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Emission spectra from the parity-allowed electronic transitions between the lowest 

crystal field level of the 6d1 configuration to all the electronic levels ofthe Sf1 configuration 

of Pa4+ diluted into single crystals of Cs2ZrC16 at 4~2 K show highly structured vibronic 

sidebands. Vibronic progressions are seen along the 310 cm-1 totally symmetric stretch of 

the PaCl~- complex. Most vibronic peaks correspond to even parity vibrations of the 

PaCl~- complex or the host lattice. Additionally, electronic Raman scattering was observed 

between the two lowest crystal field levels of the Sf1 configuration by exciting with an 

argon ion laser in near resonance with the lowest level of the Sd 1 configuration .. 

Introduction 

At the beginning of both the 4f and Sf electron series the various possible electronic 

configurations for atoms or ions with one electron outside the xenon and radon core are 

very close in energy.1.2 Thus parity-allowed, interconfigurational optical transitions may 

be observed. For the Ce3+ ion, the ground state has a 4f1 configuration and the excited Sd 1 

configuration begins at- 20000-40000 cm-1, depending on the environment surrounding 

the Ce3+ ion.3 An analogous situation exists for the Sfl and 6dl configurations of the Pa4+ 

ion which makes it an attractive ion to study spectroscopically. Ryan has tabulated the 

• difference in energies between the ground Sfl state and the beginning of the excited 6dl 

levels for t~e sparse solution data available.4 
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The first solid state studies of the optical and magnetic properties of the Pa4+ ion 

were reported by Axe, et al. The Pa4+ ion was incorporated as an impurity in Cs2ZIC16 

replacing a Zr4+ ion at a site of Ott symmetry. The electron paramagnetic resonance (EPR) 

spectrum at 4.2 K and the near-infrared absorption spectra were measured and the data 

analyzed in terms of the crystal field and spin-orbit interactions for a Sfl electron.S,6 

Additional optical studies have been reported for pure Pa4+ hexahalo compounds 7,8 

and for the Pa4+ ion diluted in single crystals ofThBr4 and ThC4.9 In the latter work EPR 

results were also given. Naik and KrupalO reported absorption and fluorescence for 

Pa4+(ThBr4 and assigned the strong visible absorption bands at -20,000 cm·l to the Sf-+ 

6d interconfigurational transitions. Subsequently, Edelstein et al. analyzed the Sf-+ 6d 

absorption spectra of Pa4+ in solutions of hexachloro and hexbromo salts and in single 

crystals of ThBr4.II 

One notable feature of the Pa4+fThBr4 and Pa4+fThC4 studies was the strong 

fluorescence observed upon excitation with radiation above the onset of the 6d bands. 

Since the energy gap between the 6d and Sf configurations for Pa4+ in both ThC4 (1bBr4) 

and PaCl~- are similar, strong fluorescence is to be expected upon excitation of the 6d 

bands in Pa4+fCs2ZrC16. We report the results of such experiments in this paper. 

Experimental 

ZIC4 purchased from Alfa Inorganics (purity> 99.9%) was received in a bottle 

packed under argon. The bottle was transferred into an inert atmosphere box where about 

20 grams was placed in a sublimation tube. This tube was transferred to a vacuum line 

(-tQ-2 mrnHg) and the ZrC4 was sublimed at approximately S00°C. CsCl was placed in 

a tube on a vacuum line and heated under vacuum to 200°C. Stoichiometric amounts of 

dried CsCl and sublimed ZrC4 were weighed, thoroughly ground and mixed in an inert 

atmosphere box, then transferred into a quartz tube and sealed under vacuum. The sealed 

tube was then passed through a furnace at a rate of 2 mm/hour .. The temperature of the 
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center region of the furnace was stabilized at 870°C. Clear single crystals of Cs2ZrCI(; 

were obtained by this method and their identity verified by powder x-ray diffraction 

patterns. Approximately 2 grams of this material was transferred to another quartz tube and 

,. 10 mg of 231pa was added in a "hot" inert atmosphere box. This tube was sealed under 

vacuum and passed through the fmnace as described above. The 231pa used in the 

experiment was prepared by dissolving Pa20s in 10 M HF and precipitating with 

concentrated ammonia. The ppt. was rinsed with distilled water, acetone, and then dried in 

air at a temperature of 250°C. A bright yellow crystal was obtained by this method which 

showed an EPR spectrum ofPa4+/Cs2ZrC16 as reported by Axe, et al.6 The exact 

mechanism and extent of the reduction of Pa5+ to the tetravalent state are not known. An 

impurity of Pa5+ will not affect the experiments described in this paper. 

Part of the yellow Pa4+/Cs2ZrC16 was placed in a quartz tube, evacuated, and then 

refilled with about 200 Torr of He gas after which the quartz tube was sealed. The tube 

plus sample was placed in an Oxford CF 1204 optical cryostat and cooled to 4.2 K. An 

argon ion laser was used as an excitation source. Emission or electronic Raman spectra 

were analyzed by a SPEX Industries 1403 double monochromator and detected with a 

cooled Hamamatsu 943 photomultiplier tube. The bandwidth of the monochromator was 

about 1.5 cm-1 and the absolute accuracy was about 2 cm-1. Below 11,100 cm-1 the 

sensitivity of the photomultiplier tube decreased rapidly, which resulted in a loss of 

intensity in this spectral region. 

Revjew of Theory 

The Hamiltonian for the energy levels of an f electron in octahedral symmetry may 

be written as 

!}{ = !}{so+ !Jfcp 

-+-+ 
9i5o = ~& (r) I. · s 

4 4 -.rs· 4 4 6 6 -f7 6 6 
!Jfcp = Bo[Co + 14 (C_4 + C4)] + Bo[Co- T (C -4 + C4)]. (1) 
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The effects due to the radial pan of the Sf wavefunctions are contained in the crystal field 

parameters Bri and Bg, and the spin-orbit coupling constant ~st(r), which are evaluated 
- -+ 

empirically. The matrix elements for the angular momentum operators, t and 1 , and the 

tensor operators, ~· depend only on the angular coordinates and are evaluated by standard 

techniques.12 

Under the effect of the octahedral crystal field at the Pa4+ site, the seven degenerate 
• 

f orbitals (of the free ion) decompose into two triplet states, r4 and rs. and one singlet 

state, r2 (~point group). The energies of these levels can be written in terms of the 

energy splittings a and d, when the spin-orbit coupling constant is assumed to be zero, or 

equivalently in terms of Bri and Bg as given in the Hamiltonian. When the electron spin is 

considered, each orbital becomes doubly degenerate and the double group representations 

r6u, r7u. and rsu become the proper labels for the eigenstates and energy levels. Because 

the spin-orbit coupling interaction is large compared to the crystal field interaction, the 

crystal field levels fall in two groups which can be described (approximately) by the term 

labels 2Fsa and 2F7!2· Table 1 gives the energy matrices of the levels and the ground state 

g value in terms of the parameters ~sr. d, and a, and the conversion to Bri, and Bg.7•13 

Unlike the Sf configuration, the radial wavefunction of the 6d configuration extends 

significantly beyond the filled 6s26p6 shells of the Rn core. For this reason the 6d electron 

experiences a crystal field that is much larger than the 6d spin-orbit coupling. The 

octahedral (~ crystal field of PaCl~- splits the 6d configuration into two levels, a T2g 

lower state (triply degenerate) and an Eg upper state(doubly degenerate). When the 6d 

spin-orbit interaction is included, the T2g level splits into a rsg (a degenerate quanet with 

the inclusion of spin) state and a higher-lying r,g (Kramers doublet) state. The higher

lying Eg level also transforms as a rsg quanet when the electron spin is considered. The 

splitting of the T2g state (the energy difference between the rsg and r7g levels) was 

measured as approximately 3S60 cm·l from the solution spectrum of PaCl~- from which 

the value of~= 2021 cm·l was obtained. A lower limit of- 13800 cm·l was obtained 

.. 



'w 

5 

for the 6d crystal field splitting of PaCl~-.11 The Hamiltonian of Eq. 1 also may be used 

for the 6d configuration. For a dN configuration, BZ = 0, so the energies are determined 

4 
by the parameters B0(d) and lM· 

A schematic energy level diagram showing the Sf and 6d levels for the Pa~- ion, 

taken from Axe's data and the room temperature optical spectrum of Cs2PaCl() in 

acetonitrile solution, is shown in Fig. J.S,ll 

The wavefunctions obtained from Eq. 1 represent only the pure electronic 

wavefunctions and do not consider vibronic coupling. The intensity of an electroirlc 

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 oc l(ile tlf)(R.Im)l2 (2) 

where I is the intensity, e 1 the electric dipole operator, and R. and mare the initial and final 

vibrational states, respectively. If it is further assumed that electronic-vibrational coupling 

is small and linear (i.e., the vibrational frequencies in the ground and excited states are 

equal), then for the case where only the lowest electronic energy levelis populated, then 

In oc e-S~~) (3) 

where S is the Huang-Rhys parameter and n is the vibrational quantum number of the 

terminal state. The deformation energy of the vibrational mode is then given by 

(4) 

From equation 3 the Huang-Rhys parameter can be evaluated from a harmonic progression 

in a vibrational mode, and from its value the deformation energy may be estimated (Eq. 4). 

For the vibration corresponding to the normal coordinate ~. 

2 2 s = 1/2 Qi (l)i /fi. (5) 

where M is llhe effective mass. ~.which corresponds to the totally symmetric vibrational 

mode, is the difference between the equilibrium distances of the metal ion and the ligand in 

the grou'nd and excited states.l4,15 
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Resonant Electronic Raman Scattering 

The cross section a for electronic Raman scattering16 may be written as: 

2 

L 
-+ -+ 

(ile r lnXnle r !f) 

~-run 
(6) 

n 

where COs and c.o~, are the angular frequencies of the scattered and incident laser radiation, i 

-+ 
and fare the initial and final states of the grqund configuration, and er is the electric dipole 

operator as before. Only the intermediate states In}, which represent states from 

configurations which have the opposite parity to the ground configuration, contribute to the 

above sum. 

For most ions with an fN ground configuration (N = 1-13), ron- 50,000 cm-1, 

c.o~,.- 20,000 cm-1, and the denominator in Eq. 6 is c.o~, -ron= t\CONR- 30,000 cm-1. 

However for Pa4+, Cll6d = 20,000, c.o~, • 19,500 cm-1 and c.o~, -ron= t\t:.OR- 1000 cm-1. 

Therefore for Pa4+ the resonant enhancement of the electronic Raman scattering should be 

Selection Rules 

The emission spectra reponed in this paper originate in the lowest 6d level ofrsg 

symmetry and tenninate in all the crystal field levels of the Sf configuration which are of 

r6u. r7u. or rsu. symmetry. The electric dipole operator transforms as r4u· The direct 

product 

·• 
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contains the irreducible representations rlg. r2g. r3g. r4g. and rsg so the purely electronic 

(zero phonon) transition as well as the electronic transitions coupled to even parity phonons 

are allowed to each of the Sf levels. 
. 2-

The SIX local modes of the PaCJ6 complex are labelled VI (rIg or a lg). v2(r 3g or 

eg). V3(r4u or ttu). V4(r4u or ttu). vs(rsg or t2g). and v6<rsu or t2u) where the symbols in 

the parentheses give the symmetries of normal modes in two equivalent Ott group 

notations. Unit cell group analysis indicates there are three additional vibrational modes 

arising from the motion of the host lattice: VL1 (r 4g or ttg). VL2<r Sg or t2g). and VL3<r 4u or 

t1u). Thus it is expected that the five even parity vibrations VLlt vu, v1. v2, and vs should 

contribute to the vibronic sidebands.I7 

Previous infrared and Raman results for the AnCl~- complexes (An4+ = Th4+, 

Pa4+, U4+, Np4+) indicate that VI • 300 cm-I, v2 = 260 cm-I, and vs = 120 cm-I.18 For 

Cs2ZrC16, VL2 = 48 cm-1.I9 VL1 is unknown since it is neither Raman or infra-red active. 

Combination bands may also be present in the vibronic sideband. 

Results and Discussion 

When the Pa4+JCs2ZrC16 crystal at 4.2 K was irradiated with the 488 nm (20486.7 

cm-1) line of the argon ion laser, emission spectra were recorded from the lowest 6d level 

of Pa4+ to all the Sf levels as shown in Fig. 2-4. Shifting the argon ion laser to higher 

energies did not change the observed fluorescence. Five groups of bands were observed 

which are assigned as transitions from the lowest 6d(rsg) level to the five Sf levels (see 

Fig. 1). The emission spectra show highly structured vibronic sidebands in the green and 

yellow regions corresponding to the 6d(rsg) ~ 2Fs/2<r7u) (Fig. 2) and 6d(rsg) ~ 

2Fs/2<rsu) (Fig. 3) transitions respectively. In Fig. 2, the zero phonon line at 199S4 cm-1 

shows a loss of intensity due to self absorption. In the near infrared region, emission 

bands corresponding to 6d(rg8) ~ 2F712(r ;
0

) and 6d(rsg) ~ 2F7/2<r6u) are shown in 

Fig. 4. The vibronic transitions for these transitions somewhat overlap. The 6d(rgg) ~ 
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2F,n.(f' ,'u) emission spectrum shown in Fig. 5 is featureless and much lower in intensity 

than the other emission bands. 

Resonantly enhanced electronic Raman scattering (ERS) between the crystal field 

levels of the (primarily) 2Fsn. manifold was obtained by excitation with 514.5 run 

(19429.7 cm-1) argon ion line. The spectrum is shown in Fig. 6. No ERS was observed 

terminating in the higher-lying multipleL The energy of the 2Fsn.(f'gu) level obtained from the 

ERS experiment agrees quite well with the value obtained from the fluorescence experimenL 

For a 5f or 6d electronic configuration only states which have (f'gu) or (f'gg) 

symmetry are subject to a dynamic Jahn-Teller distortion. Because the observed zero 

phonon lines and phonon Sidebands are similar for each Of 5f levels (Of r 6Ut r7Ut Or rsu 
' 

symmetry) where structure is observed, the electronic-vibronic coupling which causes the 

structure must originate in the excited 6d(f'gg) level. No evidence is observed for a Jahn

Teller distortion in ground 5f configuration. 

The most prominent feature in the emission spectra is the vibronic progression with 

a frequency of 310 cm-1. The main peaks in the progression may be measured quite 

accurately. The weaker peaks in the sidebands are generally broader, overlap with other 

peaks, and so are more difficult to measure accurately. The energies of the zero phonon 

lines and the sidebands are given in Table 2. 

The phonon lines allowed by the selection rules are the v1(a1g). V2(eg) and vs(t2g) 

2- 1 normal modes of the Pac16 complex and from Table 2 are assigned to 310 em- , v1; 253 

± 3 cm-1, v2; and 125 ± 3 cm-1, vs. The lattice modes are assigned as 34 ± 4 cm-1, VLt; 

and 48 ± 3 cm-1, vu. Two other prominent features in the vibronic sidebands occur at v 

=- 100 cm-1 and v = 170 cm-1 and are probably combination bands. The v = 100 cm-1 

could be assigned as 2vu or 3VL1 while the V170 band is most likely vs + vu. 
By use of Eq. 3 and the integration of the area for each of the vibronic peaks of the 

310 cm-1 mode, the value of S(a1g) = 1.84 is obtained. Figure 7 shows the comparison of 

the experimental and calculated intensities for the 17847 cm-1 fluorescence band (Fig. 3). 

'fll 



• 

9 

From this value of S(alg) the increase of the Pa-Cl bond in the 6d state is calculated to be-

0.1 A. 

A limited vibrational progression may be observed for the ~g and e8 modes 

consisting of the Oth and 1st vibrational quanta. These same vibrational progressions also 

are found based on the 310 cm-1 harmonics. Values of the Huang-Rhys parameter for the 

e8 and ~g modes may be estimated based on the relative intensities of 

I(nx310 + V(tz ore )) s = g g 
I(nx310) 

where n in this case is the vibrational quantum number for the 310 cm-1 vibration. For 

n = 0, the intensity of the zero phonon line is used. From theseS values [S(eg) = 0.11, 

S(t2g) = 0.33] the distortion energies due to the dynamic Jahn-Teller effect are: 

r 88 - e8, liroe
8 

= 250 cm-1, Edis(e8) = 28 cm-1 

r 88 - ~g· nO>t28 = 125 cm-1, Edis(~8) = 41 cm-1 

The distortion energies calculated from this model for the e8 and ~g modes are rather 

small. Warren20 has pointed out that for a r 88 electronic state, these energies are reduced 

to 25% of their values for aT 28 electronic ground state. 

Electronic Structure 

The energies and assignments of four of the five Sf levels can be obtained from the 

data of Table 2. The energy of the r ~u state is uncertain because of the. low intensity of this 

emission line. Axe assigned the energy of this level at 5210 cm-1 with an estimated error of 

± 200 cm-1.5 Edelstein et al. assigned this level at 5333 ± 5 cm-1 from the absorption 

spectrum of the pure compound (Et.~N)2Pae16.7 The present data (Fig. 5) indicate that the 

r7u ~ r,'u transition is at 5350 ±50 cm-1 in Pa4+/Cs2ZrC1(;. 
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There are three parameters in the Hamiltonian of Eq. 4 which can be fit exactly by 

using the energies of the rsu, r ~u ' and r 6u states. The calculated and experimental values 

are shown in Table 3. Note the experimental energy of the r ;u state (even with a large 

error) and the g value of the ground state are not reproduced. Clearly the Hamiltonian of 

Eq. 1 is not adequate for this simple system. However, the Sf wavefunctions given by the 

above fitting procedure plus the 6d wavefunctions obtained from the parameters given by · 

Edelstein et al. in Table IV of Ref. 11 for Cs2PaC16 have been used to calculate the relative 

intensities of the transitions from the 6d(rsg) level to all the Sflevels. The calculated 

relative values are compared with experimental relative intensities in Table 4. 

The most striking result shown in Table 4 is the very weak relative intensity for the 

transition to the r ;u State. The transitions to the Sf J = 7/2levels were expected to be 

weaker than to the Sf J = S/2 states since there is aM = ±1 selection rule for electric dipole 

transitions and the 6d(rsg) eigenstate has a 77% J = 3/2 component The agreement 

between the calculated and experimental relative values is quite satisfactory. 

Conclusion 

Four levels of the Sf configuration ofPa4+/Cs2ZrC16 have been accurately 

measured as well as the lowest rsg level of the excited 6d configuration by fluorescence. 

An analysis of vibronic structure indicates that the Pa-Cl bond distance is- 0.1 A longer in 

the 6d excited states. Estimates have been given of Jahn-Teller distortion energies in 

6d(r sg) quartet for the e8 and t2g vibrations. The simple crystal field model can not 

accurately produce the energies of the Sf configuration and the g value of the ground state. 

The relative strengths of the fluorescent bands are reproduced quite well by a calculation of 

the relative electric dipole intensities between the 6d(r sg) state and the Sf levels. 

... 
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Table 1. Energy matrices and equations 
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phonons 
6d(r s8)-2F snCr 7u> 6d(r s8)-2FsnCr su) 6dcr s8>-2F712cr ;u> 6dcr sg)·2F7 ncr 6u> 

involved line positions line position line position line position 
(cm·1) (cm·1) (cm·1) (cm·1) 

zero 
phonon 19954 17847 1Z685 11783 

line 
VL1 37 31 

VL2 48 48 49 49 

V100 106 

vs 126 123 •132 

V170 174 180 180 

V2 253 256 252 266 

v1 310 310 310 310 

V1 +VL 1 310 + 34 310+36 310+39 310+36 

V1 +VL2 310 + 48 310+49 310+51 310+47 

v1 +V1 oo 310+102 

V1 +Vs 310 + 126 310+123 310+130 

V1 +V170 310 + 175 310+170 
V1 +V2 . 310 + 253 310+251 310+253 310+250 

2v1 2(310) 2(31 0) 2(31 0) 2(31 0) 

2v1 +VL 1 2(310) + 36 2(310) + 36 2(31 0) + 33 

2v1 +VL2 2(310) + 46 2(310) + 45 2(310) + 49 

2v1 +V1 oo 2(310) + 105 2(310) + 91 2(310) + 106 

2v1 +Vs 2(310) + 125 2(310) + 126 

2v1 +V170 2(310) + 174 

2v1 +V2 2(310) + 253 

3v1 3(31 0) 3(31 0) 3(31 0) 

3v1 +VL 1 3(310) + 41 

3v1 +VL2 3(310) + 47 

3v1 +V1 oo 3(310) + 113 

3v1 +Vs 3(310) + 125 
3v1 ·+V170 3(310) + 168 
3v1 +V2 3(310) + 254 

4v1 4(310) 4(31 0) 

4v1 +VL 1 4(31 0) + 32 

4v1 +V1oo 4(310) + 114 

6v1 5(31 0) 

8 Except for the zero phonon lane, the columns represent the difference between the zero 
phonon line and the vibronic peaks. 

Table 2. Measured fluorescent peaks and assignments. 



Crystal Field Levels 
and g value 

' 6d(rgg) 

6d(r7g) 

6d(rgg) 

2F7f2(r6u) 

2p7 n.(r ~u> 
2F7/2(r7'u> 

2Fsn.(rsu) 

2Fsf2(r7u) 

Energy (cm-1) 
Axe (1960) 

8121 

7085 

5215 

(1912)8 

0 

-1.141±0.002 

&calculated by Axe (Ref. 5). 

bfrom Ref. 11 
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Energy (cm-1) 
This work 

> 33()()()b 

23000±50Qb 

19956±3 

8173±3 

7272±3 

5250±50 

2108±1 

0 

Calculatedc 
(cm-1) 

8173 

7272 

5539 

2108' 

0 

-0.953 

CParameters ~ = 1539.6 cm-1, Bri = 6945.3 cm-1, sg = -162.7 cm-1; ore= 1577.5 cm-1, 

A= 2263.9 cm-1. 

Table 3. Experimental and calculated energy levels .. 
and ground state g values. 
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Final S tate8 Calculated Relative 
Intensity 

r7u 1 

rsu 2.8 

' r,u 5.9 X 1Q-3 

' rsu .40 

r6u .33 

aThe initial state for all transitions is the 6d(rsg). 

b£stimated experimental error is ± 20%. 

Experimental Relative 

Intensityb 

1 

1.5 

9 x l0-3 

.1 

c 

coue to the sharp drop in photomultiplier sensitivity at these wavelengths a reliable intensity 
measurement could not be obtained. 

Table 4. Experimental and Calculated Relative 
Intensities of the Electronic Transitions. 
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Ljst of Fj 2ures 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

Schematic energy level diagram for the Sf (from Ref. 5) and 6d (from Ref. 

11) configurations of Pa4+ /Cs2ZrC16. 

Fluorescence from the 6d(rsg) level to the Sf(r7u) level. 

Fluorescence from the 6d(rgg) level to the 5f(rgu) level. 

' Fluorescence from the 6d(rsg) level to the Sf(r80) and Sf(r6u) levels. 

' Fluorescence from the 6d(rsg) level to the 5f(r7u> level. 

Electronic Raman scattering from the Sf(r70 ) level to the Sf(rgu) level. 

Comparison of the relative intensities of the nth 310 cm·l vibronic peak in 

Fig. 3 with the calculated values of Eq. 3 for S = 1.84. 

-.... 
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Energy Levels of Pa4+/Cs2ZrCis 

Figure 1 

(cm-1) 

>33000 

24340 

20780 

(1912) 

(rag) 
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ZPL = 19954 cm-1 
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Figure 2 
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ZPL = 17847 cm·l 

16500 17000 17500 18000 

wave number (cm-1) 

Figure 3 
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ZPL = 11783 cm·l 

ZPL = 12684 cm·l 

11000 11500 12000 12500 

wave number (cm-1) 

Figure 4 
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Figure 5 
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