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Two-photon dye-laser excitation is used to observe numerous sharp 4f7 levels of Eu?* in CaF,
and SrF, which are overlapped by the 4£°5d band, and thus inaccessible to single-photon spectros-
copy. 4f7 excited states belonging to the °T and °D groups have been identified for the first time.
Energy-level calculations are presented which confirm the f’-level assignments and determine free-
ion and crystal-field parameters for both host lattices. Measurements of the relative intensities and
polarization dependence of the f”— f7 transitions confirm the existence of third- and fourth-order
contributions to the two-photon intensities which have been postulated in recent analyses of the
two-photon spectrum of the isoelectronic Gd** ion. In some cases (3S7,,—°P;,3.5/2,°D7,,), howev-
er, these higher-order contributions are weaker than expected. It is shown that by relaxing the clo-
sure approximation in summing over the intermediate states, the agreement with the data is im-

proved.

I. INTRODUCTION

We recently presented a comprehensive report and
analysis' (subsequently referred to as I) of our observa-
tions>~* of numerous direct two-photon transitions be-
tween levels of the 417 configuration of Gd** in LaF; and
in aqueous solution. The observations revealed
widespread and severe discrepancies with the angular
momentum selection rules (AL,AJ <2), relative intensi-
ties, and polarization dependence predicted by a standard
second-order theory’ of two-photon absorption (TPA).
Subsequent analysis,! however, demonstrated that the
discrepancies could be explained in quantitative detail by
expanding the theory of TPA to include third- and
fourth-order contributions which take into account spin-
orbit® and crystal-field® interactions among levels of the
excited 4f 654 configuration, which serve as intermediate
states.

In the present work we use two-photon spectroscopy to
study the 4f7 levels of the isoelectronic Eu?t ion in the
cubic crystals CaF, and SrF,. Experimental details of the
Eu?* samples are described in Sec. II. Because the excited
41554 configuration lies at much lower energy in the di-
valent ion, it completely overlaps even the lowest sharp
4f 7 excited states, which lie in the near ultraviolet. Con-
sequently, only the intense broad bands arising from elec-
tric dipole allowed 4f7—4£°5d transitions can be seen in
the single-photon absorption spectrum of these crystals.’
With TPA, however, the broad bands are suppressed by
the parity selection rule, allowing the sharp 4f levels to
be observed. Fritzler and Schaak®® first demonstrated
this possibility by observing the °P,,, s, levels of 4f7 in
Eu?*:CaF,,SrF,. These two levels had been observed ear-
lier in the one-photon spectrum of Eu?t in KMgF,,!°
alkaline-earth sulfates,!! and ternary alkaline-earth alumi-
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num fluorides,'?> where they lie just below the onset of the
4£°5d absorption band edge. In the present study we have
also observed the higher excited states in CaF, and SrF,
belonging to the °I and ®D groups for the first time. In
Sec. III the evidence for identifying the new spectral lines
as 4f7 levels is presented. Energy-level calculations which
confirm these assignments are the subject of Sec. IV.
Because the separation E;¢ of the single-photon energy
from the average energy of the intermediate 4f%5d states
is roughly a factor of 3 smaller in Eu?* than in Gd3*, an
increase in the absolute two-photon line strengths is ex-
pected and observed. Moreover, since the nth-order con-
tribution to TPA scales as Ef}"‘”, we expect transitions
which owe their strength primarily to third- and fourth-
order contributions to increase considerably more in inten-
sity than those dominated by the second-order contribu-
tion. Measurements of the relative intensities and polari-
zation dependence of the %S;,,—%P;,°I; and °D; two-
photon transitions, described in Sec. III, bear out this ex-
pectation in some cases (%S;,,—%I;), but not in others
(8S7/2—>6P7/2’5/2,6D7/2). In the analysis of the two-
photon line strengths, presented in Sec. V, it is argued that
this discrepancy may result in part from a much greater
relative spread of the energy denominators for the various
intermediate states. The closure approximation conven-
tionally used to simplify the sum over intermediate states
thus becomes questionable. When the closure approxima-
tion is relaxed by introducing term-dependent energy
denominators, the agreement between predicted and ob-
served intensities improves for the ®P;,, 5 5,°D;, lines, al-
though a significant discrepancy remains for °P;,,. The
Eu’? results thus confirm the general expectations of the
theory developed to explain the earlier Gd** data,! al-
though the quantitative agreement is less satisfactory.

4931 ©1983 The American Physical Society



4932

II. EXPERIMENT

The experimental apparatus and procedure have been
fully described in I and elsewhere,>* so only details of the
Eu?* samples will be described here. The beam from a ni-
trogen laser-pumped dye laser propagated along the [110]
axis of the CaF, and SrF, crystals, which were mounted
on the cold finger of a cryostat capable of being cooled to
liquid-nitrogen or -helium temperatures. The samples
were single crystals approximately 0.5 cm® in size, and
were obtained from Optovac, Inc. The following polariza-
tions of the excitation beam were examined: E||[111],
EI [[100], and circular polarization. Measurements at
these three polarizations are sufficient to characterize
completely the anisotropy of TPA.'>~!> The TPA intensi-
ty was an extremum at the two linear polarization direc-
tions.

Eu?* enters CaF, and SrF, in a single type of substitu-
tion site possessing cubic (O, ) symmetry. A 0.03-mol %
Eu?*:CaF, sample and two SrF, samples of 0.03 and 0.1
mol % were studied. Because of the possible presence of
Eu®* at interstitial sites,'® which could give rise to spuri-
ous spectral lines, attempts were made to estimate the
Eu®* content by exciting the "Fo—>D, El}f * absorption
line with the dye laser tuned to about 4655 A. Subsequent
fluorescence from 5D0,1—>7F ', relaxation was monitored
with a filtered photomultiplier tube (PMT). No Eu’*
whatsoever was detectable in the CaF, sample, although
concentrations smaller than 10~% mol % should have been
detectable. Nevertheless, the crystal was annealed to elim-
inate any trace Eu3*. Weak Eu’* absorption was detect-
ed in both SrF, samples. Annealing in a reducing atmo-
spherel(’ lowered, but did not eliminate, the Eu?t concen-
tration. Nevertheless, the TPA spectral lines observed in
the SrF, samples corresponded closely to those seen in
CaF,, indicating that Eu’* was not the source of them.

The two-photon excitation spectrum of all three sam-
ples was recorded over the entire range extending from
2Vja6er=27 500 to 36500 cm~!. Violet fluorescence from
one-photon relaxation back to the 3S;,, ground state was
collected at right angles to the excitation beam with a suit-
ably filtered PMT. No fluorescence was observed directly
from the 4f7 excited states, which are shown in Fig. 1.
Instead the excitation is transferred to the overlapping
4£%5d band via odd-parity lattice vibrations, followed by
fluorescence at 4130 A in CaF, and 4010 A in SrF,.
Fluorescence yield is essentially unity because of the large
energy gap (24000 cm™!) separating the lowest excited
states from the ground state. Consequently, fluorescence
intensity is proportional to TPA.

III. EXPERIMENTAL RESULTS

A. Observation and identification of 417 levels

Figures 2—5 show experimental two-photon excitation
recordings of selected °P, ®I, and °D lines in
Eu’*:CaF,,SrF, at 80 K. Recordings of other observed
lines have been included in Ref. 4. The vertical scale of
Figs. 2—5 indicates the normalized TPA intensity in arbi-
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FIG. 1. Energy-level diagram for Eu’*:CaF, showing two-
photon excitation of ®Dy,, and subsequent nonradiative and ra-
diative relaxation. Left-hand column gives average energy of
each J multiplet in cm™'. Note the overlap of 4£°5d and 4/
levels.

trary units on the same internally consistent scale. The
slowly varying background TPA signal from 4f7-—>41%5d
absorption, which was observed throughout the experi-
mental tuning range, is clearly evident beneath the sharp
peaks in these figures. The sloping background beneath
the °D lines in Fig. 5 is the rising edge of the
41°("F)°d (E,) peak.

The sharp lines were concentrated in three groups,
which fell consistently at about 85% of the energy of the
corresponding ®P, °I, and °D lines in the isoelectronic
Gd** ion, consistent with a 15—20% reduction in the
Coulomb and spin-orbit parameters for the divalent ion.
A nearly uniform blue shift of 100 cm ™! of the SrF, lines
from the CaF, line positions observed by Fritzler® for the
®P lines was observed in the present spectrum also for the
higher-energy lines, confirming that they are indeed f’
levels from the same ion. Similar weak shifts are charac-
teristic of the 4f7 levels!” of Gd** as well as 4/ levels of
other rare earths in different host crystals.'® The red shift
of 700 to 800 cm ™' of the °P and °I lines from their posi-
tions in the free Eu?* ion' is also typical of 4/ levels.
By contrast, the 4f%5d absorption edge is 10000 cm ™!
lower in the crystals than in the free ion, and 700 cm—!
higher in SrF, than in CaF,. The weak temperature
dependence of the observed linewidths is a further trade-
mark of 4" lines. The stronger lines were observed easily
even at room temperature.

The close correspondence between the line positions and
relative line intensities in all three samples, as well as the
observed proportionality of line intensities to known Eu?*
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FIG. 2. Experimental two-photon excitation recordings of
P, .55, in Eu?*:CaF, at 80 K for three polarizations of the ex-
citation beam, showing clearly resolved Stark components and a
substantially weaker °P;,, intensity for circular polarization.
Vertical lines show calculated Stark-component positions.
Dashed lines denote single Kramers doublets; solid lines denote
two degenerate Kramers doublets.

concentration, served to rule out further the possibility
that the sharp lines arose from trace impurities other than
Eu?*. In addition, spectral analysis of the fluorescence
following two-photon excitation of lines in all three
groups consistently revealed only the single wavelengths
4130 A in CaF, and 4010 A in SrF,, which are the charac-
teristic Eu?* fluorescence frequencies in these crystals.
We have also observed the P, ,, multiplet in 0.1 mol %
Eu’*:BaF,, blue shifted 80 cm™! from its position in
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SrF,, and with three Stark components characteristic of a
cubic substitution site. In sharp contrast to the other
crystals, however, the characteristic violet fluorescence
was not observed. Instead the excitation evidently
transferred to neighboring Eu®* ions also present in the
crystal, which then fluoresced weakly in the red. The na-
ture of this energy-transfer mechanism is being investigat-
ed further.

B. Linewidths and intensities of 417 levels

The new °I and °D lines were, on the whole, consider-
ably broader at a given temperature than the lower-energy
5P lines, as can be seen by comparing Figs. 3—5 to Fig. 2.
The °I and °D lines narrowed slightly upon cooling to
liquid-helium temperature, but remained much broader
than the °P lines. Consequently, crystal-field splitting of
these levels was not completely resolved. We believe these
lines are broader because the overlapping 4/°5d band
changes from octet at lower energies to sextet at higher
energies in accordance with Hund’s rule. Since the vibra-
tional interaction does not flip electron spins, the higher
f7 levels vibrationally couple more strongly to neighbor-
ing sextet levels of 4£°5d than the lower levels to neigh-
boring octets. In the free-ion spectrum!® of Eu?* the
lowest sextets of 4/°5d occur at 41000 cm~!. Taking into
account the lowering of 4£%5d by 10000 cm ™! in the crys-
tals, we estimate the onset of the sextets to be about 31 000
cm™!, precisely the position of the °I lines (see Fig. 1).
The sextets continue upward well beyond the position of
the °D lines. The °P lines, by contrast, must be surround-
ed entirely by octets.

The relative intensities of the two-photon transitions
were measured and normalized using the procedure
described in I. The bar graph in Fig. 6 presents the nor-
malized two-photon absorption line strengths for
Eu’*:CaF, on an arbitrary logarithmic scale. Each verti-
cal bar represents the intensity for a particular polariza-
tion of the excitation beam of a J multiplet integrated over
all crystal-field components. In some cases, because of
inadequate resolution or strong mixing of the J values of
some closely spaced lines, the total line strength of two or
more J multiplets has been represented by a single bar.
The horizontal lines in Fig. 6 denote relative intensities
predicted by the second-order theory of Axe,” where the
best fit has been made to the four transition intensities,
8S2,,—°Ps,2,°Do 2.3,2.5/2. Analysis of analogous data'
for Gd3* showed that only these four transitions were
correctly explained by a second-order theory. Their rela-
tive intensities again agree with second-order predictions
in Eu?*:CaF,. The weak °P;,, line could not be observed
above the background absorption.

The remaining transitions show enormous discrepancies
with the second-order theory which qualitatively resemble
the discrepancies observed for Gd**. In particular, the
I, lines are many orders of magnitude stronger than the
second-order theory predictions, which fall below the scale
Of Flg 6. In fact, as in Gd3+, 8S7/2—>6I]3/2’15/2’17/2
should have zero intensity since the selection rule AJ <2
is violated. In addition, the P ,2 line displays the unique
anomalous enhancement for linear polarization which was
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FIG. 3. Experimental two-photon excitation recordings of the ®I; group in (a) Eu?’*:CaF, and (b) Eu’*:StF,. Note the close
correspondence between the levels in the two crystals and the blue shift of approximately 100 cm~!in SrF,. The vertical scale shows
the TPA signal normalized to a standard laser intensity and dopant concentration. Vertical lines show calculated Stark-component

positions, with notation as in Fig. 2.

observed in Gd**, and which directly contradicts the Axe
theory. Finally, 85’7/2 ~>6D1/2, which also violates AJ <2,
shows a substantial observable intensity.

In addition to these similarities, however, the Eu’>* data
differ in several important ways from the corresponding
Gd** data. Most notably, there are significant differences
in the relative intensities of some of the lines. The °I,
lines, relative to ®Ps, and ®Dj, are an order of magnitude
stronger than in Gd-*. The anisotropy of these lines is
also different and less pronounced than in Gd**:LaF;.
The ratios S (P, ,,linear)/S (°P, ,, circular) and
S(°P;,,)/S(°Ps,,), on the other hand, are roughly a fac-
tor of 2 smaller in Eu?* than in Gd**. Our data on these
latter intensities agree with those of Fritzler’ within exper-
imental error. The cross section for °D, ,2 1s nearly isotro-
pic, in contrast to its strong anisotropy in Gd**:LaF;. In
addition, it is somewhat stronger with respect to the
neighboring °D;,,. Finally, most transitions (excepting
8s, Y —op, /2,6D1 s2,772) show some experimentally repro-
ducible anisotropy, including four transitions
(8S7/2——~>6P5 /2,6D9/2,3/2,5/2 ) which were isotropic in
Gd’*:LaF;. Stronger crystal-field mixing of the 47 lev-
els is probably responsible for the anisotropy of these
latter transitions. This J mixing has not been included in
arriving at the second-order theoretical predictions shown
in Fig. 6.

IV. ENERGY-LEVEL CALCULATIONS

Energy-level calculations for the 4f7 configuration in a
cubic substitution site have been performed earlier for
Gd** in CaF, (Ref. 20) and for Eu** in CaF, and SrF,.°
In both of these calculations experimental energy levels
were available only for P ,, and ®Ps,,. The chief advan-
tage of the present calculation is the much larger number
of observed levels which can be incorporated into the fit-
ting program. Our analysis employs fitting programs
developed at Argonne National Laboratory, which have
been used previously in extensive calculations of
R3*:LaCl; and R**t:LaF; energy levels,”) where R
represents rare earth.

A. Center-of-gravity-calculation

As a preliminary calculation, the observed centers of
gravity of those J multlplets (6P7/2’5/2,6I7/2,9/2,
®Dg/.1/2,7/2,3,2) Which in our opinion could be assigned
unambiguously were fitted without the crystal-field in-
teraction in order to obtain free-ion eigenfunctions. All
Russell-Saunders multiplets allowed in f7 were used as a
basis. An accurate set of intermediate-coupling free-ion
eigenfunctions is an essential prerequisite to crystal-field
calculations in the half-filled f” shell, since diagonal ma-
trix elements (> *1L,||{U®||>S+IL,), and therefore first-
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FIG. 4. Experimental two-photon excitation recording of
°Dy,, in Eu’*:CaF, at 80 K. Vertical lines are calculated
Stark-component positions as in Fig. 2. A third component was
calculated to fall at 33 659 cm !, but was not observed.

order crystal-field vanish in the Russell-
Saunders limit.

The free-ion Hamiltonian has the form

H=HO+He+Hso+Hconf+Hsoo . (1)

splitting,

Hy includes the electron kinetic energy and central field
potential. H, is the interelectronic Coulomb repulsion
among 4f electrons, which is parametrized in terms of the
Slater integrals?? F%2%6 while the H, is the spin-orbit
interaction of the 4f electrons. H s denotes an effective
Hamiltonian resulting from the interaction of 4f7 with
other odd-parity configurations, and is parametrized by
three two-body integrals,?* a, 3, and v, and six three-body
integrals®* T%3%678  The interaction of 4f7 with excited
configurations through the combined action of electrostat-
ic and spin-orbit interactions®>2® results in an effective
term dependence of the spin-orbit coupling constant {,
an effect which is parametrized by the three additional
quantities P, 4¢. The final operator in (1) denotes rela-
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FIG. 5. Experimental two-photon excitation recordings of
Dy /29s2,3/25,2 in Eu?*:CaF,, comparing observed peaks with
calculated level positions (vertical lines as in Fig. 2). The sloping
background arises from 4f7—4f%4d two-photon absorption.

tivistic corrections, specifically spin-other-orbit interac-
tions, which are expressed in terms of the Marvin’s in-
tegrals®426 pM0-24,

Altogether 20 parameters are involved in calculating the
free-ion energy levels. The parameters F?, & s and ¥ were
freely varied in obtaining the fit. F* and F® were chosen
to stand in the approximate ratios 2Fé=1.5F*=F?, then
held fixed through the calculation. The remaining param-
eters were set equal to values which had been determined?!
for the isoelectric Gd** ion, and also held fixed. A least-
squares fit yielded a mean-square deviation o of about 50
cm™! from the observed centers of gravity, and free-ion
eigenfunctions were extracted which served as a basis for
the crystal-field calculation.

B. Crystal-field calculation

The crystal-field (CF) Hamiltonian in O, symmetry has
the form
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where C;k) are tensor operators proportional to spherical
harmonics Y;, and B,;k are empirical coefficients deter-
mined by the charge distribution of the surrounding lat-
tice and by radial integrals of 4f electrons. The matrix of
H g breaks down into two submatrices corresponding to
the two values =+ and 3 of the crystal quantum num-
ber of Hellwege.?” Each of these submatrices breaks down
further into two equivalent submatrices because of Kra-
mers degeneracy, leaving two independent submatrices to
be diagonalized. Because it was not practical at this stage
of the calculation to use the full f7 basis set, we adopted
the method described in Ref. 20(b), whereby a truncated
intermediate-coupling basis set was used which gave a full
representation of all the original set, at the cost only of re-
moving distant states whose perturbations through the
crystal fields were negligible. The resulting crystal-field
submatrices were of rank 163.

In several trial crystal-field calculations, the observed
components of °P;, D;, and °I;, o, were included in the
fit, and the crystal-field parameters By’ and B{Y, along

with F?, {;, and E,, (average energy of f configuration),
were freely varied. Significant improvements in the fit
were then found to result from allowing selected addition-
al parameters, in particular F*, F® and P,, to vary as well.
Most of the higher °I levels were granted level assign-
ments as they became clear from preliminary fitting runs,
then included in the final fit. Care was exercised to main-
tain identical assignments for levels in CaF, and SrF,
which, judging from their spacing from adjacent levels
and relative intensities, appeared to correspond to one
another.

C. Results and discussion

The results of the final fit are shown in Table I. The
positions of many calculated levels have also been indicat-
ed in Figs. 2—5. The experimental positions listed were
measured at 80 K by monitoring the laser frequency with
a calibrated 1-m spectrometer. Accuracies vary from +1
cm ™! for the sharpest lines to +10 cm ™" for the broadest
lines.

The final values of the variable parameters determined
by the fit are listed at the bottom of Table I.
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TABLE I. Observed and calculated Stark-component energes in cm ™! of the P, °I, °D multiplets for Eu?>* in CaF, and SrF,.

Eu?*:CaF, Eu?*:SrF,
Term Obs. Calc.? Composition® Obs. Calc.° Composition®
Py, 27558 27527 —0.74(3,0)—0.63(3,—3) 27654 27 608 —0.75(3,0)—0.63(3, —3)
27564 27562 0.74(3, —3)—0.63(3,0) 27658 27650 0.75(3,—3)—0.63(3,0)
—0.84(3,1)—0.49(3,—2) —0.85(3,1)—0.49(3, —2)
27588 26598 —0.84(3,—2)+0.49(3,1) 27672 27703 —0.85(3, —2)+0.49(3,1)
Ps,, 27959 27961 —0.97(2,0)+0.11(8,4) 28 066 27059 —0.98(2,0)+0.09(8,4)
—0.88(2,—2)—0.40(2,1) —0.89(2, —2)—0.40(2,1)
27999 28011 0.88(2,1)—0.39(2, —2) 28098 28132 0.88(2,1)—0.40(2,—2)
Py, 28424 —0.96(1,0)+0.12(6, —3) 28540 —0.97(1,0)+0.10(6, —3)
0.96(1,1)+0.13(7,5) 0.97(1,1)+0.10(7,5)
1., 30760 30747 0.74(3,0)+4-0.62(3, —3) 30887 30887 0.73(3,0)+0.62(3, —3)
30880 30872 —0.71(3, —3)+0.60(3,0) 31000 31016 —0.71(3, —3)+0.60(3,0)
—0.81(3,1)—0.47(3, —2) —0.80(3,1)—0.46(3,—2)
31010 —0.82(3,—2)+40.47(3,1) 31163 —0.82(3,—2)+0.47(3,1)
To . 31057 31039 —0.68(4,0)—0.55(4,4) 31139 —0.55(4,0)—0.53(4,4)
31107 31097 —0.62(4,4)4-0.51(4,0) 31210 31212 —0.57(4,4)+0.47(4,0)
0.59(4,—2)+0.55(4,1) 0.54(4,—2)+0.50(4,1)
31221 —0.75(4, —3)—0.28(8,4) 31359 —0.58(8,4)—0.54(4,—3)
0.69(4, —2)—0.38(4,1) 0.49(8, —6)+0.43(4,—2)
) N 31208 0.60(8,8)—0.32(8, —3) 31291 0.66(8, —7)+0.45(8, —3)
0.61(8,1)+0.48(4,1) —0.54(8,1)+0.48(8,—2)
31256 —0.70(8, —7)—0.41(8,—3) 31339 0.56(8,8)—0.46(8,0)
—0.71(8,—2)—0.42(8, —6) —0.53(8,—2)—0.42(8,1)
31260 0.55(8,0)+0.55(8, —3) 31372 0.71(8,—3)—0.41(8,—7)
31296 31312 —0.58(5,1)+0.48(5,5) 31407 31409 0.45(5,1)+0.40(8,5)
31318 —0.50(8,4)—0.45(8, —7) 31411 —0.57(8,0)—0.41(8,8)
31318 31334 0.51(5,0)+40.42(6,0) 31450 31436 0.72(4,—3)—0.31(6,0)
0.45(5,5)+0.37(8,1) —0.54(4,1)+4-0.50(4, —2)
31371 31394 —0.68(7,0)—0.55(7,—17) 31479 31500 —0.60(7,0)—0.49(7, —7)
31397 —0.54(8,4)+0.44(5,0) 31502 0.67(5,0) —0.36(8,4)
—0.50(8, —6)—0.40(8,5) 0.60(5,5)+0.36(8,1)
31416 —0.76(8,5)+0.34(8, —6) 31526 31517 —0.67(8,5)+0.36(5,1)
31433 31432 —0.51(7,—7)+0.43(7,0) 31561 31572 —0.49(7,—7)+40.43(6,0)
—0.57(7,1)4-0.37(6, —6) 0.51(7,1)—0.41(6, —6)
31446 31455 0.74(5, —3)+0.33(5,4) 31590 31598 0.77(5, —3)+0.34(5,4)
31485 31479 0.50(6,0)+0.44(5,4) 31610 31611 0.52(6,0)—0.43(7,—7)
—0.50(6, —6)—0.45(5, —2) 0.50(6, —6)+0.42(7,1)
31513 31499 0.46(6,1)—0.39(6, —6) 31632 31648 0.54(6,1)—0.45(6,—6)
31500 0.62(5,4)+0.34(7,—7) 31647 31657 0.78(5,4)—0.33(5,—3)
0.53(5, —2)—0.42(5,1) 0.68(5,—2)—0.51(5,1)
31540 31565 0.78(7,4)+0.42(6,—3) 31709 0.71(7,4)—0.57(7, —3)
0.48(7,—6)—0.44(7,—2) 0.65(7,—6)—0.59(7, —2)
31653 31578 —0.70(6, —2)+40.62(6,5) 31749 31733 —0.57(6, —2)+0.43(7,—6)
31601 —0.79(7, —3)—0.26(6, —3) 31720 —0.67(7,—3)—0.44(6,—3)
—0.53(7,5)—0.51(7, — 6) —0.68(7,5)—0.42(6,5)
31603 —0.80(6,4)—0.42(6, —3) 31766 31746 —0.79(6,4)—0.41(6, —3)
31710 31645 —0.49(7,—6)—0.45(7, —2) 31800 31750 —0.51(6,5)+0.40(6, —2)
31748 31771 —0.51(6, —3)+0.50(7,4) 31828 31862 —0.55(6,—3)+0.48(7,4)

0.60(7,5)—0.46(6,5)

0.57(7,5)—0.49(6,5)

Eu?*:CaF,,SrF, differ from Gd**:CaF, (Ref. 20) princi-
pally by having smaller Coulomb and spin-orbit interac-
tions and larger crystal-field interactions, all of which re-
sult from the larger ionic radius of the divalent ion. The

present fit required somewhat larger crystal-field parame-
ters than the earlier calculation of Fritzler,’ which was
based only on the %P, s2,5,2 levels, although the Coulomb
and spin-orbit parameters were similar to those deter-
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TABLE 1. (Continued.)
Eu?*:CaF, Eu?*:SrF,
Term Obs. Calc.? Composition® Obs. Calc.® Composition®

Dy, 33659 —0.93(4, —3)+0.29(2,4) 33644 —0.92(4, —3)+0.28(4,0)
0.86(4, —2)—0.48(4,1) 0.83(4,—2)—0.48(4,1)

33890 33899 —0.78(4,4)+0.57(4,0) 33990 33996 —0.78(4,4)+0.57(4,0)
—0.86(4,1)—0.49(4, —2) —0.84(4,1)—0.51(4,—2)

34010 33997 —0.74(4,0)—0.59(4,4) 34115 34122 —0.73(4,0)—0.58(4,4)

Dy, 34503 34480 —0.90(0,0)+0.29(3,0) 34533 —0.86(0,0)+0.36(3,0)
°D1/2.3/2.5,2 34620 34 600 0.63(1,0)—0.57(3, —3) 34650 34655 0.67(1,0)—0.53(3,—3)

—0.64(3,1)+0.63(1,1) —0.67(1,1)40.60(3,1)
34685 34676 —0.83(3,—2)+40.48(3,1) 34740 34751 —0.82(3,—2)+0.47(3,1)

34740 —0.73(2,0)+0.56(1,0) 34770 34795 —0.79(2,0)+0.46(1,0)
34785 0.67(2,—2)+0.56(1,1) 0.72(2,—2)+40.46(1,1)
34769 —0.69(3,0)—0.59(3,—3) 34860 34847 —0.65(3,0)—0.55(3,—3)

34950 34955 —0.65(2,0)—0.52(1,0) 35055 —0.58(2,0)—0.55(1,0)
—0.59(2, —2)+0.52(1,1) —0.55(1,1)+4+0.53(2,—2)
35078 0.87(2,1)—0.39(2,—2) 35190 0.86(2,1)—0.39(2, —2)

Variable parameters (cm™!): E,, =74668, F>=70834, F*=50902, F®=38891, {,=1228, P,=768, B{" = —3324, B{®
a=18.

levels fitted, 0=24.5 cm~!. Fixed parameters (cm™Y):

—1289, 48
6, B=—590, y=1805, T2=330, T3=41.5, T*=62, T6=—295,

T7=360, T*=310, M;=2.66, M, =1.54, M,=1.01, P, =450, Pc=300.
®Two largest components of eigenfunction. Where two eigenfunctions are listed, degenerate levels occur in the u= % and % subma-

trices. Notation: The ordered pair (i,i,) denotes a wave function with J = %(21'1 +1)and |M;| = %(2 |ip] +1).
“Variable parameters (cm~)): E,,—75206, F2=71937, F*=50610, F®=38967, {;=1233, P,=619, B{"’ = —4874, B{®' = —993, 47

levels fitted, 0 =22.5 cm™!. Fixed parameters as in Ref. a.

mined in that study. Estimates of many-body effects,
which were neglected in the previous study, have been in-
cluded as fixed parameters, values of which are also given
in Table L.

Table I indicates that the calculated average positions of
the °P, °I, and °D groups correspond extremely well to the
average positions of the three observed groups of lines.
Furthermore, the calculated and observed centers of gravi-
ty of the individual terms agree to within 25 cm~! in all
cases; and considerably better in most cases, as shown by
the comparison in Table II. This table shows the calculat-
ed centers of gravity after the crystal-field interaction has
been included. The close agreement obtained constitutes
strong evidence for the 4f-level assignments.

Occasional complications were encountered in interpret-

ing the finer details of the spectrum. Because of broad
linewidths and close line spacing in the °I and °D groups,
some observed lines appeared to comprise two or more
Stark components. In addition, some calculated levels did
not appear in the observed spectrum of either crystal,
most notably the ®P; , line, one Stark component each of
15,2, %I5,,, and ®Dy ,, as well as the three lowest-energy
components of °I;, ,2. Weak line intensities and/or broad
linewidths may account for the failure of these expected
lines to show up above the background TPA signal. Fi-
nally, two weak lines at 31890 and 31910 cm ™! observed
in the spectrum of our 0.1-mol % Eu?*:SrF, sample had
no evident counterparts in Eu?*:CaF,. Attempts to assign
these lines to calculated °I levels led to larger discrepan-
cies elsewhere in the spectrum when the fit was run. We

TABLE II. Observed and calculated centers of gravity of the °P;, ®I;, and °D; multiplets in Eu?>*:CaF, and Eu?**:SrF, in units of

-1

cm
Eu?*:CaF, Eu’*:SrF,

Term Obs. Calc. (Obs.)—(Calc.) Obs. Calc. (Obs.) —(Calc.)
P, 27569 27562 +7 27661 27653 + 8
°Ps,, 27972 27978 —6 28077 28083 —6
I, 30840 30830* + 10 30962 309732 —11
Ts, 31090 31078 + 12 31210 31188? + 22
Tv1/211/2.13/2.15/2 31503 31498¢ +5 31609 31610° —1
6D9/2 33930 339327 —2 34032 34038° —6
°D,,, 34503 34480 + 23 34533
D1 /23/0.50 34773 34754 +19 34740 34750° —10

2Center of gravity of calculated Stark components excluding those which correspond to unobserved levels.
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have therefore tentatively interpreted these lines as impur-
ity levels or vibronic sidebands. All other lines, however,
lend themselves to clear interpretation as zero-phonon
f7—f7 transitions. Vibronic sidebands should be com-
paratively weak since the parent lines arise from parity-
allowed electronic transitions. There was no evidence of
sidebands accompanying the °P or °D lines.

The fit shown in Table I reproduces the magnitude of
the observed crystal-field splitting of the 617/2,9 12, °Dy
multiplets in both crystals, as well as °Ps,, in CaF,, to
within 25 cm™ . Furthermore, the observed
6117/2’11/2’13/2,15/2 lines fall consistently within 20 cm‘l
of the calculated levels to which they have been assigned,
with the exception of a few lines at the high-energy end of
the group. A large discrepancy occurred, however, for
P, ,,, where the observed total splitting was smaller by 41
and 77 cm ™!, respectively, in CaF, and SrF, than the cal-
culated total splitting. Fritzler’ noted earlier that the
small %P, /, splitting was inconsistent with the larger °Ps
splitting. Our results indicate that it is also inconsistent
with the splittings of the higher levels. The origin of the
anomaly is not understood.

The mean-square deviations o indicated in Table I for
those Stark components which were fitted in Eu?*:CaF,
and Eu?*:SrF, are comparable to o values found in fitting
most R3*:LaCl; and R3**:LaF; systems.?! Nevertheless,
improvements should be possible as more data become
available on the 41" levels of other divalent lanthanides,
since valuable clues often emerge from observing parame-
ter trends across the lanthanide series.

V. ANALYSIS OF TWO-PHOTON INTENSITIES

A. Theoretical outline

We showed in I that a full account of the two-photon
intensities of Gd**:LaF; required not only the standard
second-order term

S A g |ED|n)n |ED|S), (3a)

but third- and fourth-order terms having the general
forms

S AGA g |ED|m)m |V |n)n |ED|f)  (3b)

and

S A7IALA N [ED|DU |V | m)m | V' | n)

L, m,n

X(n |ED|S), (3c)

respectively. We now apply the same analysis to the Eu?*
data. ¥ and V' denote some part of the unperturbed
atomic Hamiltonian acting among the intermediate states
I, m, and n, which belong to opposite-parity excited con-
figurations. A; is the energy of the intermediate state i
above the single-photon energy. The line strength Stpa of
the transition from g = | f7¢JM) to f = | f7Y'J'M’) is the
square modulus of the sum of (3a)—(3c), summed over az-
imuthal quantum numbers M and M'.
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B. %5,,,—°I,: Third-order terms involving
the crystal-field interaction and
fourth-order terms

These transitions violate the second-order selection rules
AL <2 and AS=0, and in three cases AJ <2 as well. The
use of intermediate-coupling initial- and final-state wave
functions and the inclusion of intra-4f’ crystal-field in-
teractions cannot account for the observed intensities.”>?
Crystal-field interactions within 4/ %5d, however, are 2 or-
ders of magnitude stronger than within 4f7. Hence
third-order terms (3b) with V =Hcr, which allow
AL,AJ <6, can and do® permit a relatively strong linkage
of 88,,, to °I,. A further contribution comes from
fourth-order terms' with ¥ =H¢p and V'=H,,, which al-
low AS=1 in addition, thus permitting a direct linkage of
8S to °I.

The fully recoupled third and fourth operators which
result following closure over the intermediate states of the
41°5d configuration have been stated in I [expressions (6a)
and (7)]. In applying these results to the Eu?*:CaF, data
shown in Fig. 6, three elementary changes are required.

(1) We must use the cubic crystal-field Hamiltonian (2)
for the CaF, host. The coefficients Bék) now involve radi-
al integrals of the 5d electron and are determined by the
crystal-field splitting of 4/°5d levels,” which is dominated
by the splitting of the 2D level of the outer 5d electron
into T, and E, states separated by 17000 cm~'. Diago-
nalization of the Hamiltonian (2) yields a 2D splitting of
1By, yielding By’ =34000 cm~'. The sixth-rank
crystal-field operators do not act upon the S5d electron,
and the crystal interaction with the 4f° core can be
neglected.

(2) The spin-orbit parameter {={,~2{;~1200 cm ™!
for Eu?* must be used.

(3) The average energy denominator Eyf is reduced by a
factor of 3 or so compared to Gd**. In fact, the only ac-
tive intermediate states are the octets and sextets, which
lie at the lower edge of 4f%5d at an average energy of
E;;~35000 cm ™! above an optical excitation energy.

Taking into account these differences, it is now a
straightforward matter to compare the calculated I, in-
tensities for Eu’*:CaF, to those! for Gd3*:LaF;. The
third-order contribution scales as (BS”/E,,,)Z, while the
fourth-order contribution scales as (Bg‘>/Edf)2(§/E,,,)2.
For Eu?*:CaF,, we estimate B§,4)/Edf~l and
§/E4r~0.03 in contrast to about 0.04 and 0.01, respec-
tively, for Gd**:LaF;. These ratios were adjusted slightly
to fit the data in Fig. 6. The solid circles in this figure
show the line strengths calculated using only the third-
order contribution with Bg”/Edf: 1.25. The circled
crosses include both third- and fourth-order contributions
with B(Y/E;;=1.25 and ¢/E;=0.03. Evidently, the
order-of-magnitude strengthening of these lines relative to
Ps,,,%D; is well explained with physically reasonable pa-
rameters, and constitutes strong evidence for the higher-
order nature of the line intensities.

J mixing among the 4f” levels has some additional in-
fluence on the line strengths, though much less than that
in the corresponding Gd3*:LaF; case. Analysis of that
data' showed that the small admixture of °P;,, in the °I,
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wave functions led to a new contribution to the line
strengths which interfered with the above-mentioned con-
tributions in a polarization-dependent fashion, resulting in
a strong anisotropy. The lack of such strong anisotropy in
the present data is a consequence of the higher substitu-
tion site symmetry (O, ) of CaF, compared to LaF; (D3).
Crystal-field terms B{"C'}) are thus present in addition to
B B“C 6‘”, and give rise to third- and fourth-order operators
of the form 0;6), with ¢=£0, for all linear polarizations.
The matrix elements of these operators do not interfere
with the matrix elements of the principal operator actin%
on the ®P,,, admixture, which has the scalar form® W'’
for linear polarization. Furthermore, the third- and
fourth-order contributions to I, are much stronger in
Eu?*:CaF, than the contribution from the °P, ,2 admix-
ture, further decreasing the degree of interference between
them. Strong mixing of excited-state azimuthal quantum
numbers in the cubic field also tends to average out aniso-
tropy. As a result, the effect of the °P,,, admixtures in
Eu’*:CaF, is simply to enhance the calculated °; intensi-
ties by very small and nearly equal amounts for each
linear polarization. Admixtures of other °P and °D levels
into °I; can be neglected, although mixing among the °I 7
levels probably produces some additional anisotropy
which has not been taken into account.

C. 887,,—°P7,15,2,°D7/,: Third-order terms
involving the spin-orbit interaction

The third-order TPA operator with V=H_, was first
derived by Judd and Pooler,® and has been applied in I to
a detailed analysis of the 857/2—>6P7/275/2’3/2,6D7/2 transi-
tion intensities for Gd3*:LaF;. The most notable effect of
this operator in Gd>* was a nearly 100-fold enhancement
of the °P, ,» intensity for linear polarization over the in-
tensity predicted in second order. The presence of a simi-
|
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lar enhancement in the Eu?* data is incontrovertible evi-
dence that the same third-order linkage is at work.

Nevertheless, this third-order contribution is much
weaker than expected. It should scale as (§ /Edf)z, and
thus increase by roughly an order of magnitude to the line
strengths shown by crosses in Fig. 6. In each case where a
sharp increase is expected, however, it is not observed.

We have examined* the effect of including intermediate
configurations higher in energy than 4f°%d, such as
4f°%ng, 4f°nd, or 3d°4f®, upon the calculated intensities of
P ,2.5/2:°D7,,. Careful examination of the new third-
order operators which come into play shows that they can
only increase the predicted intensities of these lines. This
fact, along with the large energy denominators of the
higher configurations and the success of the Gd*
analysis' based solely on 4f°5d intermediate states, are
strong arguments that these higher configurations can be
neglected for the transitions in question. In Sec. VE,
therefore, we examine another possible source of the
discrepancy.

D. 38,,—°D,,,

The intensity of the weak ®D, ,, line, as in Gd>*:LaF;,
can be explained by the admixture of °D,,, present in the
6 . . . .

D, ,, wave function. Using the approximate crystal-field
parameter Bg” = —3300 cm ™! obtained from the energy-
level fit, we obtain the admixture

| {°D1 2, £5})=0.59 |[*D 5, + 5 ])
+0.38[[°D7,5, 5]
+0.31[[*D7,5, 731 ,

where curly brackets around the term designation indicate
that crystal-field mixing has been taken into account. We
thus obtain the intensity ratios

S(°D; 5, E||[100])=20S(°D 5, E||[111]),16S (°D 5, E||[100]),155(°D, ,,,circular) ,

which agree acceptably well with the observed intensity
ratios for these two lines shown in Fig. 6. Most impor-
tantly, the lack of strong anisotropy, which this line
showed in Gd**:LaF,, follows consistently from this ex-
planation. The line is isotropic because in cubic symmetry
the M; = i% component of °D, ,, is mixed into the D, Y
wave function in addition to M, = ++-.

E. Validity of the closure approximation

We believe that a significant part of the discrepancy for
°p, s2.5/2:°D7,, tesults from a breakdown of the closure
approximation for the divalent ion. Unfortunately, the
computational task of summing over thousands of inter-
mediate states usually becomes unmanageable if the clo-
sure approximation 1is relaxed. Since, however, the
Coulomb interaction is primarily responsible for the
spread of levels in the intermediate configurations, the
computation of higher-order terms involving the Coulomb
interaction among the intermediate states should account
for the effects of breakdown of the closure approximation,

[

even though allowing the use of closure as a computation-
al tool. The evaluation of such new terms is, however,
beyond the scope of the present paper.

Instead we adopt the more direct approach of introduc-
ing term-dependent energy denominators and performing
the sum over intermediate states explicitly. We have
found that for the case of the third-order contribution to
8S5,,—%P;,, (°Ps,,), only 42 (33) of the (2725)* possible
third-order terms are nonvanishing for each M, value of
the excited state. Furthermore, some factors are common
to all terms in the sum and need not be recomputed each
time. The explicit sum thus reduces to manageable di-
mensions for this specific case.

Figure 7 illustrates the levels of 4£°5d which come into
play in the third-order contribution to 8S;,,—°%P;,, 5.
The electric dipole operator (dotted line) links £’ 85, to
F8UF)d ®P;. The spin-orbit operator (dashed line), which
is diagonal in J and M, then links f¢F)d®P, to
numerous °Ss 2, ®P;, and D, levels derived from various
S® parent states. These in turn are linked to °P, , or ®Ps ),
by a second electric dipole operator. The energies of the
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FIG. 7. Partial energy-level diagram of Eu’?* showing levels
of the 4£°5d configuration which serve as intermediate states in
the third-order contribution to the two-photon 3S;,,-—>%P; 55,
transitions. Dotted lines denote interconfigurational electric di-
pole linkages, while the dashed lines denote spin-orbit linkages
within 4£%54.

intermediate states were estimated from the free-ion spec-
trum!® of Eu?*, corrected for a nephelauxetic reduction of
about 10000 cm~! in the crystal.

The third-order term to be evaluated is

Eq'E7'(f7%S7,, |E-D | f%d°P;)
X(f0d*P; | Hy, | fodi) f%di |E-D|f7°P)),
(4)

where E is the energy of f°d®P, above hv. The three
matrix elements in each term can be evaluated by standard
tensor operator techniques (see, for example, formulas 2-
110 and 3-16 of Wybourne?®). Table III shows the results
of the computations. The intermediate states have been
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divided into three groups which have been assigned energy
denominator E, [f%'F)d®P, states], E, [f%F)d°D,
states], and E; [the entire group of fC°D,’F,
5G)d ®Ss,,,°P;,°D; states]. The third-order term (4) has
been computed for °P;,, and ®P; , final states for linearly
and circularly polarized excitation. In each column the
terms from each group of intermediate states, if given a
common energy denominator, sum to the result obtained
using the closure approximation.

Two important conclusions on the effect of relaxing the
closure approximation can now be drawn from the results
shown in Table III. Firstly, in all cases the §; part of the
operator arises entirely from the two lowest sets of sextet
levels, namely f(F)d ®P;,°D;. Consequently, the £, part
of the third-order operator is more heavily weighted than
when an average energy denominator E;r~40 000 cm~!is
used. Secondly, in all cases the {, part of the operator ar-
ises almost entirely from the highest group of sextet levels,
namely f%°D,’F,’G)d %Ss,,,°P;,°D;. In fact, more de-
tailed calculations show that for ®P,,, and linear polariza-
tion, about + of the & + part of the operator stems from
the highest levels of this wupper group, namely
FeCF,3G)d °P;,°D;, which probably lie 70000 to 100000
cm ™! above the single photon energy. The energy denom-
inator is thus 2 to 3 times larger than E,r, and conse-
quently this part of the operator is less heavily weighted
than with the average energy denominator.

The effect of distributing the weighting factors in this
way is in all cases to decrease the predicted intensity con-
tributed by the third-order operator in the spin-orbit in-
teraction. By choosing the reasonable energy values
E{=20000, E,=30000, and E;=67000 cm~!, along
with the spin-orbit constants §r=2{;=1200 cm™!, the
third-order contribution for °P;,,, circular polarization,
and °Ps ,2, all polarizations can be reduced to zero. In ef-
fect, the part of the third-order term proportional to {
and the part proportional to §,, which are opposite in
sign, are made to cancel by this choice of energy denomi-
nators. On this supposition, the line strengths for °P-,,
with circular polarization and ®Ps,, with all polarizations
come from the second-order contribution alone. The data
in Fig. 6 fully support this revision in the theoretical pre-
diction.

For °P, ,2, linear polarization, a similar cancellation
does not occur. Nevertheless, the predicted intensity de-
creases by a factor of 4 to 5 when closure is relaxed, since
the greatest part of the third-order contribution comes
from the highest group of intermediate states. The same
correction applies for ®D; , with linear polarization, since
here the third-order term contributes only because there is
an admixture of °P,,, into °D;,, from the spin-orbit in-
teraction.! In the latter case, the correction is nearly ade-
quate to explain the data in Fig. 6, although for °P, ,, the
correction is still too small to explain the relatively weak
observed intensity. It is encouraging nevertheless to see
that in all cases the corrections have been in the right
direction.

For the other theoretical predictions shown in Fig. 6 the
effect of relaxing the closure approximation is, unfor-
tunately, much more difficult to estimate since a great
many more terms enter the sum. Higher-order contribu-
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tions involving the crystal-field interaction are particular-
ly unwieldy since the crystal-field operator, unlike the
spin-orbit operator, is not diagonal in J. Computation of
higher-order terms in the Coulomb interaction may, there-
fore, be the only practical way of predicting the effects of
relaxing the closure approximation in these cases.

VI. CONCLUSION

The known spectrum of Eu?t in crystals has been
greatly expanded by using two-photon spectroscopy to ob-
serve sharp 4f7 levels which are not observable by one-
photon absorption because of the overlapping 4f°5d con-
figuration. Similar configuration overlap occurs in all the
divalent lanthanides in crystals, as well as in many
trivalent lanthanides above about 40000 cm™' and in
actnides. Two-photon spectroscopy should therefore per-
mit numerous 4f" and 5V spectra to be observed and
classified for the first time.

Accurate measurements of the relative intensities and
polarization dependence of the f’—f’ transitions in
Eu’*:CaF, have permitted us to test the applicability of
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line-strength theory developed' for Gd** to the corre-
sponding divalent ion. The importance of third- and
fourth-order contributions to the two-photon intensity
which involve spin-orbit and/or crystal-field interactions
among the intermediate states has been confirmed, al-
though such contributions were substantially weaker than
expected in some cases. An illustrative calculation
showed that relaxing the closure approximation sharply
affected some predicted intensities, and improved the
overall agreement with the experimental results. Further
theoretical work will be required, however, to account for
a breakdown of the closure approximation in a fully con-
sistent fashion.
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