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S l;ectroscopic Study and Crystal Field Analysis of
Cm3+ in the Cubic Symmetry Site of ThO2

P. Thouvenot and S. Hubert '
Laboratoire de Radiochimic, Institut de Physique Nucleaire, Boite Postale No. 1,
91406 Orsay, France

N. Edelstein
Lawrence Berkeley Laboratory, Chemical Sciences Division, University of Califomnia,
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Abstract _
Fluorescence and excitation spectra of Cm3+ diluted in ThO3 powder are reported
at room and low temperatures. The observed Cm3+ spectra are from the cubic symmetry

lattice site and are assigned to phonon-assisted electric dipole transitions and to magnetic
dipole transitions. From these assignments the crystal field parameters Bg =-6436 cm-1

- and Bg = 1195 cm-1 have been determined. The experimental energy levels for the

ground term (~ 80% 8S7p2) determined from the optical data and earlier electron

paramagnetic resonance spectra are in good agreement with the calculated values.
INTRODUCTION

Cm, element number 96 in the Periodic Table, occurs in the center of actinide
series and its trivalent ion, Cm3+ (radon core, 5f7) has a half-filled shell. The differences
in the electronic structure between the lanthanide counterpart Gd3+, 4f7, and Cm3+
demonstrate the effect of the much greater spin-orbit coupling that occurs in the 5f series.

The Gd3+ ground electronic term is an almost pure 857/, configuration. Although this



J=7/2 ion splits in a crystalline field into at most fbur doublets, the total extent of the
splitting is on the order of ~ 0.5 cm-l. The Cm3+ ion has a much larger spin-orbit
coupling constant and its ground term is onlsl ~ 80% 8S77. As a consequence of the
mixing of higher-lying states into the ground term by the spin-orbit coupling interaction
(intermediate coupling), the ground state splitting of the lowest J=7/2 state of Cm3+* in
solids is considerably lafgcr than in Gd3+, ~ 2 - 50 cml.1 The first correct report of the
electron paramagnetic resonance (EPR) spectrum of Cm3+ was in Cm3+/LaCl3 system
where the strongest resonance was assigned to a Jz=1/2 level and assumed to be the
ground state.2 Carnall recently reanalyzed the available optical data on Cm3+/LaCl3 and
 predicted a p = 5/2 level as the ground state in contradiction to the EPR data.3 High-
resolution optical measurements by Liu ez a/ on Cm3+/LaCl3 show that the t(ital split;ing
of the iominally 8S7) state in LaCl3 is 1.97 cm-] and that the ground doublet is indeed
a L =5/2level.4 This doublet is EPR silent and with the ground term having a total
splitting of 1.97 cm-1, it was not possible to obtain reliable intensity measurements as a
function of temperature in the earlier EPR experiment.2 Since the optical analysis of
Cm3+/LaCl3 gives afitof ¢ ‘= 20 cm1 (o is the rms deviation) for 65 levels it may be
fortuitous that in fact the paraﬁmeters predict the correct doublet ground state, and indeed
the correct ordering of the four doublets that comprise the ground term for a term with
that is split only by 1.97 cm-1. Calculations predict a splitting of approximately ~75
cm-13 ’

Similar results have been found in the Cm3*+/LuPO4- system. Here the total
splitting of the ground term is 12 cm-1 from EPR measurements.5 Analysis of the optical .
data is in progress, but the ordering of levels for the ground term is consistent with the
EPR results.6 EPR measurements of Cm3+ in cubic host materials such as the alkaline
earth fluorides, CeO», and ThO2 show much larger zero field splittings of the ground
J=7/2 term. Analyses of the spectra indicate total splittings of ~ 40 cm~1 for Cm3"'/CaF2
and greater than 15 crn'1 for Cm3+/ThO9.17



In an earlier paper 8, the analysis of the optical spectra of low concentrations of
Am3+ (< 0.1%) diluted in powdered samples of ThO,, showed optical spectra only from
the trivélciu 5 Am3+ ion at the cubic symmetry site assigned to magnetic-dipole and
phonon- assisted electric dipole transitions. Optical measurements on Cm3* in ThO,
from selective excitation and fluorescence experiments are reported here and the crystal
field parameters are derived from fitting these levels to an empirical Hamiltonian. These

results are compared with other analyses of Cm3+ ions in various hosts.3-7
EXPERIMENTAL PROCEDURE

The ThO, sample doped with Cm>* (0.05 at %) was synthesized as a powder
following the method described previously 8.9. To avoid any fluorescence quenching due
to radiation damage, the isotope 2480m (Typ=34x 10° y) was used which has a much |
lower specific activity than the more common %40, (732 = 18.1 y). The fluorescence
and excitation spectra were recorded at room and liquid helium temperatures and
analyzed with a 1-m JOBIN-YVON monochromator with a dispersion of 8 A/mm. The
fluorescence was detected with a R636 Hamamatsu photomultiplier. The sample was
placed in a liquid helium cryostat (OXFORD Instruments) and excited with a
LAMBDA-PHYSIK dye 'léscr (pulse length 7ns and linewidth 0.1 cm™ 1) pumped by a
nitrogen laser. This experimental setup was controlled by-a PC.

The Cm3+/I'h02 sample exhibited an intense red fluorescence under short
wavelength UV excitation (254 nm with a Hg lamp, or 337.1 nm with a N laser) at room
and low temperature. Excitation spectra at room temperature and 10 K were obtained in
the visible region by monitoriné the emission line at 6260A. These spectra were obtained
using several dyes (BBQ, BIS-MSB, DPS, Coumarin 440, 460, 480, 500, and Rhodamine-
590 and 610).



EXPERIMENTAL RESULTS AND ANALYSIS OF THE SPECTRA

In a crystal field of Oy symmetry, the crystal field levels of trivalent curium are
described by the group labels I'g, I'7 and I'g, where I'g and I'; are each doubly degenerate
and I'g is fourfold degenerate.10 All the states will be referred to either by these labels
and/or by the free-ion J states. In this symmetry the f-f electric-dipole transitions are
forbidden, while the f-f magnetic dipole transitions and the phonon-assisted electric
dipole transitions are allowed. Thus as was the case for Am3+/'1‘h02 8, strong, broad

vibronic structure as well as sharp magnetic dipole transitions are observed.
A. Fluorescence spectra

At room temperature the fluorescence spectrum exhibits a large band between
6000 and 6500 A (15400 cm-1 - 16600 cm-1) (see Fig 1) corresponding to the magnetic
dipole transition from the first excited state ( 6D7/2,6P5/2) to the 887,2 ground state. The
structure observed on each side of the intense line at 15969 cm™! is attributed to vibronic
transitions located at the energies differences comresponding to the vibronic modes of the |
matrix (97, 276, 356, 475 and 575 cm™)) and are assigned to the IR active modes 89. As.
shown in Fig. 1, the emission spectrum at ~ 10K is due primarily to a doublet at 15984 .
cm’! and 15969 cm-l. These narrow lines correspond to magnetic dipole transitions
coming from the first optically excited state at 15984 cm-1 to the 8872 ground state and
to the second crystal field level at 15 cm-l. The vibronic structure situated on the high
energy side at room. temperature diséppears at low temperature. The Cm3+/ThO; sample
exhibits an intense red fluorescence under short wavelength UV excitation at room and
low temperatures. On the low energy side of the strong fluorescence a weak band at
15878 cm-1 is observed which is located at 91 cm™! from the zero phonon line and

corresponds to a vibronic line. The assigned emission lines observed at 10K are presented



in Table L Note that the transition from the D7y, excited level to the third crystal field

level of the ground 8873 term is not observed in the emission spectrum.
B- Excitation spectra

The excitation spectra obtained in the visible region at ~10 K are shown in
Figures 2 and 3. Numerous vibronic lines associated either with magnetic dipole
transitions or with absent electric dipole transitions are observed. In the latter case, the
assignments of the vibronic bands determine the energies of the forbidden Q-O transitions.
However unlike Am3“”/I’h02 many narrow lines from magnétic dipole transitions also
were observed. The spectra are assigned on the basis of the Cm3+ ions occupying only a
cubic symmetry site in agreement with the data for Am>*/ThO, 8.

| Although only the lowest component of the 6D7/2 is found in the luminescence
spectra at 15984 cm™!, in the excitation spectrum between 16100 cool and 16700 cmrl,
the second Stark level of the 6D7/2 multiplet is observed at 16277 cm™}, Fig. 2A. The
third 6D7/2 crystal field component appears in the region between 17400 cm1 and 17700
cm-l. At 10K, the two narrow lines at 17518 cm™ and 17554 ™ correspond to
transitions arising from the second excited level of the ground term at 36 cm’! and from
the 887,2 ground state to the third Stark component of the 6D7,2 term, Fig. 2B. In the
excitation spectrum between 19100 cm-1 and 20000 cm!, two narrow doublets
correspond to transitions coming from the 887y, ground state and the 15 cm! level to the
6P5,2 state at 19315 cm’}, and froﬁa the ground state and the 35 cr-1 level to the 6P5,2
level at 19791 cm’, see Fig. 2C. The weak feature at 19263 cmr! is unassigned.

In the region from 20660 cm-! to 26500 cror! (Fig. 3), the excitation spcc&a
become more complicated. Most of the features observed can be'assigned to intense
vibronic transitions associated with electric dipole transitions and to a few narrow lines

associated with zero phonon magnetic dipole transitions. Asin the analysis of the



optical spectra of Am3*/ThO, 8, the zero phonon electric dipole transitions can be
deduced from the vibronic assignments. Table I lists the energies of the zero phonon
transitions with their associated vibronic lines. Sixteen excited states were assigned. The
transitions involving the 8S7/ ground manifold allow the determination of the total
splitting of the ground state. From the emission and excitation spectra, the crystal field

splittings of the ground manifold are determined to be 0, 15, and 36 cml.

DISCUSSION _
The levels were fit by simultaneous diagonalization of the free-ion (Hgy) and
~ crystal-field (Hcr) Hamiltonians:

.
H_., = S Ft(nf.nf)f,+¢.a_  +al(L+1)
FI k=072.4.6 k °f s.o.

k=28
k#5

+BGG)+yR)+ = Thy

+ 3 Mkmk+ > Pp,
k=0,2,4 k=2,4,6

and '
Hcp =Bj [Cy+ G2 (Y +ch+

00 (O 6 -6
By (Cy- (1212 €y + C1.
The F¥ (nf,nf) and {¢ parameters above represent the radial part of the electrostatic

interaction between two f electrons, and the spin-orbit interaction, respectively, while fy

and o5 ( are angular parts of these interactions. The parameters o,B,y are associated with



the two body effective operators of the configuration ir_xtcfaction, and the Tks are the
corresponding parameters of the three-body configuration interaction operators. The MK
~ . parameters represent the spin-épin and spin-orbit interactions, and the Pk parameters arise

from electrostatic-spin-orbit interactions with higher configurations. For Oy, symmetry
the crystal field interaction is parametrized by Bg and Bg and the angular operators of

C: are the Racah tensors. 11

_ The crystal field parameters obtained earlier for Am3*/ThO, 8 and the
Cm™*/LaCl froe ion parameters found by Carnall 3 were used initially for fitting the
experimental levels. For the first fit, the crystal field parameters were held fixed, and F?,
F4, FSand { were allowed to vary freely using 11 experimental levels. Then the four free
ion parameters were fixed at the values which gave the minimum rms deviation between
the calculated and experimental energy levels, and the crystal field parameters were
varied. Further energy levels were assigned and finally the above four free ion parametrs

“and the two crystal field parameters were varied simultaneously. The results of the fits
and the final assignments of the experimental and calculated levels are given in Table III.
The Oy, symmetry labels were assigned on the basis of the calculated energy levels and |
wavefunctions. In the final fit 20 experimental levels were used and an rms deviation of
21.7 cm-! was obtained. One experimental level from Table I (25620 ém'l) was not

“used in the fit as it gave a much greater deviation than any other level. The calculated
ground state g value of 4.513 is in good agreement with the experimental EPR g value of
4434 ‘ _ .

The crystal-field states of the ground manifold show good agreement between the
calculated and experimental levels. The ground state is a I'g level and the energy of the
first excited state (I'g) is in agreement with the value obtained from EPR daia. The
energy splitting of 15.5 ¥ 0.3 crh‘l was dctefminad from the magnitude of the
anisotropy of the g value of the ground I'g state caused by the magnetic field mixing

‘between the I'g - I'g states.” As pointed out by Edelstein er al,1 Camall 3, and Liu et al,



the substantially increased spin-orbit coupling and reduced electrostatic interacﬁon for 5f
electrons results in a higher degree of admixture of excited states into the ground state -
when compared to Gd3+. In this work the ground state wavefunction for Cm>* is
approximatively 78% 8S7/2 and 19% 6P7/2. The empircial parameters found for
Cm3+fmbz are given in Table IV and compared with the parameters for Am3+/ThO».8

As expected, the crystal-field parameters of the Cm3+ ion (5f7) in ThO2 are almost the
same as for Am3+ (5£6). The value of Bg parameter is slightly smaller than it is for

Am3+, the Bg is rather larger. However the crystal-field strength parameter N'y defined

elsewhere 8, gives almost the same value for Cm3+ (2951 cm-!) as for Am3+ (2945 cm-1),
as expected for ions which are neighbors in the Periodic Table.

In the emission spectrum, only two magnetic dipole transitions are observed. Thcy
originate from the first excited level at 15984 cm™! to the first two first components of the
887/2 ground state at 0 and 15 cm™L. A third transition from the 15984 cm-1 level
terminating at the third excited level (I'7) above the ground state was not observed in the
fluorescence spectrum. Magnetic dipole intensity calculations for the transitions give the
Calculated intensities 1.58x1073 and 4.8x1073 for the transitions from the emitting state to
the first two states of the ground manifold and 2.74x10°!7 for the transition to the third
state. Moreover the relative intcnsity' of these two observed magnetic dipole transitions
have approximately the same ratio a.; that calculated.

It is interesting to note that in all cases where an optical analysis of Cm3+ in a host
matrix has been reported, the splittings predicted from the analyses reproduce the correct
ordering of the states in the ground ~ .887/2 term.3:46 However in the present work the
magnitudes of the splittings are approximately reproduced by the crystal field parameters.
‘For Cm3+/ThO;, the total ground state splitting is 36 cm-! as compared to a maximuﬁx of
~12 cmr1 for the other hosts where all levels have been measured. In ThO; the crystal
field is large enough so that the Cm3+ ground state splittings due to intermediate coupling

effects are dominant over other splitting mechanisms. Thus the conventional crystal field



model can réproducc the observed splittings of the ground state and the excited states in a

satisfactory way.
CONCLUSION

The fluorescence and excitation spectra of Cm3+ have been assigned. The crystal-
field parameters were obtained by fitting the 20 levels deduced either from magnetic
dipole transitions or from phonon-assisted electric dipole transitions. The optical data for
the ground state splittings are in very good agrecment with levels obtained earlier from
EPR measurements. While the fourth order crystal-field parameter By is almost the
same as found for Am3+, the sixth-order parameter is larger for Cm3+ than Am3+.
However the magnitude of the sixth order parameter is still much smaller than that found

from neutron diffraction experiments on the UO2, NpO3 and Pu0,.8
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Table I -Zero-phonon and phonon-assisted transitions energies from the luminescence

spectrum at 10 K

Wax}r:z}g;gth , I(Ecn:lr_%))' Transitions AEi AEb
(cm™) (cm™)

6225 16060 91 |
6254.5 15984 D7p-857p 0 0
6260.5 15969 D788 0 15
6290.5 15893 | 90
6369 15695 274
6445 15512 457

6489 15407 562

@ Energy differences between the zero-phonon transition and phonon-assisted transitions

b Energy differences between the Stark levels of the 83 7/2 ground state

11



Table II- Energiés of zero-phonon and phonon-assisted transitions from excitation spectra

at 10K :

Wavelength Ener Transitions AE? AE®
A(A) (cm'qg’ S1p— cm) (cm™)
6142 16277 D 11
6138 16288 Dy 0
5707 17518 Dy 36
5695 17554 Dy 0
5190 19263 52¢
5180 19300 %psp 15
5176 19315 Psp 0
5060.5 19756 %psp 0 35
5051.5 19791 %P5 0
4807 20797 Lp 15
4803.5 20812 I 0
4783 20902 90
4740 21090 278
4675 21383 571
4774.5 20939 Ln 17
4770.5 - 20956 L 0
4749 21051 95
4709 21230 274
4669 21412 - 456
4643 21532 576
4599 21738 ®Lp 0
4581 21823 93
4544 22001 271

12



Table II (continued)

e T b
e Sl e ey el car)
4504 22196 | 466
4483 22300 570
4565.5 21897 ®lop 36
4558 21933 Lo 0
4538 © 22030 97
4505 22203 270
4464.5 22405 464
4442 22506 573
4367 22890 92
4357 22946 ®lop 36
4350 22982 ®Iop2 0
4347 229974 |
4333 23073 91
42975 23263 281
4265 23440 458
4243 23562 © 580
(4198) (23815) Tup 0
4181 23912 97
4150 24090 275
(4176) (23940) T 0
- 4159 24036 | 97
41285 24215 275
4099 24390 450
4078 576

24516

13



Table II - (end)

Wavelength Ener_qy Trangitions AEi AE"(c_ =
A (A) (cm™) Sip—2 (cm™) em™)
(4109) (24330) “y90 0
4063.5 24603 273
4033 24789 459
4015 24901 571
4046 24710 Dypy 0
(3943) (25353) o 0
3901 25628 275
3888 25710 357
3873.5 25808 455
3853 25946 593
(3929) (25444) ®Lap 0
3887 25718 274
3873.5 25808 365
3860 25900 456
3840 26034 591
(3902) (25620)ce 0
3887 25718 98
3860 25899 279
3834 26074 454
3816 26195 575
3825.5 26132 Dy 0
3813 26218 84

iEnergy differences between the
Energy differences between the

¢ Not assigned

d Shoulder, not assigned

¢ Not used in the fitting procedure

%

phonon line and vibronic lines-
S7p, ground state multiplets
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Table ITI - Calculated and experimental energy levels for Cm3*/ThO,

Largest Calc. Expt. A(Eexp-Ecalc)
Level S-L-J energy ener (cml)
comp. (cm1) (cm-Y)

1Ty 8San -1.7 0 1.7
1T 8s1n 10.8 15 4.2
1y 834n 40.8 36 -4.8
2T Dyp 16025.9 15984 -41.9
2Ty D,y 16255.0 16288 33.0
2T, Dy 17568.7 17554 -14.7
3l %P5y 19314.2 19315 0.8
3T Psp 19792.7 19791 -1.7
3l 1 20831.4 20812 -19.4
4Ty P 20938.9 20956 17.1
5Ty P, 21450.3

41, I1n 21709.0 21738 29.0
4T %o 21910.0 21933 23.0
6T 6Ly 22097.2

g ®lop2 22973.3 22982 8.7
5T, Lip 23689.9 |

8T hip 23818.4 23815 34
9Ty ViR 23940.5 23940 -0.5
5T vn 24034.5 |

10Tg 1R 24089.2

11T, S 24289.1

6T 1R 243403 24330 -10.3
6r; ®L9p 24374.6

12T Lan 24669.8

13Ty o 24729.8 24710 -19.8
gy ®l3p 24847.6

T ) 24868.4

14Tg 13p 24976.6

8T ®Lisp2 25184.0 ‘

15Tg 15p 25288.6 '

8T, 130 25305.7

15



Table III (end)

Largest Calc. 'Expt. AEexp-Ecald)
Level S-L-J energ cncrgy (cml)
comp. {cm-}) (cm-1)
) o T13p 25329.0
9T T13p 25346.9 25353 6.1
16Tg T13p 254349 25444 9.1
17Ty 15 257735
18Tg S PPN 25906.3
10Tg Dy 26148.1 26132 -16.1
19Tg Dypy 26195.8
10T, D, 27149.4
11T D, 27489.8
20Ty D, 27502.9

16



Table I'V- Values of the spectroscopic parameters

Parameters Am3+/ThO5? Cm3‘*'/'I‘h02b
(crn'l) (cm'l)
F2 48038.0(140.2) 50523.6(102.4)
4 39684.2(212.9) 47933.9(130.2)
Fo 29574.1(171.4) 29271.3(83.8)
4 2511.1(27.0) 2691.1(14.1)
P 33.2(8.6) [28.3]
B [-660] [-650]
Y {1000] {825]
T2 [200] [200]
T3 (50] [50]
S [40] [40]
16 [-360] [-360]
T/ [390] [390]
T3 [340] [340]
MO [0.99] [1.09]
M2 [0.55] [0.61]
M4 [0.38] [0.41]
p2 [850] [912]
pt [637.5] [684]
j [425] [456]
B -6731.3(96.0) -6446.5(42.6)
X 713.6(115.0) 1142.1(32.1)

gFrom Reference 8. All parameters values in [ ]lheld fixed in the fitting procedure
20 experimental levels, rms deviation 21.7 cm

17



Figure Captions

Figure 1. Room temperature and low tcniperamre fluorescence of Cm3+/ThO5.

Figure 2. Excitation spectra of Cm3+/ThO2 at 10K. A. 16100 - 16700 cm-! region; B.
17400 - 17700 cm-! region showihg the crystal field splitting between the first (lowest)
and the third crystal field level of the ground term; C. 19100 - 20000 cm-1 region
showing the splitting between the first and second crystal field levels of the ground term

(~19300 cm-1) as well as the splitting between the first and third levels (~19790 cm-1).

Figure 3. Excitation spectra of Cm3+/ThO> at 10K between 20600 and 26300 cm1,

18
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