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Temperature dependence of two-photon absorption linewidths of Eu?* in CaF,
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Two-photon absorption linewidths of %S, ,, —°P; , transitions in Eu’*-doped CaF, are studied as
a function of the temperature. Linewidths are shown to have a linear dependence on the occupation
number of LO phonons (n; o) of the CaF, lattice. This result is explained by means of the different
polarizabilities of the ground and the excited states, which give rise to elastic phonon scattering. By
using the polarizability of Eu?* in EuF, we predict a slope for the linewidth I'(T) versus nyo(7)
curve, which is in fairly good agreement with the experimental data. The linewidth at T close to
zero is ascribed to inelastic phonon scattering which causes the 4f7-4/%5d configuration mixing.
The theory also predicts a line shift proportional to the occupation number.

I. INTRODUCTION

Two-photon transitions between levels of the 4f’
configuration of Eu?* were recently reported for a few
alkaline-earth fluorides! —3 and alkali-metal halides.* Al-
though the 4f7 and the broad 41 °5d configurations over-
lap in these crystals, the parity selection rule for two-
photon absorption (TPA) supress the strong electric-
dipole-allowed 4f7—4f%d transition and sharp
4f7—4f7 lines are easily observed. Measurements of the
frequencies and relative intensities of these lines allow the
calculation of free-ion and crystal-field parameters for the
host lattice® besides providing a unique way for studying
the formation of precipitated phases of Eu?*.* Accord-
ing to Fig. 1, which shows part of a typical energy-level
diagram for Eu’* as a dopant in these crystals, two-
photon excitation spectra are measured by monitoring
the violet fluorescence from the 4/ %5d configuration. No
fluorescence is observed directly from the 4f7 excited
states. Instead, the excitation is transferred to the over-
lapping 41 °5d band via odd-parity lattice vibrations, fol-
lowed by the fluorescence around 4100 A. Since the
transfer mechanism involves phonons, it is strongly
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FIG. 1. Energy-level diagram for Eu’* in CaF, showing the
two-photon excitation of the °P;, level and the decay through
the overlapping 41 %5d configuration.
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dependent on the temperature and this dependence will
be reflected in the lineshape.

In the present work, TPA spectroscopy is used to mea-
sure linewidths of %S, ,, —°P, , transitions in Eu?+:CaF,
as a function of temperature. This is, to the best of our
knowledge, the first study of TPA linewidths of impuri-
ties in solids. The aim is to find out how lattice dynamics
affects the 4f’—4f%5d transfer mechanism. This has
been ignored in previous works and no temperature
dependence of TPA linewidths is reported in the litera-
ture. The experimentally observed spectra are presented
in Sec. III. Linewidths show a linear dependence on the
occupation number of LO phonons at 463 cm ™! in CaF,.
This same sort of behavior has already been found in
molecular mixed crystals® and was explained by means of
both Redfield® and modified McCumber-Sturge’ theories.
In this work, however, we present a different approach,
based on the different polarizabilities of the Eu?* in
ground and excited states, in order to explain the above
results. In this case, assuming the polarizability of Eu?*
in CaF, to be close to the one in EuF, and with the
knowledge of the phonon dispersion relation in CaF,, we
are able to find the slope of I'(T) versus n;o(T) curve
without any adjustable parameter. Even with a few ap-
proximations the theoretical prediction agrees with the
experimental result within 20%. The line shift as a func-
tion of the temperature is also predicted to be proportion-
al to ny o and is in agreement with the theories mentioned
above. This approach based on the different polarizabili-
ties is presented in Sec. III.

II. EXPERIMENTS AND RESULTS

The experimental apparatus and procedure have been
fully described elsewhere*® and only a few details will be
given here. The homemade dye laser of the Littman type
with an intracavity prism expander is pumped by the
second harmonic of a Quanta Ray DCR-1 neodymium:
yttrium-aluminum-garnet (Nd:YAG) laser and presents
typical characteristics such as a peak power of 1 MW, a
linewidth of 0.1 cm ™!, a pulse duration of 5 ns and a re-
petition rate of 10 Hz. The Eu?*-doped CaF, was grown
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by the Bridgman method under a controlled HF atmo-
sphere and the doping with europium was achieved by
the addition in the melt of 0.5 mol % of EuCl,. A Janis
6DT Dewar and a homemade temperature controller
were used to cool the samples to constant temperatures in
the range of 10-240 K.

Figure 2 shows TPA spectra of the transition from the
ground %S, ,, state to the °P,,, states in CaF,:Eu’* for
three representative temperatures. The vertical scale in-
dicates TPA intensities of the same internally consistent
scale, with the 'y line normalized to 1 at 77 K. The
spectrum comprises three lines as predicted by group
theory for a J=1 level in a crystal field with O symme-
try. The main features of the spectra are the following:
(1) At temperatures lower than 100 K the lines are very
sharp and no sidebands are observed. This suggests that
TPA in this case is essentially due to zero-phonon transi-
tions. (2) As the temperature increases, all lines shift to
lower frequencies, the linewidths increase, and the in-
tegrated absorptions remain approximately constant. (3)
The background, which corresponds to 4f T >4f£%5d
transitions, increases with the temperature.

Figure 3 shows the linewidth [full width at half max-
imum (FWHM)] of the I'; transition as a function of the
temperature. Since the other two lines have a similar be-
havior, they are not shown here. Below 100 K,
linewidths are essentially unchanged. As shown in
Fig. 4, the experimental data follows a curve
O(T)=Ty+Tn(v,T), where n(v,T)=[exp(—#v/kT)
—1]7 1 is the mean occupation number of phonons with
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FIG. 2. Experimental TPA spectra of the %S,,, —°P,,, tran-
sition in CaF,:Eu’* at three representative temperatures.
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FIG. 3. Temperature dependence of the I'; linewidth in
CaF,:Eu?*. The solid line is the Av(T) curve discussed in the
text.

frequency v at the temperature T and I'; is the linewidth
at 0 K. The best fit to the data of Fig. 4 is achieved for
IFy=1.1cm~! and v=1.4X 10" Hz. This frequency cor-
responds to that of LO phonons in the CaF, lattice.’

III. DISCUSSION

The narrow linewidths (~1 cm™!) of two-photon
85,,,— %P, ,, transitions, and the absence of phonon side-
bands associated to them, clearly suggest that the interac-
tion of the europium ion with its neighbors is essentially
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FIG. 4. Experimental linewidths plotted as a function of the
occupation number of LO phonons in CaF,. The solid line is
drawn for Av=1.1cm~', y=57cm ™!, and v o=1.4x 10"’ Hz.
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the same for both ground and excited states and that
these two-photon transitions represent zero-phonon lines.
This is due to the fact that 4/ electrons are shielded by
5s and 5p shells and therefore their coupling to the lattice
is very weak in the sense that the initial and the final
states differ very little in their sensitivity to change in the
environment. Consequently, the Huang-Rhys parameter
S is close to zero for upward f— f transitions.!® More-
over, the insensitivity of the linewidth, for temperatures
below 150 K, can be taken as an experimental evidence
that effects due to changes of the force constant between
the impurity and the neighboring atoms, when the impur-
ity undergoes an electronic transition, is not relevant for
the present case. If there was any such change this effect
would be observed due to the coupling of the impurity to
even-parity acoustic phonons which are certainly present
for T <150 K. On the other hand, the centers of gravity
of the 4f7 and 4/°5d configurations are relatively close
for divalent ions allowing their coupling via odd-parity
lattice vibrations. This effect is expected to be particular-
ly important for the Eu?* ion where the 4f%5d
configuration is broadened by the crystal field and over-
laps with the °P, , levels. Taking into consideration that
the configuration 4/°5d is closer to the ®P,,, multiplet
than to the %S, , ground state (see Fig. 1), the atomic po-
larizabilities of these two states are different and in this
way it is plausible to expect that the dependence of the
linewidth on the temperature has its origin on these
different polarizabilities. As a first approximation, im-
portant effects associated with different polarizabilities
have their origin in the coupling between different in-
duced dipole moments and the local electric field. Both
induced dipole and local field are produced by some vi-
brational configuration.

According to the above picture, optical phonons play a
very important role in the absorption line-broadening
mechanism since the opposite motion of neighbor ions
produces intense polarization fields. In other words, the
observed linewidths are expected, as a first approxima-
tion, to be dependent on the local-field fluctuations and
therefore to exhibit a linear dependence on the optical-
phonon density. As presented in Fig. 4, the experimental
points are proportional to the occupation number of
long-wavelength LO phonons (w;o~463 cm™!) of the
CaF, lattice. When the linewidths are compared to
curves describing the occupation number of TO
(wpo~260 cm~ ') modes, marked discrepancies are ob-
served. Although group theory predicts the contribution
of these phonons to the configurations mixing, and conse-
quently to the line-broadening mechanism, the experi-
mental evidence is that only LO phonons play an impor-
tant role to the mechanism. We do not understand this
point and further investigation is still needed to clarify it.

After this preliminary consideration, we will propose a
model where the different atomic polarizabilities give rise
to different contributions to the impurity-lattice interac-
tion energy for a given vibrational configuration. This
new contribution may be written as

H'=—1laE*?, (1)
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where a stands for the change in the atomic polarizabili-
ties between the states %S, and SP, ,, and E* is the lo-
cal Lorentz field at the Eu** site. For long-wavelength
LO modes, the Lorentz field is given by'!

# 12

s
—_— 2
270Ny %~—q—lql (ag+ay), (2)

where N is the number of unit cells, v =40.758 A® is the
volume of one of these cells, and ¥y~ '=wi(1/€,—1/
€y) /4 is the Frohlich coupling parameter with € , =2.05
and €,=6.53.12

Within the framework of the Franck-Condon approxi-
mation, where the two-photon transition operator is sup-
posed to be independent on the vibrational coordinates,
zero-phonon transitions are represented as in the central
portion of Fig. 5, where |B)= | {n,}) denotes a station-
ary vibrational configuration with the europium ion in
the ground state. As stated earlier, the interaction energy
between the ion in the P, ,, state and the lattice differs
from that where the ion is in the ground state by the term
given in Eq. (1). Since the vibrational configuration |B)
is not an eigenstate of the Hamiltonian H’, it becomes
unstable and therefore can be scattered to another
configuration |B') with the same energy. On the other
hand, inelastic scattering processes starting from |f)
must be followed by a change in the electronic
configuration of the Eu®* ion and in this case there is an
atomic excitation transfer to the vibronic 4/°5d band
with the emission of several types of phonons. Since this
band goes from well below (~3000 cm™!) to well above
(~1000 cm™!) the °P,,, multiplet, these inelastic pro-
cesses are expected to be nearly independent of the initial
vibrational configuration |B) and consequently indepen-
dent of the temperature. In this way, the temperature
dependence of two-photon transitions observed in the ex-
periment is due to the finite lifetime of the vibrational
states, via elastic scattering of LO phonons. According
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FIG. 5. Line-broadening mechanism proposed for

Eu?*:CaF,. T, is the rate of the inelastic scattering while
I’y << T, takes into account inelastic processes.
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to perturbation theory, the transition rate can be written
as

r=r0+—2%<z |(B|H'|B) |25<w3_w,3>> . ®
# B th
where { - -+ ),; stands for the thermal average on the ini-
tial |B) states and T, is the temperature-independent
transition rate corresponding to the inelastic excitation
transfer to the 4%5d band. For the temperature range
used in the experiment the observed line shapes were
essentially Lorentzians, in accordance with the homo-
geneous broadening predicted by Eq. (3). No experimen-
tal evidence was found for inhomogeneous broadening.
The broadening mechanism is represented in Fig. 5,
where I'; stands for the elastic scattering.

The theoretical evaluation of the sloped I'(¢#)Xn (T) is
carried out by combining Egs. (1)-(3), which yields

2
27 87 fict
F'=Ty+=| |—
0+ ‘hz 3 2')/0(1)0
1 g | lad] |5
X4z q% Tal a1 M wg—wg(1+ng)n, .
4)
Assuming a parabolic dispersion relation

[D (w)a(wy—»)'"?] for w4, which according to Elcombe
and Pryor!? spans a range Aw~ 100 cm !, and neglecting
this dispersion in the occupation number, Eq. (4) may be
written as
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o nLo( T) ’ (5)

where the factor ; comes from the average over all possi-
ble scattering directions and the term ni,(7) is neglected
when compared to n;o(T)~ 1072 The change in the po-
larizability of Eu?* in CaF, may be estimated by multi-
plying its polarizability in EuF, (Ref. 14) (aqy=1.7
X 10~2* cm?®) by a factor of 3 corresponding to the de-
crease in the atomic separation. In this way we have

2 (hwg)? 2
fidw

1

o

F=r0+l—$ﬂ3 v

2

1
Ew

= F0+70n LO( T) . (6)

The slope 70 cm ™! that we have found theoretically is in

fairly good agreement with the experimental value (57
cm™ ') and turns out to be important evidence for the in-
terpretation of the broadening mechanism due to elastic
LO-phonon scattering. The theory described above may
also be used to calculate the line shift 8¢ as a function of
the temperature. In order to do so, perturbation theory
is used again and 6o is given by

So=(B|H'|B)/# . (7

The same approximations used to find I'(T) are employed
to evaluate the matrix element in Eq. (7) and as a result
we get

87 a 1 _
bo=— |7~ P e (Aro+3)
=54(7ip0+1) . (8)

The dependence of the °P,,, multiplet center-of-
gravity position as a function of the temperature given by
Eq. (8) is the same as in Refs. 6 and 7. We may roughly
compare the slope 54 cm™! with our experimental data
assuming that the center of gravity of the °P, ,» multiplet
lies on the I'y line, which is doubly degenerate. Going
from 77 K (nyo~0) to 235 K (n;5~6.02X1072) this
line shifts 3.9 cm ™!, which corresponds to a slope of 65
cm ™!, also in good agreement with the theoretical predic-
tion.

IV. CONCLUSION

The linewidth of the %S, ,, —»°P, , transition in Eu**-
doped CaF, has been measured as a function of the tem-
perature. The results show a linear dependence on the
occupation number of LO phonons. We do not under-
stand why TO phonons do not contribute to the broaden-
ing mechanism. The linear dependence is explained by
means of the difference between the polarizabilities of
ground and excited states, which give rise to a Hamiltoni-
an describing the interaction between the impurity and
the lattice. One advantage of such an approach is that it
does not require any adjustable parameter in order to fit
the experimental data. When compared to previous
theories yielding the same temperature dependence, this
Hamiltonian is also quadratic in the ion coordinates;
therefore in this sense the theories are similar.
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