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I report the observation of Raman resonances due to the *H,—3F, transition in Pr’* ions by
coherent anti-Stokes Raman scattering. The very weak resonances could only be measured in PrF;
under cryogenic conditions (2 K). The ratio C= | 'R /x3NR | = did not exceed 0.5 for the most
intense resonances. This value is in good agreement with realistic estimations for the resonant con-
tribution Y*' of the Pr’+ ions and Y'*’R due to the host crystal.

I. INTRODUCTION

Transparent rare-earth (RE) compounds have played an
important role in the development of many new high-
resolution techniques in laser spectroscopy. They provid-
ed sharp optical features as well as the high atomic densi-
ty of condensed matter. The high intensity of light avail-
able from laser sources has made possible the field of mul-
tiphoton spectroscopy. Again rare-earth crystals have
played an important historical role: the first observation
of two-photon absorption (TPA) occurred in a crystal
containing Eu?*.! The theory of rare-earth two-photon
processes (TPA and electronic Raman scattering) was
developed by Axe? as early as 1964. In TPA spectroscopy
only a few studies have explored the sharp spectral lines
of rare-earth ions in the seventies.’~> Not until recently
did the studies of Bloembergen and co-workers bring new
experimental and theoretical results in TPA of rare-earth
crystals®’ and lead to some modification of the standard
theory of Axe.® Electronic Raman scattering (ERS) has
been more popular,’~!! primarily used to determine the
positions and symmetries of the electronic lines in the far
infrared. Despite some recent exceptions, other nonlinear
optical processes such as stimulated Raman scattering and
four-wave mixing are lacking.'?~'* TPA is usually stud-
ied via the anti-Stokes luminescence they induce after
two-photon (TP) excitation. In addition to a direct TP ex-
citation two-step excitations may also lead to anti-Stokes
luminescence'>'® making the interpretation of the spectra
quite cumbersome. Fluorescence quenching in concen-
trated materials and nonradiative decay may prohibit the
|
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detection of TPA. The detection of electronic Raman res-
onances in conventional Raman scattering may often be
hindered by fluorescence light. TPA or Raman resonant
four-wave mixing is not influenced by these effects and
thus can be advantageous.!” In the case of Raman reso-
nances the most popular four-wave mixing technique is
known as coherent anti-Stokes Raman scattering (CARS).

The intensity of a coherent wave mixing signal scales
like the square of a sum of a nondispersive, nonresonant
susceptibility X*NR and a dispersive, resonant YR 18
which contains useful spectroscopic information. There-
fore the critical parameter for a four-wave mixing tech-
nique to be advantageous over conventional methods is
the ratio C of the maximum resonant to the nonresonant
susceptibility (C = |X3R/x3™NR ) To obtain useful
spectroscopic data, C should be as large as possible. It is
the purpose of this paper to determine this ratio in a rare-
earth compound with electronic Raman resonances and to
demonstrate the possibilities of an improvement of the
conventional “amplitude CARS” by a background
suppression method. !>?° T decided to investigate the Pr’+
ion because of its large cross section?! and hence large
XPR In order to keep X'*NR as small as possible I select-
ed a trifluoride crystal, which is transparent until about
200 nm.

II. THEORY

The four-wave mixing process can be described by a
third-order nonlinear susceptibility X (3 which in the case
of Lorentzian Raman-active lines may be written??

=X ez 2

where i,j,k,l refer to the polarization directions of the
anti-Stokes beam w,s, the pump beam w; , and the Stokes
beam g, respectively, X'*NF is a nondispersive part
which stems from the crystal, a;; and @;; are polarizabili-
ty matrix elements given by
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If the pump beam wy is off electronic resonance we have
a; -—a,J ,u,ga represents the ith component of the dipole
matrix (g [p|a). In 2) Qp=wp—ily; and 0z and
[, are the associated resonance frequencies and widths
of the level f, N is the number of resonant scatterers per
unit volume, L is a local-field correction factor. With
Af—a)fg (o a)s)/ng, Xf—‘Xf Af—O)!, and
C= Xf/XNR the anti-Stokes intensity of the SIgnal nor-
malized to the off-resonance intensity may be written®® as

Y3INR | y (3R 2
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The detectability of a two-photon resonant signal depends
on the magnitude of C and is limited to values of
C~5%10"%. An improvement of this described ampli-
tude CARS (Ref. 20) can be obtained by suppression of
the nonresonant background by suitable arrangement of
the polarization directions of the pump beams w; and wg.
If the polarization direction of the w; beam is the x direc-
tion and the polarization direction of the wg beam makes
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This result is due to Downer’ (see also Ref. 8) and is
equivalent to the result of Axe.? In (6) €5 and €, are the
polarization unit vectors of the Stokes and pump beam,
respectively, D is the sum of the radius vectors r; for all
electrons j, € 5) and €} are spherlcal unit vectors for the
Stokes and pump beam and U'” is the unit tensor opera-
tor of rank t. The scalar part (#=0) vanishes in this ap-
proximation,?’ the antisymmetric (t=1) and anisotropic
(2=2) part can be calculated with the help of Refs. 26 and
27. For intermediate coupled wave functions the matrix
elements of U'? are available from Ref. 28. The contri-
bution of the anisotropic part often dominates over the
antisymmetric part and we may take only the first one
into account.

Higher-order contributions to lanthanide two-photon
processes have been taken into account to explain recent
experimental results in Gd3>* TPA.>® I have calculated
the third-order contribution with spin-orbit coupling in
the intermediate states 4f5d of Pr’* for the transitions
SH,—3H,,3Hs,’F, and found that it is smaller than 1%
of the second-order contribution and hence can be neglect-
ed.?® A rough estimate for the average contribution to the
resonant susceptibility X Rx Of PrF; at 2 K from the
ground state to the excited state Stark level can be made
by calculating the product [(2J +1)(2J'+1)]!x(line
strength) for x polarizations. 2J +1 and 2J'+1 are the
ground- and excited-state Stark-level multiplicities,
respectively. For PrF; and T'/27mc=1.5 cm~! I estimate
X 3R =45107'% esu for the *H,—>F, transition. Smith
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an angle 8 to the x direction, then the nonlinear polariza-

tion due to X'*NR oscillates in a plane with an angle®*
NR
o Xyyx
a=arctan Sx |tand 4)
XXXX

to the xz plane. Nulling the nonresonant field with a po-
larization analyzer, the intensity at the detector becomes?®

(pr —pNR)SIind cosd
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where K is a constant and pnpr= Xxyyx/X,Ijxlix and

PR —Xfyyx /Xfxxx I note that this technique works only
when the symmetries of the resonant and nonresonant sus-
ceptibility differ (pnrs“pgr).- The polarizability matrix
elements in (2) are usually calculated within the closure
approximation and under assumption of constant energy
denominators for the intermediate states. To lowest order
in perturbation theory one finds the following useful ex-
pression:

I

estimated X§&§R57X 106 esu for LaF; by comparing
his CARS results in LaF; and benzene.?® Because of the
similar structure of LaF; and PrF; I may assume X3NR
for PrF; to be of the same order of magnitude and may
expect the parameter C to be of order 1 for the transition
3H,—3F, in PrF;. The intensities and their polarization
dependences for the individual Stark components are dif-
ficult to predict quantitatively, because of the lack of
knowledge of the wave functions. In PrF; the rare-earth
(RE) ions occupy six homologous sites per unit cell (D%y)
of site symmetry C, and have totally symmetric
transforming ground states ( 4 of C,).3%3! With a ground
state | g) of symmetry 'y, and a final state | /) of sym-
metry s, the excxtatlon symmetry [, is that of the
operator | f){g | given by I, _foF* 32 For a final
state with symmetry A4 (B) we get in our case an excita-
tion symmetry of the 4 (B) type. Neglecting the scalar
and antisymmetric contributions the scattering tensor in a
local coordinate system XYZ of a RE ion (the C, axis is
the Z axis) may have the following nonvanishing com-
ponents:

axx=a, ayy=>b,
azz=—(axxy+ayy), axy=ayy=d
for A-type excitation;

axz=azx=g, ayz=azy=h

for B-type excitation. The local susceptibility components
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TABLE 1. Nonvanishing Raman resonant susceptibility components. X }}k)f(a) AS;OL,01, —ws) Of
PrF; for local 4 and B excitations of the Pr’+ ion (4, =NL /[(24#T 5 (A;—i)]).
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may be determined with formula (2) and may be
transformed to the laboratory frame (z axis= C; axis of
the factor group Dsy). The resulting resonant susceptibil-
ity components are listed in Table I. For RE in most
crystal lattices the size of interaction between neighboring
ions is so small that Davydov splitting is not resolved and
hence the resonant susceptibility of all unresolved excitons
has the same polarization dependence as the composite
susceptibility of the corresponding single-ion excitations
on all the equivalent sites in the primitive cell.*? For local
A- (B-) type excitation the resonant susceptibility has the
same polarization dependence as the susceptibility result-
ing from A4,,+E, (A,;+E,) modes.

III. EXPERIMENTAL DETAILS

A PrF; crystal with size 7X 7 X7 mm?® was obtained by
Optovac Inc. and immersed into a liquid helium bath at 2
K. The c axis was aligned parallel to the pump beam w; .
This beam was part of the output from a 10-Hz repetition
rate doubled Quanta Ray DCR1 Nd-YAG laser (YAG
denotes yttrium aluminum garnet). This laser also
pumped a Spectra Physics PDL1 giving a tunable output
between 720 and 750 nm. The energy difference between
the dye laser and the doubled YAG laser photons lies in
the range of the 3F, crystal-field levels. The duration of
the pump beams was approximately 8 nsec and the energy
per pulse was 0.1 mJ. Both beams were focused together
with a f =10 cm lens into the crystal with an angle a be-
tween w; and wg to achieve phasematching. In the range
of interest a maximum output was obtained for a=5.7".
Before each scan phasematching was optimized for each
subrange. The anti-Stokes output was made parallel by a
f2=10 cm lens, sent through a double monochromator
and detected by a RCA 1P28 photomultiplier (PM). The
PM signal was integrated and normalized to the intensity
of the dye laser beam wg, which was scanned between 720
to 750 nm, and displayed on a chart recorder. A comput-
er controlled the simultaneous tuning of the dye laser and
the monochromator. For the background suppressing
(BS) CARS spectra, the polarization direction of the wg
beam was rotated with respect to the w; beam by 71.5°
(Ref. 33) and an analyzing system (polarization rotator
plus analyzer) was set in the w,g beam to suppress the

off-resonance signal. A Babinet Soleil compensator was
used to compensate the slight ellipticity of the off-
resonance signal, which is due to birefringence in the opti-
cal components.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

Within the range of the 3F, crystal field levels I found
two electronic Raman resonances [see Figs. 1(a), 1(b), 2(a),
and 2(b)], which I term R1 and R2 in this paper. Reso-
nancelike structures were found near 5200 cm~!, and, if
true resonances, may stem from two lines (R; and R,
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FIG. 1. Intensity of the coherent anti-Stokes Raman wave
generated in PrF; at 2 K for &; — &g =(w; —ws)/27c near 5150
cm~!. Small circles with error bars indicate measured points,
while the solid line is a fitted curve with the parameters listed in
Table II. The scale is normalized to a value of off resonance.

The abbreviations X;”’ =Xk (a) and Xii' =X3), (b) are used.
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TABLE II. Experimentally determined positions, widths, and C values of PrF;.
ijkl w/2mc (cm™') I'/2mc (cm™') C=XPR /X"
XXXX 5153.2 +0.5 1.65 0.33+0.03
5191 +2 <0.05
5214 42 <0.05
5300.6 #0.5 3.2 0.14+0.03
Xyyx 5153.2 +0.5 <0.03
5191.0 +2 <0.05
5194 2 <0.05
5300.6 +0.5 3.2 0.43+0.03
line). I have fitted my data only for the most intense a complete determination of all polarization dependences

lines. Table II summarizes the results and the estimated
range of positions and C values for the possible reso-
nances near 5200 cm~!. In order to improve the sensitivi-
ty I tried to resolve the resonancelike structures by
background-suppression CARS (BS CARS). This spec-
trum shows clearly the resonance line R (see Fig. 3), but
still cannot resolve the weak lines R; and R, found in the
amplitude CARS. This may be due to a near coincidence
of pr and pnr and/or imperfections in nulling the non-
resonant background. As seen in Fig. 3 the background
due to off resonance ellipticity is rather large. This is
mainly due to the birefringence of the cryostat windows
and cannot be compensated enough.

The experimentally determined C values of our CARS
signal lie within the range of my rough estimates for the
theoretical value for this parameter. Although an exact
determination of the symmetry of the lines would require
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FIG. 2. Intensity of the coherent anti-Stokes wave with
@; —@s near 5300 cm~!. Symbols and abbreviations as in Fig.

1.

(I would need to measure susceptibility components with z
indices) I may determine some consequences of the data.
Since the line R; was detected only in an xxxx spectrum,
it is very likely to be of 4, symmetry. The disappear-
ance of the E; part of this line may be accidental or due
to interaction of the RE ions. I could not find an E, line
in the vicinity of the R, line. Thus the first assumption
sounds more realistic and the R; line should be a conse-
quence of a local A-type excitation. This agrees with the
determination due to fluorescence measurements.!3* I
note, however, that the measured line is shifted 3 cm~! to
higher energies compared with the position reported in
Ref. 35.

Due to Kleinmann
XNRX=3X§,};X and hence it follows from Table II that
Xﬁxx :Xfyyx for the R, line. This should be a conse-

symmetry, I can assume
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FIG. 3. Intensity of the coherent anti-Stokes wave in BS
CARS [see formula (5) in the text]. The nonresonant back-
ground field was nulled at 5050 cm~—!. The R1 line found in
amplitude CARS [see Fig. 1(a)] is easily detected, R3 and R4
lines cannot be resolved unambiguous. Arrows indicate posi-
tions of lines measured by 3P,—>F, fluorescence (after Ref. 34).
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quence of a local B-type excitation and contradicts the
determination of Ref. 34. The position of this level is
shifted 5 cm™! to higher energies compared to the posi-
tion determined by fluorescence. Within the errors of my
measurement the positions of our R; and R, line, if true
resonances, correspond well to Dahl’s fluorescence data.

The reason for this discrepancy is not understood to
date. It would be interesting to determine the symmetry
of these lines by a conventional Raman scattering experi-
ment.

V. CONCLUSION

I have measured a two-photon resonant four-wave mix-
ing signal in a trivalent rare-earth compound by ampli-
tude CARS and tried to test a BS CARS for the first time
in such a system. I have chosen a crystal which I expect-
ed to have a small nonresonant susceptibility and a rare-
earth ion transition with large cross section. Even under

these circumstances the resonances due to different
crystal-field levels are very weak. The resonances were
only observable in a fully concentrated material at 2 K.
The BS CARS did not allow me to detect the very weak
resonances of the amplitude CARS unambiguous. The
reasons may be the limitation of this technique due to
birefringence in the optics and a depolarization ratio

1
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