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Abstract 

Polarized absorption and emission spectra of Pa4+ in ThC1 4 
and ThBr4 host matrices were recorded at different temperatures from 

4.2K to lOOK in the infrared range. The seven crystal field levels of 

the Sf1 configuration were determined from the optical data and fit 

by a parametized model assuming a o2d site synmetry for the Pa4+ 

ion. However at low temperature both matrices undergo a displacive 

phase transition and the low temperature structure is incommensurate 

and. modulated. The half de· position modulation reduces the site 

symmetry from o2d to o2 for some Pa4+ ions, and consequently the 

shapes of some absorption bands are characterized by edge singulari

ties. EPR experiments performed on these doped crystals provided g 

values for the ground state of Pa4+ which fit s~tisfactorily with 

the values calculated from the optical data. 

... 
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I. Introduction 

Thorium tetrabromide and thorium tetrachloride are new host 

lattices for the study of tetravalent actinide ions, and in some 

cases trivalent lanthanide ions, by optical spectroscopy.1-3 At 

room temperature both crystals have a o!~ tetragonal structure 

isostructural with UC1 4•4-6 In this structure, the Th4+ ions 

are at a site of o2d symmet~ and other tetravalent actinide ions 

can substitute into this site. Recently a displacive phase transition 

was observed by Raman scattering spectroscopy7 and nuclear quad

rupole resonance8 at 95K for ThBr4 and 70K for ThC1 4• Single 

crystal neu.tron diffraction experiments on ThBr4 revealed that the 

low, temperature structure is incorrmensurate with a modulation along 

the four-fold axis.9 Below the transition temperature, the sinu

soidal dhtortion which modulates the Br ion positions reduces the 

actinide ion site syrmnetry from o2d to o2•10 However it has been 

shown from spectral singularities of u4•:ThBr4 by absorption 

spectroscopy that some of the impurity ions pin the phase of the 

modulation and are in o2d sites. 

Optical spectroscopy studies of Pa4+ in ThBr4 have been 

undertaken to further study the crystal field effects of the incom

mensurate s.tructure on the Sf1 configuration and to compare the 
4+ 3 derived parameters with earlier work on Pa in ThC1 4• 

Electron paramagnetic resonance (EPR) studies described in this paper 

provide information about the ground state of Pa4+ diluted in 

ThC1 4 and ThBr4• The results of these measurements will be 

discussed here. 

.. /· 
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II. Experimental 

The syntheses and the growth of single crystals of ThC1 4 and 

ThBr4 have been reported previously.3•11 Pa2o5 purchased from AERE, 

Harwell, was added to the thorium tetrahalides at about 0.1 wt 

percent. The mixture was melted and then passed through the furnace 

at a rate of 5mm per day. For optical studies the resulting crystals 

were cut in an inert atmosphere box and oriented with the four-fold 

axis perpendicular to one face. After the· crystals were polished, 

they were sealed in a silica tube under 300 Torr of helium. For the 

EPR experiments powdered samples were placed in a 3mm inner diameter 

high-purity si 1i ca tube and sea 1 ed under vacuum~ 

The absorption and emission spectra were obtained with the 

instru~ents described previously.3 Variable temperature spectra 

were recorded between 4.2 and 300K using a helium-gas-circulating 

cryostat. X-band EPR spectra(- 9.1 GHz) on the powdered samples were 

obtained at - 10-lSK using a Varian E-12 spectrometer equipped with an 

Air Products Helitran cooling systeme The microwave frequency was 

monitored with a transfer oscillator and a frequency counter, and the 

magnetic field with a proton nuclear magnetic resonance gaussmeter. 

III. Experimental Results 

A. Optical Spectra 

The absorption and emission spectra of Pa4+:ThBr4 closely 

resembled the spectra previously reported for Pa4+:ThC1 4•3 At 

77K, four absorption bands were observed between 1480nm and 1870nm for 
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4+ . 4+ 
Pa :ThC1 4 and between 1540nm and 1870nm for Pa :ThBr4 (see Figures 

1 and 2). These bands have been assigned to transitions from the 

ground crystal field state of the J:S/2 multiplet to the four crystal 

field states of the excited J=7/2 multiplet. At 4.2K, the structure 

of the absorption bands is more complex. In addition to the strong 

zerophonon absorption bands whose shapes are characterized by edge 

singularities, 10 there are less intense peaks on the high energy 

side which are vibronic bands related to the nonnal mode vibrations of 

the matrix. 

The peculiar line shapes for the zero-phonon transitions can be 

explained by the incomensurate structure of the host crystal, ThBr4, 

below 95K. In the pure material, the s.inusoidal modulation of the Br 

ion positions along the four-fold high symmetry axis reduces the metal 

ion site synvnetry from o2d to o2•. In the diluted crystal, the 
4+ 4+ Pa impurity forces the local syrmnetry (at some Pa sites) to 

. 4+ i . f remain o2d. Therefore the symmetry at the Pa s tes var1es rom 

o2d at one extreme to the maximum o2 distortion at the other. The 

lfne shape then follows a continuous variation which reflects the 

shift of the energy levels as the syrmtetry changes.10 This varia

tion is shown in Fig. 3 for the .. spectra (EIIC) and can be described 

as a continuum of absorption lines between two sharp edges. Similar 

peak shapes were obtained for Pa4•:ThC1 4 which confinns the po.stu

lated modulated structure for this host material as determined by 

nuclear quadrupole resonance spectroscopy.8 

i 
. 4+ A str king feature of the opt1cal spectra of Pa in these 

: :~ 
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hosts is the strong, temperature-sensitive fluorescence. This 

fluorescence is quenched at a temperature of - llOK for ThC1 4 and 

- lOOK for ThBr4• A less intense fluorescence line at lower energy 

is also observed in both crystals. Selective excitation experiments 

separately exciting each of the four doublets of the J=7/2 excited 

state resulted in the exactly same fluorescence pattern. Such 

behaviour means the lowest doublet of the J=7/2 state is fed non

radiatively from the upper states and all the fluorescence originates 

in this lowest doublet. The observation of the fluorescence spectrum 

allows the splitting of the J=S/2 state to be detennined unambiguouslyG 

A temperature-dependent line in the absorption spectra was meas

ured for Pa4+ in both host matrices. This line appears at 1714nm 

for ThC1 4 and 1753nm for ThBr4• The area of this peak versus 

temperature followed the Boltzman population distribution so this peak 

was assigned as the transition from the first excited state above the 

ground crystal field state to the highest r 6 state of the J=7 /2 

multiplet. The energy level diagrams obtained from the optical spec

tra of Pa4+:ThBr4 and Pa4+:ThC1 4 are given in Figure 4 and Table 1 

where the states are labelled by the irreducible representations of 

the o2d double group. 

The assignments of the transitions classified as r6 ~ r6 
under o2d synvnetry were confi nned by the measurements of the 

polarized spectra as shown in Table 1. However for transitions 

classified as r6 • r7 in o2d syrm1etry, both a and w polarizations are 

allowed. As mentioned previously, the modulated structure of the host 
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4+ crystals causes a continuous variation of some of the sites of Pa 

from o2d to the limiting o2 symmetry. In o2 symmetry both a and 

• transitions are allowed so the polarization experiments did not 

distinguish between o2 and o2d site symmetries. For these bands, 

the weaker feature of the absorption spectrum was assigned to the 

o2d site for the following reason. The lower symmetry of the o2 
site causes additional mixing of even parity excited configurations, 

which should result in the absorption lines from the lower symnetry 

site being more intense than from the o2d site. However, even if 

one of the r6 ~ r7 transitions is misassigned, the linewidth of 

the band (representing the energy difference between the o2d and the 

most extreme o2 site) is- 50 cm-1• This, misassignment would have 

only a small effect on the parameters obtained from fitting the 

optical spectra. 

B. EPR Spectra 

The EPR spectra of powders of Pa~+:ThBr4 and Pa4+:ThC1 4 are 

shown in Fig. SA and Fig. 6A and clearly show that the g and A tensors 

are almost isotropic. The parameters of the spin-Hamiltonian, 

~}~ 

. ,.:.{..~ 
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where s' = 1/2 and I = 3/2 for 231 Pa, were obtained by simulation 

of the spectra12 and are given in Table 2. It has been assumed the· 

quadrupole interaction is negligible. The calculated spectra are 

shown in Fig. SB and Fig. 6B and were obtained assuming a Lorentzian 

line shape and an isotropic line width of 20 gauss for Pa4+:ThC1 4 
and 40 gauss for Pa4+:ThBr4• The fact that relatively narrow line 

widths are found for these samples suggests that the deviations from 

o2d sy~etry do not greatly affect the magnetic properties of the 

ground state. Nevertheless, the experimental spectra, especially 
4+ Pa :ThC1 4 , show a marked anisotropy of the line width which 

increased when the magnetic field is perpendicular to the highest 

symmetry axis. The increase· in line width in this plane could be due 

to the decrease in sy~etry from o2d to o2 for the modulated 

structure which should split g1 into gx and 9y· Attempts to 

simulate the powder spectrum with an orthorhombic g and A tensor were 

unsatisfactory. Single crystal EPR data for the x,y-plane are 

necessary to confirm the above hypothesis. The only other report of 

EPR of Pa4+ has been given by Axe, Stapleton and Jeffries for 
12 octahedral symmetry in the host crystal cs2z2c1 6• 

IV. Calculations and Discussion 

The assigned spectra were fit by a least-squares routine to the 

para~eters of the following Haniltonian which, for an f1 configura

tion, included only the spin-orbit coupling interaction and a crystal 

field of o2d symmetry:3,14 

v 
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H = Hs.o. + Hc.F. 

where 

H 
~~ 

= F;i•s s.o • 

and 

The spin-orbit coupling constant and the diagonal crystal field 

parameters initially were allowed to vary using as starting parameters 

the values of the crystal field parameters obtained from u4+:ThC1 4 
and u4+:ThBr4•15 Finally, various sets of the empirical parameters 

were varied until the difference between the calculated and experi

mental energies reached a minimum. The best fit resulted in an r.m.s. 

deviation for seven levels of 23.6 cm-1 for Pa4+:ThC1 4 and 19.4 cm-1 

. 4+ for Pa :ThBr4• The ca·lculated energy levels are also shown in 

Table 1 and the two sets of empirical parameters are given fn Table 3. 

As one would expect from the structure of the host crystals, the 

cryst.al field parameters of ~he Pa4+:ThC1 4 are larger than for 
4+ Pa :ThBr4, except perhaps fn the case of the poorly detennine~ 

6 values of s4• The spin-orbit coupling constants for the two 

hosts are the same within the experimental accuracy and very close to 

. ·h 
,"'!:.' 

'-~ 'f}· 
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those found by H.D. Amberger for PaC1 4•16 A further test of these 

parameters can be made by the calculation of the ground state g11 and 

g1 values. Table 4 lists the ground state wavefunctions for the 2F 

L-S terms in the IJJz> representation and the calculated values of 

g11 and g1 • Although the experimental values are lg11 1 a! lg1 1 a! 1.6, 

considering the great sensitivity of the g values to the wavefunctions 

(the calculation of g values is a much more severe test of the wave

functions than the fitting of energy levels) and the fact that no 

extra parameters such as the orbital reduction factor were utilized, 

the agreement must be considered quite satisfactory. Finally, the 

effect of J mixing in these crystals is quite small; for the ground 

state of Pa4+:ThBr4 the wavefunction is 99.7 percent 2F512 , while for 

Pa4+:ThC1 4, the wavefunction is 99.8 percent 2F512 G 

The analysis given here and in the earlier paper satisfactorily 

fit the optical and EPR spectra. The only ambiguity arises from the 

fact that at low temperature there is a question, due to the 

incommensurate structure, about which feature of one r 6 • r 7 
• 4+ absorption band should be ass1gned to Pa in a o2d symmetry site. 

v 
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TABLE I 

List of Experimental and Calculated Energies 

Pa4+:ThC1 4 Pa4+:ThBr4 

L-S Obs. Calc. Obs. Calc. Irreducible 
State ( cm-1 ) (cm-1) ( cm-1) (cm-1) Representation 

2 
F5/2 

0 21 .. 8 0 19.9 r6 

423 408.8 322 313.9 r7 

1260 1252.7 954 940.5 r6 

2 
F7/2 

5338 5312.4 5344 5324.3 r6 

5590 5605.8 5517 5522.6 r7 

6286 6291.3 6021 6026.0 r6 

6711 6715.1 6458 6464.8 r7 
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TABLE II 

Parameters of the Spfn-Hamf1tonfan (v- 9.15 GHz) 

Pa 4+ :-ThC1 4 1.605 1.574 0.0556 0.0626 

Pa4+:ThBr
4 1.616 1.616 0.0571 0.0636 
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TABLE I II 

Spin-Orbit and Crystal Field Parameters 

Obtained by Fitting the Optical Data 

Pa4+:ThC1 4 
(em -l ) 

1524.2 :t 5 

-1404.8 :t 50 

1749.4 :t 94 

-2440.3 :t 98 

-2404.2 :t 607 

-1 94 • 5 :t 26 7 

Pa4+:ThBr4 
(cm-1) 

1532.8 :t 5 

-1046.5 :t 52 

1366.3 :t 138 

-1 990 • 1 :t 1 02 

-1162. 0 :t 541 

623.1 :t 174 

aThese sets of parameters are obtained for F0 = 3658 crn-1 for 

Pa4+:ThC1 4 and F0 = 3516 crn-1 for Pa4+:ThBr4• 
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TABLE IV 

Ground State Wave Functions and 

Calculated g Valuesa 

Pa4+:ThC1 4 .909215/2,3/2> + .400515/2,-5/2> + .044817/2,3/2> 

+ .105017/2,-5/2> 

g11 =-1.249 

Pa4+~ThBr4 .906215/2,3/2> + .419815/2,-5/2> + .0087 17/2,3/2> 

+ .050517/2,.-5/2) 

g11 =-1.296 

aiJ,Jz> Representation 
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Figure Captions 

Figure 1. Absorption 

Figure 2. Absorption 
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4+ spectrum for Pa :ThC1 4• 
4+ spectrum for Pa :ThBr4• 

Figure 3. Influence of the incommensurate structure of ThBr4 on the 

Pa4+ absorption band shapes at 4.2K. The shaded peak is 

typical. 

Fi.gure 4. Energy level diagrar.1 for Pa4+:ThBr4 and Pa4+:ThC1 4• 

Figure 5. A. Experimental EPR spectrum for Pa4+:ThBr4• 

B. Calculated EPR spectrum for Pa4+:ThBr4• 

Figure 6. A. Experimental EPR spectrum for Pa4+:ThC1 4• 

B. Calculated EPR spectrum for Pa4+:ThC1 4• 
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.. Th 814 : Pa4 + 4.2 K Absorption 

CTand TT polarized spectra 

.'~' 

16600 15400 14600 
A 

Figure 3 



~ 16711cm-
1 

·~ '6286 

"'- I' N 5590 

5338 

~ \1260 

~I 423 
0 

I 

j 

G 

~ 
;; 
c: .. ... 
! 
:I c 
ti 
E 
.! 

.. 
p I 

I 
E E u u 

CD I() 
,.._ 

0'1 
0 'It 
'It 

·22· 

G 

"" 

·-- ... c: ' 
G E 
... u .. .. 0 :I 

"§ ,., 
19 'It 

e 
.! 

Figure 4 

-I 
E 
u 

N 
N 
0 
I() 

6458 cm-1 

6021 

5517 
5344 

954 

322 
0 



• 

A 

B 

• 500 6 • 
H-

Figure 5 

T ·IOK 1.3/2 



-24-

A 

500 G 
H-

8 

Figure 6 

Th CL 4 

T:IOK 

XBL 8212-12044 



... 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. -

Reference to a company or product name does 
not imply approval or recommendation of_ the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



_! \ 

~~--..J!"'"I. 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




