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Abstract

The 5f1 — 6d1 absorption spectrum of 231Pa%+ diluted in a single crystal of
Cs,ZrClg has been measured at 4.2K. Three bands corresponding to the 6d(I'gg, I'75, and
Fg'g) levels are assigned. Extensive vibronic structure has been observed for the lowest
5f — 6d transition and this structure is compared to that recently reported for the 6d1 — 5f1

emission spectra in the same system.



Introduction

The 5f1 configuration is the ground electronic configuration of the Pa%+ free ion and
the 6d! is the first excited configuration at ~ 50000 cm-1. In the solid state the relative
splittings between these two configurations are greatly reduced.] Axe and coworkers
measured the optical spectrum of the Pa*+ 5f1 configuration as the PaClg_ complex diluted
in single crystals of Cs,ZrClg and recorded the EPR (electron paramagnetic resonance) of
its I'7 ground crystal field staté.2 Edelstein, et al. have reported the room temperature
5f — 6d absorption spectra of solutions of the hexachloro and hexabromo salts of PaCIg
and Pa.Br%..1 Recently the high resolution 6d — 5f fluorescence spectra of PaClg‘ ina
single crystal of Cs,ZrClg were obtained and analyzed.3

The emission .spectra showed highly structured vibronic sidebands for four of the
five electronic transitions. The major feature in this structure was a vibronic progression
for the totally symmetic (vy,a) stretch of the PaClé_ complex. Superimposed on these
progressions were other vibronic peaks which corresponded for the most part to even
parity vibrations of the Pa_Clg- complex or of the host lattice. These spectra were assigned
to transitions from the lowest vibrational state of the 6d(I" 8g) electronic level to all the 5f
electronic (and vibrational) states. Since the 6d(I‘8g) level is electfonically degenerate,
estimates of dynamic Jahn-Teller distortion energies for this state were obtained.3

Complementary information on the excited vibronic structure of 6d(I'g,) state can
be obtained by high-resolution absorption spectra from the ground 5f I'5, state to the 6d
configuration. In this paper we report the absorption spectra of Pa4+/Cs,ZrClg in the

visible and ultra-violet regions.

Experimental
The sample used in this experiment was obtained from the crystal batch whose
growth was described earlier.3 A thin slice was taken, polished, and sealed in a quartz tube

with 300 Torr of gaseous helium.



The absorption spectra were obtained by immersing the quartz tube containing the
crystal directly into a liquid He bath. A tungsten lamp was used to illuminate the sample
and the visible spectra were recorded with a 1 meter Jobin Yvon monochromator equipped
with a p.hotomultiplicr on the exit slit and associated electronics. The ultraviolet absorption
spectra were obtained with a 200 watt Xe source. The data were-obtained on chart paper
and the peaks were measured from these records. For illustrative purposes and for the
integrations, the spectra were digitized and the wavelength axis converted from nanometers
to wavenumbers (in vacuum). It was assumed the y ordinate was at ~ 100% transmission
before the absorption took place and the maximum absorption corresponded to
approximately 10% transmission. The y axis was converted to a number proportional to
absorbance. After conversion the spectral regions were then integrated to obtain the relative
areas under each of the vibronic progressions. No corrections were made for the variation

of the tungsten lamp intensity as a function of wavelength.

Results v

A visible absorption spectrum taken at 4.2K is shown in Fig. 1a. Two bands are
observed; the lowest éncrgy band is assigned as the 5{I", — 6dI'g, electronic transition
and shows extensive vibronic structure, the higher energy band is assigned to the 5Ty, —
6dI"7, transition and shows no structure. Both bands arise primarily from the spin-orbit
splitting of the ty, crystal field level in Oy, symmetry as expected for a heavy ion such as
Pa%+, The ultra-violet spectrum of this crystal is also shown in Fig. 1b. This spectrum
consists of a relatively sharp cutoff with a small dip at approximately 42000 cml. We
assign this spectrum as the sum of the 5", — 6d1“8'g transition plus the cutoff of the host
crystal. These assignments, ingzluding the tentative I‘S'g one, are shown in Table 1. A high
resolution spectrum of the 5Ty, — 6dl" gg transition is shown in Fig. 2 where it is
replotted as the difference between the zero-phonon line and the other features, along with

the green (6dI'g; — 5fT'7,) and yellow (6dI'g, — 5fI'g,,) emission lines of the fluorescence



spectrum plotted in a similar way. A comparisoh of the measured peaks is given in Table II
for the absorption spectrum and the two transitions from the emission spectrum.

There are a number of similarities and differences in the absorption and emission
spectra. First of all both types of spectra show a progression based on the vy (a) mode
although the frequency appears slightly diminished in the absorption spectrum. The
vibronic patterns based on the zero-phonon line are the most similar for the two types of
spectra. Here the most prominént feature is the zero phonon line followed by an intense
band at ~ 46 cmrl. Both spectra have a weaker band at ~ 170 cm-1. Two weak sharp lines
assigned to the v, (eg) and Vs (t54) vibrations at 253cm-1 and 126 cm-1, respectively,.of
PaClg- in the emission spectra are missing from the absorption band. In the absorption
band two relatively weak bands are observed at ~ 100 cm-! (which is sbmetimes observed
in the emission spectra) and at ~ 215 cm-1.

A comparison of the vibronic patterns based on the first progression of the v;
stretch begins to show major differences between the absorption and emission spectra. In
the absorption spectrum, the vibronic features in the first progression are broader than
found for the features based on the zero-phonon-band. In addition the intensities of the
features around 170-200 cm-! have increased in intensity relative to the features at 0 ~ 60
cml (in the first progression). By contrast the vibronic features for the first progression in
the emission spectra retain approximately the widths and relative intensities found in the
zero phonon band. These trends continue so that in the fourth progression of the
absorption spectrum the first two bands between 0-60 cm-1 have merged and become
almost lost in the background while the 170-200 cm-! bands, although broadened, are quite
distinct. In the emission spectra the bands remain relatively narrow and lose intensity oniy

in the higher progressions.



Theory

The intensity of an electronic transition from initial state i to the final state f may be
written in the adiabatic approximation (which assumes the electronic part of the
wavefunction is independent of the vibrational coordinates) as

I o< (ilerlf)( Im)I2 (D
where I is the intensity, er the electric dipole operator, and £ and m are the initial and final
vibrational states, respectively.- If it is further assumed that the electronic-vibrational
coupling is linear (i.e., the vibrational frequencies in the ground and excited states are
equal), then for the case where only the lowest electronic energy level is populated, the
intensity | v
I o e-S(i—?) @)
where S is the Huang-Rhys parameter and n is the vibrational quantum number of the
terminal state.45

With the assumptions made in deriving the above equations, the value of S should
be the same for both the emission and absorption spectra. Examination of Table II and of
Fig. 2 show that the value of frequency of the v; mode from the absorption spectrum 302 +
4 cmr'l is a few percent smaller than tflé frequency of 310 cm-! obtained from the emission
spectrum. Nevertheless, we assume the model holds. The integrals of each progression
shown in Fig. 2 have been obtained and normalized to the integral of the second
progression. The data for the absorption spectrum and one of the emission lines are shown
in Fig. 3 along with the calculated relative intensities for S = 1.84 and S =2.0. A value of

S =1.9+0.15 fits both sets of data quite satisfactorily.

Discussion
Two major differences are observed between the emission spectra and the

absorption spectrum. The first is the absence of features in the absorption spectrum which
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can be attributed to €35 and tg vibrations, and the secénd is the broadening and relative
increase in intensity of the vibronic features at ~ 170-200 cm"! compared to the bands at

0 ~ 60 cm! in the higher progressions of the absorption spectrum. In the emission
spectrum these vibronic features in the higher progressions decrease in intensity (relative to
each other) without noticeable broadening.

The first observation can be attributed to the fact that the initial state in the
absorption spectrum at 4K is tﬁe 5f1 'y, ground state which is not electronically degenerate
and thus cannot undergo a Jahn-Teller distortion. Therefore during the electronic transition
only viBrational features that have a non-zero Franck—Condon factor are observed, which
exclude the ey and ty, distortions of the 6d(I'gg) level. In the emission spectra, the initial
state is the 6d(I'gg) state which can undergo e;g and tyg distortions by the dynamic Jahn-
Teller effect. Since the electronic transition takes place adiabatically, the final state 5f1(I'y,,
I'g,, or I'g,) will have the same geometrical distortion as the initial state and these
transitions have been observed. The second observation is again due to different Franck-
Condon factors in the absorption and emission processes. The absorption spectrum probes
the excited 6d potential energy surface which, for the higher-lying states, is expected to be
quite different than the excited 5f potential energy surface involved in the emission spectra.

Schatz, et al. have reported fhc 4f1 — 5d1 MCD and absorption spectra (at ~6K) of
Ce3+ diluted in Cs2NaYC16.6 Their high-resolution absorption spectrum is very similar to
the Pa%+ spectrum reported in this paper (except for the energy difference between the
5d(IT'gg) and 5d(I"7,) states due to the smaller spin-orbit coupling in Ce3+) which is not
surprising since the nearest-neighbor ions and geometry are similar in the two crysfals.
There also appears to be a relative increase in the intensities of the higher energy vibronic
features relative to the O - 60 cm-! features in the higher order progressions. However in
the Ce3+ case it is not as evident due to the start of the 5d(I'74) absorption. The expectation
is that the value of 10 Dq for Pa#+/Cs,ZrClg should be greater than for Ce3+/Cs2NaYC16,

however the value reported here of ~18,600 cm-! for PaC126‘ is smaller than the lower



energy limit of 20,000 cm-1 given by Schatz, et al. The value of {gq = 1860 cm! for Pad+
found empirically is about 0.6 of the free ion value of 3095 cm! obtained from a relativistic

Hartree-Fock calculation.1
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- Table 1. Experimental and calculated energy levels

for the 6d configuration
Transition Energy of 6d level Calculated Energy?
 (em)) (cm1)
5fT7, — 6T, - 19954 19954
5Ty, — 6dI7, 23000 23000
5T, —6dTg, 40000 40000

3Parameters: Eg(,ig = 28582 cm!, {(6d) = 1856.5 cm-1, Bg = 39050 cm-! (or 10 Dq =

18600 crr'1). See Ref. 1 for the definition of the parameters.



phonons
involved

zero phonon line
VL1

vi2

V100

Vs

V170

v2

Vi
V1+VL1
V1+VL2
V1 +Vi00
V]+Vs
V1+V170

V1] +v2

2vq
2vi+Vv11
2vi+vi2
2v1 + V100
2v] +vs
2v1 +V170

2vi+Vp

3vi
vi+va
3vi+vi2
3vi + V100
3vi+vs
3vi+Vv170

3vi+vy
4
4vi+vLy

4vi +vi0
4vq +V170

5vi

-10~

Table 2. Measured vibronic peaks and assignments.

6dl'gg — 2F5p(T7y) 6dl'gg — 2F5p(Tgy) 2Fs/p(T7y) - 64(T: 8g)
line e -1 a . . -1 a . ‘s -1 b
position (cm™*) line position (cm™1) line position (cm™!)"
19954 17847 19947
37
48 48 45
97
126 123
174 180 165
' ' 216
253 256
310 310 (1) 308
310 + 34 310+ 36
310+48 310+ 49 49
102
310+ 126 310+ 123
310+175 310+ 170 163
201
310+ 253 310+ 251
2(310) 2(310) 2) 604
2(310) + 36 2(310) + 36
2(310) + 46 2(310) + 45 50
2(310) + 105 2(310)+ 91
2(310) + 125 2(310) + 126 _
2(310)+ 174 170
A 202
2(310) + 253
3(310) 3(310) (3) 908
3(310) + 41
3(310) + 47 33
3(310) + 113
3(310) + 125
3(310) + 168 170
208
3(310) + 254
4(310) 4(310) 4) 1207
4(310) + 32
4(310)+ 114
165
193

5(310)



Table 2 (continued)

2Exept for the zero-phonon line, the column represents the difference between the zero-phonon line
and the vibronic peaks (From Ref. 3).

bEstimated absolute accuracy + 5 cm-l. Except for the zero-phonon line, each of the vibronic lines
assigned solely to a v, progression is given as the difference between the vibronic peak and the zero-
phonon line. For other vibronic lines assigned to a particular v; progression plus another vibration,
the energies listed are the differences between the vibronic line and that particular v; vibration.



Figures

Figure 1.

Figure 2.

Figure 3.
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Absorption spectra of Pa4+/C522rC16 at 4.2K; a - the visible region, b - the
ultra violet region.

Comparison of the vibronic structure observed in the absorption spectrum v
with the vibronic structure in two emission bands, the yellow band (zero
phonon line at 17847 cm-!) and the green band (zero phonon line at 19954
cml). The abséissa for the absorption data represents the differences
between the vibronic data and the zero phonon line; the abscissa for the
emission data represents the differences between the respective zero phonon
lines and the vibronic data.

Comparison of the relative intensities of the » th harmonics of the v
vibration in the absorption spectrum of Pa4+/Cs,ZrClg with that obtained

from the yellow emission band. Two calculated lines are also shown for S

- =1.84and S =2.0.
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