peak shown in Fig. 4 is 10 nsec, which is the pulse
overlap time, just as expected for the transient response
for the direct two-photon absorption. The two-step exci-

tation contribution appears as a long “flat” step back-
ground overlapping the peak and extending to the right
where the o, pulse is ahead of w, in time. That step de-
cays with the population lifetime of the >D,(T",) inter-
mediate state, which is about 1 msec as noted above. The
experimental data thus clearly show the expected tran-
sient property of the direct two-photon absorption and
provide a means to classify the excitation mechanisms.
By subtracting the background from the peak, the real
strength of the resonant two-photon absorption was
determined. The data from this series of runs were also
corrected for power fluctuations of the lasers which were
measured by two photodiodes and recorded by computer
for each laser pulse.

The measured resonance behavior for one of the transi-
tions is given by the solid points in Fig. 5. This result is
for the "F¢(T,)->G¢(T,) transition at 40323.1 cm ™! with
both laser beams 7 polarized. The horizontal axis Aw
shows the frequency detuning of the w, laser below the
SD,(T,) energy level at 20553.5 cm™~!. The vertical axis
shows the strength of the direct two-photon transition
obtained from the series of spectra described above. The

Intensity (arb. units)
D
1

T T T T T
20 -5 -0 -5 0 5

Time between two
laser pulses (nsec)

T
10 15

FIG. 4. Observed transient response of the two-photon ab-
sorption signal, which allows isolation of the direct two-photon
absorption from the two-step excitation process near resonance.
Variation of the arrival time of the incident ®, and w, laser
pulses, each of 5-nsec duration and each with a different fre-
quency, gives a sharp peak due to the direct two-photon absorp-
tion and a “step” due to excitation of a real intermediate state
(°D,) by the weak dye fluorescence continuum from the o,
laser. A delay of zero corresponds to perfect overlap of the two
laser pulses. Positive delays correspond to w; preceeding w,.
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FIG. 5. Measured resonance behavior for the

"F¢(T,)->G¢(T,) transition at 40323.1 cm ™! shown by the solid
points, with a theoretical fit shown as the solid curve. The hor-
izontal axis is the detuning Aw of the w, photon below the
’D,(T",) intermediate state. The resonance enhancement is a

factor of 20 at a detuning of 2 cm ™.

vertical scale is normalized in terms of the strength of the
transition far from the intermediate-state resonance.
Resonant enhancement by a factor of 20 is evident when
®; was 2 cm ™! below the resonance with *D,(T";). For
comparison, the inhomogeneously broadened absorption
line width for >D,(T";) is 0.5 cm~!. From Table II, both
of the single-photon transitions from the "F¢(T",) ground
state to the °D,(T";) intermediate state and from the
]

JIN HUANG, G. K. LIU, AND R. L. CONE 39

5D,(T,) intermediate state to the G4(T",) final state are
allowed. Similar results were also obtained for the
"F¢(T',)->G¢(T5,) transitions, when the o, laser beam
was 7 polarized and the w, laser beam was o polarized.
No resonant enhancement was observed for the
"F¢(T',)->G¢(T"))o o transition, as expected, since both
the 7F¢(T,)->D,(T";) and the ’D,(T|)-3G¢(T";) single-
photon transitions are forbidden by the S, site symmetry
for that polarization.

We thus conclude that the D,(T",) level acts as the in-
termediate state for this resonant enhancement of the
two-photon transitions from F¢(T,) to °G4(T,, ;4.

A theoretical fit to the data, plotted as the solid line in
Fig. 5, was based on a simple model. For a singlet
ground state the intensity of the two-photon transition is
proportional to the square of two significant amplitudes,
only one of which is frequency dependent,

[{fIE,-D|i){i|E\-Dlg ) /(#iw,—#iw;)+ B|? .

The first term represents the resonant contribution in-
volving the °D,(T",) intermediate state. The second term
represents the total nonresonant part due to the contribu-
tions of 4175d and 4f75g intermediate states. (For a dis-
cussion of the role of g electrons, see Ref. 47.) As noted
earlier, dipole moments for these states are parity al-
lowed, so they have large values which offset the large en-
ergy denominator. Changing the w, frequency over the
experimental range of 400 cm ™! below the D, energy
level does not significantly change the energy denomina-
tors for those contributions, so their strength remains
constant as w; varies.

For our sample, a minor extension of this simple pic-
ture was appropriate. The "F¢(T",) ground state is really
a pair of levels separated by 0.9 cm~!. The observed sig-
nal thus involved both a transition of type (a) and one of
type (b) as shown in Fig. 6. The previous expression was
generalized to describe these two transitions as follows:

|{f|E,-D|i){i|E, Dlg ) /(#iw, —#iw;)+B|*+ A|{ f|E,'D|i ) (i|E,-Dlg ) /[ #ic; — (#iwr; —0.9)]+B|* .

The matrix elements and constants B are essentially iden-
tical for each transition based on the calculated wave
functions for the two "F¢(T',) and ’D,(T",) states. The
only adjustable parameters affecting the resonance shape
are thus 4 and B.

The parameter 4 may be estimated. For photons of
frequencies w; and w,, the resonance behavior for each
type of transition will be different. Although ®; may be
simultaneously near the separate one-photon resonances
for transitions of types (a) and (b), the two-photon energy
o, o, is significantly off resonance for those of type (b).
The second "F¢(T",) level responsible for the type-(b) tran-
sitions will also have only 25% population at the 1.3 K
temperature of our experiments. Based on the measured
line shape from the single-beam direct two-photon ab-
sorption experiments and the reduced population, we es-
timate that A4 has a value of 0.075. With the matrix ele-

ment products set to an arbitrary value of 100 and the
#iw’s given in cm ™, the fitted value of B is 15.5.

As seen in Fig. 5, the fit is quite satisfactory. The
nearest additional allowed w; transition is to the other
5D,(T) level located 14.4 cm ™! higher in energy. Since
we can again confidently predict similar dipole matrix
elements for that resonance based on the known crystal
field wave functions, it is clear that it would make a negli-
gible contribution to the theoretical curve.

No interference effect was observed on the low-energy
side of the resonance. This implies that the resonant and
nonresonant contributions have the same sign in this case
where we are below both D, and the excited
configurations. When the o, laser frequency was tuned
higher than the >D,(I";) resonance to continue the search
for interference effects, vibronic absorption led to a larger
population of the D4(I",) intermediate state. The two-
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FIG. 6. Model for the observed signal showing the contribu-
tion of the two "F¢(T",) levels separated by 0.9 cm™". (a) Transi-
tion has an exact two-photon resonance, while (b) transition is

off resonance by 0.9 cm ™.

step excitation process then gave such a strong and broad
background that the direct two-photon transition could
not be accurately isolated. This inherent asymmetry in
phonon-assisted transitions above and below a pure elec-
tronic transition thus makes observation of interference
difficult in this case in contrast to the situation in the gas
phase.’® (For further discussion of phonon-assisted pro-
cesses see Ref. 53 and other references contained therein.)
With further refinement in the spectral purity of the
lasers, it may still be possible to observe the interesting
interference effects.

More sophisticated fits to the line shape seem inap-
propriate at this time. With improvements to the experi-
ment, however, it may become possible to exploit them to
measure coherence times.

CONCLUSIONS

We have demonstrated both direct two-photon absorp-
tion from 'Fg to ’Gg in Tb*'T:LiYF, and the clear
enhancement of this direct transition by the >D, inter-
mediate state. We have also confirmed that the selection
rules for resonant enhancement match those for single-
photon transitions as expected.

It is easy to envision application of this type of reso-
nant enhancement to studies of other nonlinear optical
processes such as four-wave mixing and to the closely re-
lated process of resonant Raman scattering (see Ref.
37-47 and 54). It would also be interesting to study reso-
nant enhancement of direct two-photon absorption in
other rare-earth compounds where much larger 4f"-4f"
single-photon transition probabilities are known. Reso-
nant enhancements are likely to be several orders of mag-
nitude larger there.

The direct two-photon transitions also extended our
previous studies®® of excited-state absorption spectra of
Tb** from the D, manifold to 46000 cm ™! in 1 at. %
Tb**:LiYF, by adding additional observed levels and
providing additional information for identifying the ob-
served energy levels. Two-photon absorption spectra will
greatly expand our general knowledge of highly excited
states of rare-earth ions, many of which have received lit-
tle attention. The opportunities for better determination
of the free-ion parameters and for improved understand-
ing of single-photon and multiphoton transition intensi-
ties are quite significant.

The time-resolution technique we have exploited in this
experiment may be useful for studying other transient
multiphoton  processes. Several  variations and
refinements may also allow it to be used for coherence
measurements involving the intermediate states.
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