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ABSTRACT 

Electron paramagnetic resonance (EPR) spectroscopy has been used to 

investigate the ground-state properties of the actinide ions Pu3+ (5£5) and cf3+ 

(5£9) incorporated as dilute impurities in single crystals of the tetragonal

symmetry host LUP04. The g-values of the electronic ground states were 

determined experimentally at a sample temperature of 4 K. These values are 

compared to those calculated using the free-ion parameters available from 

previous crystal-field analyses of Pu3+ and Cf3+ ions diluted in LaCl3 host single 

crystals and a set of "crystal-field" parameters reported earlier for Cm3+ (5(7) 

ions in LUP04. These crystal-field parameters were obtained from spin

Hamiltonian parameters using operator-equivalent factors and the assumption 

that the zero-field splitt!ng of the ground state of the 5£7 ion is due primarily to 

intermediate-coupling effects. The relatively poor agreement between the 

experimental and calculated g-values indicates that the crystal-field parameters 

obtained for Cm3+ in LUP04 cannot be used to predict the correct electronic 

ground-state properties of the other actinide ions Pu3+ and cf3+ in the identical 

host single crystal LUP04' Accordingly, in the case of actinide impurity ions in 
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single crystals, there is no simple correspondence between the spin-Hamiltonian 

parameters and the crystal-field parameters. 
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The electron paramagnetic resonance spectrum of the ion Pu3+ (5fS-electronic 

configuration) in the form of a dilute impurity has been investigated previously 

for a number of host single crystals. (1) For most of the host crystals employed in 

these previous studies, the symmetry properties were such that the local crystal

field environment of the Pu3+ ion was characterized by cubic symmetry. The 

cumulative results emerging from these previous spectroscopic investigations, 

have established that, in contrast to the case of the 4f lanthanide ions, for the 5f 

actinide ions, intermediate-coupling effects play an important role in determining 

the properties of the electronic energy levels. In particular, in the case of Pu3+, the 

J = 5/2 manifold ground state was found to contain only 66% of the pure 6HS/2 

state with the remainder of the wave function consisting of other J = 5/2 states 

admixed by intermediate-coupling effects.(2) In the present work, the tetragonal

symmetry single crystal LUP04 has been employed as a host material in order to 

investigate the effects of lower-symmetry crystal fields on the electronic 

properties of the intermediate-coupled J = 5/2 ground state of Pu3+. For the case 

of Pu3+ occupying a substitutional site in LUP04, the actinide ion.is subjected to a 

crystalline electric field with D2d point-group symmetry - in contrast to the cubic

symmetry crystal fields characteristic of most previous EPR investigations of this 

ion. The Pu3+-doped tetragonal single crystals of LUP04 employed in the present 

spectroscopic studies were grown in a glove-box-contained, platinum-wound 

furnace using a flux technique. (3) In this growth process, a platinum crucible 

containing 6 g of PbHP04, 350 mg of LU203, and 10 mg of PU02 was heated to 

1360 °C in order to react the components to form the desired phosphate phases -

including the Pb2P207 phase which serves as a flux for the high-temperature 

solution-growth process. Following the high-temperature reaction period of a 

few hours, the crucible was cooled at I°C/h from 1360 to 900°C and then cooled 

more quickly to room temperature. The Pu3+-doped single crystals of LuP04 
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were subsequently removed from the entraining lead pyrophosphate by 

dissolving this flux material in boiling nitric acid for approximately three weeks. 

The even-even isotope 242pu was used as the actinide dopant in order to minimize 

radiation damage effects in the LUP04 host single crystal. 

The electron paramagnetic resonance spectrum of Pu3+ was observed using 

an X-band spectrometer operating at -9.2 GHz with the sample cooled to a 

temperature of -4 K. The observed EPR spectrum is associated with an effective 

S =1/2 ground doublet of the Pu3+ ground-state manifold. As shown in Figure 1, 

the experimentally determined angular variation of the EPR magnetic-dipole 

transition exhibited the tetragonal D2d symmetry characteristic of the 

substitutional lutetium host site. The Pu3+ ground-state g-values of gil = 0.772(2) 

and g.l = 0.658(2) were determined from a least-squares fit, the results of which 

are also illustrated in Fig. lA. There are presently no "crystal field" parameters 

available from the results of an optical analysis of Pu3+ in LUP04. Accordingly, 

an approach was employed in which the crystal-field parameters determined 

previously for Cm3+ in LUP04 (4) were used to predict the properties of the 

ground electronic state for the neighboring actinide Pu3+ ion. Assuming that the 

known large intermediate coupling effect is the dominant factor in producing the 

zero-field splitting of the ground state of the 5£1 Cm3+ ion in LUP04, the 

experimentally determined spin Hamiltonian parameters can be related to the 

crystal-field parameters through the use of operator equivalent factors. The 

resulting crystal-field parameters can then be applied to the calculation of wave 

functions of the crystal-field states of neighboring actinide ions occupying 

substitutional sites in the LUP04 host. This approach obviously relies on the 

basic assumption that the crystal-field parameters of the neighboring elements do 

not exhibit large variations in going from one element to another. 
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Using the previously determined crystal-field parameters for Cm3+ in 

LUP04 and the free-ion spectroscopic parameters determined for Pu3+ in 

LaCI3(S), the ground state for Pu3+ incorporated into the LuP04 host is calculated 

to be essentially a pure I ± 1/2> state with little crystal-field-induced J-mixing. 

The corresponding calculated g-values are: gil = 0.4892 and gJ.. = 1.196. 

Additionally, the first excited state is calculated to be another doublet at 45 cm-1 

with g-values of: gil = 1.203 and gJ.. = 0.1477. There is obviously a serious 

discrepancy between these g-values, which were computed on the basis of the 

previously noted assumptions, and the actual experimentally determined g

values. This result clearly indicates that the assumed set of crystal-field 

parameters for Pu3+ in LUP04 are not adequate to account for the experimental 

observations and that a set of parameters must be utilized that has been 

independently determined for the specific case of Pu3+ in this host crystal. 

The 5£9 ion Cf3+, which has been the subject of only one previous EPR 

study,(6) represents the complementary electronic configuration to the Pu3+ (5f5) 

ion in the Sf transition series. In the only other reported EPR observation of Cf3+, 

the spectrum of a polycrystalline powder of Cf3+ in the compound CS2NaLuC16 

was observed at a sample temperature of 4 K and a microwave frequency of -35 

GHz.(6) The trivalent Cf ion occupied a cubic-symmetry site in this chloride host, 

and the EPR spectrum exhibited a ten-line hyperfine structure, thereby 

confirming the nuclear spin of 249Cf as 9/2. For pure Russell-Saunders coupling, 

the ground state of the 5£9 ion would be 6HlS/2, and the observed ground state for 

Cf3+ in CS2NaLuCl6 was determined to be a r6 doublet with a g value of 6.273. 

In the present study of Cf3+, host single crystals of LUP04 were grown 

using the procedure described above, and the 249Cf dopant was added to the 

starting composition in the form of 5 mg of the nitrate. The 249 Cf3+ EPR 

spectrum was observed at a microwave frequency of - 9.2 GHz and at a sample 
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temperature of 4 K. The Cf hyperfine structure was only partially resolved at 

this EPR frequency, and the peak-to-peak line width was found to be -300 Gauss. 

The tetragonal angular variation associated with an effective S = 1/2 doublet is 

illustrated in Fig. 1 B and was consistent with cf3+ occupying a substitutional Lu 

site in the LuP04 host. A least squares fit to the observed positions of the 

transitions as a function of the orientation of the applied magnetic field relative 

to the crystallographic axes of the host was made as shown in Fig. 1B resulting in 

the determination of the experimental g-values of gil = 3.56(2) and gl. = 7.79(3). 

The Cf3+ ground state that was calculated based on the previously 

determined crystal parameters of Cm3+ in LUP04 was found to be a r7 doublet 

with a wave function given by: 

-0.943 I ± 15/2> + 0.303 I ± 7/2> (+ smaller terms) 

which, using a gJ value of 1.279, yields a calculated govalue of 17.89 and gl. = O. 

An excited r6 state was calculated to lie at an energy of 78 cm-1 above the 

ground state with gil = 4.144 and gl. =8.242. The ground J = 15/2 manifold of 

Cf3+ will split into 8 doublets in D2d symmetry, and it is conceivable that a slight 

variation in the crystal field could produce a different ground state. As was 

found for the case of Pu3+ in LuP04, however, it is clear that the ground state of 

Cf3+ in this host cannot be predicted in a straightforward manner by employing 

crystal field parameters determined for a neighboring actinide ion substituting in 

the same host crystal. 

This research was sponsored by the Division of Materials Sciences, U.s. 

Department of Energy under Contract No. DE-AC05-840R21400 with Martin 

Marietta Energy Systems, Inc. and by the Director, Office of Energy Research, 

Office of Basic Energy Sciences, Chemical Sciences Division of the U.S.D.O.E. 
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Figure Captions 

Figure 1. Experimental EPR measurements as a function of the angle between 

the crystallographic c axis and the magnetic field. The solid curves represent a 

least-squares fit of the data to the expression g2 = gjl cos2S + g~ sin2S. 

A) Pu3+ /LuP04, microwave frequency = 9.223 GHz, gil = 0.772(2), and g.l = 

0.658(2). B) cf3 /LuP04, microwave frequency = 9.217 GHz, gil = 3.56(2) and g.l 

= 7.79(3). 
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