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Electron-paramagnetic-resonance (EPR) spectroscopy has previously been employed in investigating
excited levels of the ground-state manifold of the Sf'-configuration ion Cm + diluted in single crystals of
the tetragonal-symmetry, zircon-structure hosts LuPO4 and YPO4. The three intradoublet resonances
that were observed in these earlier studies, however, were significantly broadened due to radiation dam-

age arising from the use of the 18.1-yr half-life isotope Cm. In the present work, the isotope 'Cm

(T, /2 =3.4X 10 yr) with a significantly lower specific activity has been incorporated in LuPO4-host sin-

gle crystals in order to reduce the internal radiation-induced damage that can broaden both EPR and
optical transitions. By employing these 'Cm-doped LuPO4 samples, it has been possible to observe an
additional interdoublet transition for Cm'+, to perform more accurate measurements of the various in-
tradoublet transitions at higher microwave frequencies, and to obtain optical absorption and Auores-

cence data for this system. These EPR and optical results have led to a more complete and accurate
determination of the energy-level structure of Cm +. Additionally, it has been possible to detect mag-
netic resonance transitions for the Cm'+ ion at room temperature.

INTRODUCTION

Due to the essentially spherical symmetry of the wave
function associated with the predominantly L =0 ground
states of transition-series ions with half-filled shells (so-
called S-state ions), only higher-order interactions are
possible with a surrounding crystalline environment.
Such higher-order interactions do, in fact, occur and re-
sult in splittings of S ground states that are observed ex-
perimentally. In the course of the past almost 60 yrs,
various mechanisms or combinations of mechanisms have
been proposed to account for the ground-state splittings
of S-state ions as revealed in the relatively extensive
experimental electron-paramagnetic-resonance (EPR)
and magnetic susceptibility results for ions of this type.

Despite the various prior theoretical attempts to ac-
count for the experimental findings, the nature of the in-
teractions responsible for the ground-state splittings of
S-state ions is, in general, still not well understood. In
the particular case of S-state ions associated with half-
filled shells in the 4f and 5f transition series (i.e., 4f-
and 5f -electronic configuration ions such as Eu +,
Gd +, Tb + or Am +, Cm + and Bk ), however, the
significant differences that are found in the magnitude of
the experimentally determined ground-state splittings can
be qualitatively accounted for by a consideration of the
effects of intermediate coupling. For example, in the
lanthanide series the 4f -configuration Gd + ion has a
ground-state wave function that is 98/o S7/p. For the
5f -configuration ion Cm +, which has a free-ion spin-
orbit coupling parameter that is approximately twice
that of Gd +, increased intermediate-coupling effects lead
to a larger admixture of other states (still having J =7/2
but with diff'erent values of L and S) into the S7&z

ground state. This significantly larger admixture of non-
(L =0) states results in a Cm ground-state wave func-
tion that is only 79% pure S7&2. These significant
differences in the non-S-state character of the ground-
state wave functions of Gd + and Cm + are directly
manifested in differences in the effects that a crystalline
environment has on the ground-state splittings. In the
case of the relatively pure S7/2 Gd + ion in different
crystalline hosts, splittings in the range of 0.1 —1.0 cm
are found. The increased non-S-state character of the
Cm + ion, on the other hand, leads to a relatively larger
interaction with the crystal field and to the observation of
ground-state splittings that are on the order of 10-50
cm

Other differences in the spectroscopic properties of the
4f and 5f -confi-guration ions that are associated with
corresponding differences in the non-S-state character of
their ground-state wave functions are manifested in the
observed EPR spin-lattice relaxation times. In the case
of 4f~-configuration ions such as Gd +, the spin-lattice
interaction times are relatively long, and the electron-
paramagnetic-resonance absorption can be readily detect-
ed at room temperature. For the 5f -configuration ions
such as Cm +, however, the spin-lattice relaxation times
are considerably shorter, and accordingly, cryogenic sam-
ple temperatures are generally necessary in order to ob-
serve the paramagnetic-resonance-absorption signals.

Historically, Cm + was the first Sf -configuration ion
observed by means of EPR spectroscopy. It should be
pointed out, however, that the initial reports' of EPR
spectra for Cm + ions in a LaC13 host (which resembled
the spectra observed for Gd + in this same host) were
quickly called into question based on the investigations of
Marrus et al. and of Runciman. Subsequent EPR in-
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vestigations by Abraham et al. , who grew Cm +-doped
LaC13 single crystals with higher-purity starting material,
showed that the actual Cm + EPR spectrum in LaC13
consisted of a single anisotropic line with values of
gll

=1.925 and gl=7. 67- Accordingly, the initially re-
ported results' were not due to Cm + but, in fact,
represented the EPR spectrum of Gd +. EPR results
were also obtained for Cm + in the trigonal host
La(C2H&SO4)3. 9HzO in which a single anisotropic EPR
transition with values of

ging =1.925(2) and gi=7. 73(2)
was only observed at a temperature of 4 K. These obser-
vations provided additional confirmation of the interpre-
tation of Abraham et al. regarding the earlier EPR re-
sults, ' which had been erroneously attributed to Cm +

in the LaC13 host.
Following the initial observation of the actual EPR

spectrum of Cm + in the LaC13 host [and in

La(C2H~SO4)3 9H20], the EPR spectra of Cm + and of
the isoelectronic 5f ions Am + and Bk + have been re-
ported in a number of (predominantly cubic) host-
crystal systems including CaF2, SrF~, BaF2, SrC12, Th02,
and CeOz. For the specific case of Cm + in a cubic host,
the cubic crystal field splits the eightfold-degenerate
J=7/2 ground manifold into three components—
namely, two doublets (I"6 and I 7) plus a I 8 quartet.
Measurements of the anisotropic spectral features ob-
served at high microwave frequencies for Cm + in the cu-
bic hosts have been used to determine the splittings be-
tween the ground I 6 doublet and the excited I 8 quartet.
For comparison purposes, these results are summarized
in Table I along with the comparable splittings for Gd +

in the same hosts.
When an f -electronic-configuration ion such as Cm +

is subjected to a tetragonally symmetric crystal field, the
degeneracy of the S7/p ground state will be removed
by the formation of four doublet levels. For Cm + ions
diluted in the tetragonally symmetric zircon-structure
host ThSi04, however, no EPR spectra were observed. '

This finding was accounted for based on the observation
of a negative second-order spin-Hamiltonian parameter
(b2) for the 4f ion Gd + and the fact that the even
larger negative parameter expected for Cm + would re-
sult in an isolated i+7/2) ground-state doublet. In this
case, no EPR transitions would be observed for such a
doublet since the gi value would be zero.

The present work represents an extension of our previ-

TABLE I. I,—+I 6 splitting of the trivalent 4f ' and 5f ' S-state
ions in cubic crystal fields at 4.2 K [after Kolbe et al. (1973)].

ous investigation" of crystal-field-induced splittings of
the ground state of Cm + in the tetragonal-symmetry
host single crystal LuPO4, where an excited-state EPR
transition was observed. In this initial study of Cm in
LuPO4, a positive identification of the Cm + resonance
was made by doping the LuPO4 host with known relative
concentrations of the two isotopes Cm (I=5/2) and

Cm (I =0). The observed resonance was identified as
arising from an excited-state doublet by observing that
lowering the temperature reduced the intensity of the
EPR signal. The experimentally determined axial g
values of this doublet were fitted to a wave function of
the form ate+5/2) +Pl + 3/2). In this case, the tetrago-
nal symmetry of the crystal field produces hJ, =+4 ad-
mixtures in the wave functions that result in nonzero gi
values for each of the four doublets arising from the
crystal-field splitting of the nominal S7/2 ground state.
Accordingly, transitions within each of the four doublets
become allowed. The possibility of observing some of
these additional allowed excited-state transitions led to a
subsequent' combined EPR, optical, and Zeeman-effect
study of curium in both LuPO4 and YPO4. The isotopes

Cm (I=5/2) and Cm (I =0) were also used to iden-
tify the Cm + resonance in these investigations. In this
case, EPR transitions were observed for three excited
doublets in each orthophosphate host crystal. For the
YPO4 host, the experimental axial g values were used to
calculate the g values 'for the lowest-lying ground-state
doublet (whose EPR was not observed). Optical-
absorption and Zeeman-effect measurements yielded an
experimental gll value for the lowest-lying doublet that
was in excellent agreement with the value predicted on
the basis of the EPR results. '

The present work reports the results of EPR, optical
absorption, and Auorescence measurements for Cm + in
LuPO4. Here the use of the isotope "Cm with its
3.4X 105 yr half life and lower specific activity (relative to
the Cm isotope present in the orthophosphate host
crystals used in the two previous studies noted
above"' ), reduced the broadening of the absorption
lines induced by internal radiation damage. Through the
use of these higher-quality samples, the EPR observation
of an additional "interdoublet" transition was possible.
Additionally, more accurate measurements of the "intra-
doublet" transitions were made using higher microwave
frequencies (Q-band) rather than the X-band frequencies
employed previously. The additional magnetic-resonance
and optical data obtained here have led to a more accu-
rate determination of the Cm + energy-level structure.
Finally, the room-temperature Cm + magnetic-resonance
spectrum reported here represents an observation of an
EPR transition at room temperature for an actinide ion. '

Host

Ce02
Th02
CaF2
SrF2
BaF2
SrC12

Lattice
constant (A)

5.41
5.60
5.46
5.80
6.20
7.00

Gd +

(cm ')

0.0653+0.000 4
0.06645+0.000 08
0.0578+0.000 1

0.0501+0.000 2
0.0448+0.000 2

0.01979+0.000 04

Cm +

(cm ')

17.8+0.3
15.5+0.3
13.4+0.5
11.2+0.4

5 ~ 13+0.05

EXPERIMENTAL

The single crystals of LuPO& doped with Cm + (or
in some cases with ' Cm) and employed in this work
were grown from a Pb2P207 fiux by means of a high-
temperature solvent technique described previously. '

In the case of the Cm-doped specimens, the doping lev-
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el corresponded to the addition of 10 mg of Cm02 to
260 mg of Lu203. The doping level in the ' Cm-
doped samples corresponded to the addition of 6 mg of

Cm02 to 3SO mg of Lu203. The Cm-doped sam-
ples selected for the EPR and optical experiments were
typically SX2X1 mm with the long dimension of the
crystal corresponding to the fourfold crystallographic c
axis. These specimens were transparent with a slight
pink coloration. The crystals of LuPO4 doped with

Cm, however, turned black within a few days due to
the radiation damage associated with the high specific ac-
tivity of these isotopes. Annealing the ' Cm-doped
crystals at -550 C for a few hours returned the material
to its original state, although after several such anneal-
ings, the damage to the specimen appeared to be per-
manent, and the crystals remained a grey-to-black color
that could not be removed by further annealing.

In carrying out the X-band (-9 GHz) EPR experi-
ments, the Cm-doped crystals were mounted inside a
Kel-F cylinder that was then inserted into a rectangular
TE io2 mode microwave cavity so that the crystallograph-
ic c axis lay in the horizontal plane. The EPR spectra
could be recorded for sample temperatures ranging from
-2 to 350 K by using an Oxford Instruments model
ESR-910 continuous flow cryostat. For the Q-band ( -35
GHz) EPR experiments, the LuPO& single crystals were
placed inside a segment of polyethylene tubing that was
sealed at both ends and then inserted into the cylindrical
TEo»-mode Q-band cavity. The Q-band EPR measure-
ments could be performed with sample temperatures of
300, 77, and 4 K by using concentric double glass
Dewars.

The variation in the magnetic-field position of the an-
isotropic EPR transitions was determined by altering the
angle between the crystal c axis and the magnetic-field
direction by means of a rotating goniometer attached to
the X-band microwave cavity. In the case of the Q-band
EPR measurements, this angle could be varied directly by
rotating the magnetic field. The microwaves were gen-
erated and the EPR signals detected using Varian E101
(X-band) and E 110 ( Q-band) microwave bridges.
Microwave-frequency measurements were made with an
EIP-548 frequency counter, and the magnetic-field values
were determined using a Varian E-500 NMR gaussmeter.

RESULTS AND DISCUSSION

cm crn

15 K
cm

75 K

I
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Magnetic Field (G)
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FIG. 1. EPR spectra of Cm +:LuPO4 at various tempera-
tures (peaks not labeled are due to Gd'+ impurities). Mi-
crowave frequency =9.235 GHz and 8=0 (H~~C).

tions that were due to trivalent curium. Additionally dis-
tinctions could be made between the characteristics of
the Cm + and Gd + EPR lines. In general, the Gd +

lines, which were narrower than the Cm + absorptions,
could be easily saturated at low temperatures, and ac-
cordingly, these lines only interfered with the Cm + data
collection when the magnetic-field orientation was such
that the EPR transitions of the two elements overlapped.

The Cm + EPR transitions, which exhibited
linewidths ranging from 20 to 80 Gauss, could be ob-
served up to room temperature. The linewidths were, in
fact, relatively independent of the sample temperature
with the exception of the ~+1/2 ) transition whose
linewidth narrowed significantly as the temperature was
lowered. The observed intensity behavior of the EPR
transitions with decreasing temperature indicates that the
Cm + crystal-field states in the LuPO4 host are relatively
close in energy, i.e., large variations in the relative inten-
sities of the transitions as a function of temperature were
not observed. The observed resonance lines were as-
signed to the doublets: ~+1/2), ~+3/2), and +5/2),
and the measured g values were least-squares fit to the re-
lation:

EPR results

Examples of the X-band EPR spectra obtained at vari-
ous sample temperatures for Cm in LuPO4 are
shown in Fig. 1. While a number of EPR lines were ob-
served, by comparison with the known spectrum of
Gd + in LuPO4, it was possible to establish that only
three of the transitions could actually be assigned to
Cm + and that the remaining lines represented contribu-
tions from Gd . This assignment was further confirmed
using the EPR spectrum of a ' " Cm -doped LuPO4
crystal, where the distinct six-line hyperfine structure due
to the I =5/2, Cm isotope [hyperfine coupling con-
stant A =23. 14(4) G] could be resolved on the transi-

While the resonance of the ~+7/2) doublet could not be
observed, its g values were calculated using the admixture
coefficients a and b obtained for the ~+1/2) doublet.
The resulting g values for all four doublets are given in
Table II for the three sample temperatures 298, 77, and 4
K. In the case of the low-temperature g values, the re-
sults were found to be in good agreement with those ob-
tained in the earlier work. '

When the Cm +-doped LuPO4 samples were examined
using the higher Q-band frequency, additional EPR lines
were observed; and up to six of these transitions could be
attributed to Cm . It was not posssible, however, to
determine the full angular variation for all of the ob-
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TABLE II. Measured g-values of Cm +:LuPO4
=9.17—9.32 GHz).

at various temperatures (microwave frequency

Temperature
298 K 77 K

gi

a I+1/2&+b I
+7/2)

cI+3/2)+dI+5/2&
cI+5/2) —dI+3/2&
a 1+7/2 ) b

I
+—1/2 &

1.46(3)
4.17(2)
8.06(4)

(12.79)'

7.34(10)
3.98(2)
3.98(2)

(0.21)'

1.422(3)
4.15(1)
7.971(5)

(12.72)'

7.341(10)
4.08(2)
4.08(2)

(0.23)'

1.380(3)
4.12(1)
7.977(5)

(12.69)'

7.284(10)
4.10(1)
4.102(2)
(0.25)'

' Calculated using gJ = 1.925.

I
I

I I i
I

I I I
I

I I I
I

I I I
I

I I I
I

I I I
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I
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I

I I I
I

I

4000—

0 298K
go 77K
~ p 4K

3000—

U

I
~~
0I 2000—
CD
CO

1000—

+

+ , op+ o o o ~+ o++ ~ o o p +p
o o ++~~ o 0 p ~~ p o 0 o 0 ~ ~0oooo0 00 ooo

0 000
00 00

0 I I I I I I I I I I I i i I i i i I i i i I i i i I I i I I i i i I « i I

-150 -120 -90 -60 -30 0 30 60 SO 120 150

Angle (degree)

FICx. 2. Angular and temperature dependence of the Q-band
EPR low-field transitions in Cm +:LuPO4 (open symbols) and
Cm'+:YPO4 (solid symbols). Microwave frequency =34.885
GHz. 0 is HIIC.

served Cm + transitions due either to rapid decreases in
the absorption intensities as a function of the applied-
field orientation or to magnetic-field positions that ex-
ceeded the available maximum magnetic field. Other
than the transitions that had already been observed in the
X-band EPR experiments, it was possible to determine
the angular variation for only one of the additional lines
observed at Q band. This transition occurred at a very
low magnetic-field value and exhibited a large tempera-
ture dependence of its magnetic-field position (see Fig. 2).
A similar transition was also observed for Cm + in the
tetragonal YPO4 host, but, in this case, the temperature
dependence was reversed. At room temperature with an
applied magnetic field orientation Hi c axis (8=90'), this
resonance had a gi value of -49 in LuPO4 (or —15 in

YPO~); but when the temperature was lowered to 77 K,
the g values shifted dramatically to gi -22 for LuPO4 (or

gi —18 for the YPO4 host). This resonance cannot be as-
signed to a transition within any of the four Kramer's

doublets and can only arise from a transition between
different doublets. Such interdoublet transitions are com-
mon in the case of S7/2 lanthanide ions where the zero-
field splittings are small, but they are somewhat unex-
pected in the case of the actinide ion Cm +, since energy
separations between two doublets (-35 GHz, 1.2 cm ')
that are significantly smaller than any of the splittings
determined previously are required (see Table I). Addi-
tional experiments were performed in order to confirm
the existence of this —1 cm ' splitting.

An additional anomaly was exhibited by this low-field
resonance when the microwave frequency was changed.
At room temperature and with the applied magnetic field
oriented perpendicular to the crystallographic c axis, the
intradoublet resonances for Cm + in LuPO4 were all ob-
served to shift to higher magnetic-field values as the mi-
crowave frequency was increased. In the case of the
low-field resonance, however, the EPR line shifted to
lower magnetic-field values with increasing microwave
frequency (e.g. , at a microwave frequency of 34.445 GHz
the magnetic-field position of the line was 550 G, while at
34.906 GHz, the line was located at 485 G).

It is possible to estimate the energy differences between
the four ground-state doublets of Cm + by determining
the temperature dependence of the intensities of the three
intradoublet resonances and by assuming that the posi-
tions of the crystal-field-level energies only undergo a
slight variation with temperature. In carrying out this
determination, Cm +:LuPO4 spectra were recorded in
the temperature range from 10 to 300 K. Careful mea-
surements of the relative intensities of the observed tran-
sitions yielded a value of 5.8+1.5 cm ' for the energy
difference between the +5/2) and ~+3/2) doublets and
a value of 1.1+0.5 cm ' for the separation between the
~+3/2) and +1/2) doublets. Unless additional as-
sumptions are made, the energy separation between the
~+7/2) and ~+5/2) doublets cannot be obtained. In any
event, the results for the interdoublet energies, coupled
with the observed temperature dependence of the low-
field transition, indicate that the low-field resonance is a
transition between the ~+3/2) and ~+1/2) doublets.
Since it is possible to make an assignment of this transi-
tion with some confidence based on the Q-band results, it
was included along with the three "intradoublet" reso-
nance transitions in making a least-squares fit to the usual
tetragonal spin Hamiltonian —including both the Zee-
man and crystal-field interactions.

The assignment of the inter doublet transition
effectively fixes the energy difference between the two
doublets at a value of —1.2 cm ' and, therefore,
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significantly restricts the possibilit' f hsi ni i i ies or c oosing and
varying the parameters. Among the foure our possibilities

+1/2
exis for a transition between the ~+3/2) and

doublets, the best fit was obt
'

d
'

hs o aine with the in-
erdoublet transition assigned thas e transition between

lower
the upper Zeeman level of the ~+3/2)e doublet and the
ower Zeeman level of the ~+I/2) double

Hamiltonian ar
ou et. The spin-

onian parameters corresponding to the best fit are
given in Table III along with the calculated -fi

g' . ca culated fit to the experimental data is illus-
trated in Fig. 3. In the case of th the ree other possible as-

en oug conver-signments, t e fits were not as good even th h
gence could be obtained. Neverthele he ess, t e parameters
o aine rom the other fits agreed to with' 20%%uwi in g with

e es - t parameters, and the calculated zero-field
are wit t e

The calculated zd zero-field energy differences at 10 K are
1.4 cm ' and 6.2 cm ' for the ~+3/2) —+ ~+I/2)

) separations, respectively, and these
values are in oodg od agreement with the results obt

'
d

from the tern er
s o aine

perature-dependence investigation. For the
case of the +7/2) ~ ~+5/2) separation, the calculated
energy difference is 3.8 cm '. In Fi . 4
ener 1

n ig. 4, the calculated
energy evels of the four ground do bl t f Cu eso m in

field for
u 4 are plotted as a function of th 1 de app ie magnetic
e for a sample temperature of 77 K h hwit t e applied
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TABLE III. S in-pin-Hamiltonian parameters and calcul
zero-field energies of Cm +:LuPO a

an ca culated

Refs. 11
m: uPO4 at various temperatures. See

e s. 11 and 12 for the definition of th be parameters.

Temperature

b2 (cm ')

b4 (cm ')

b6 (cm ')

b4 (cm ')

b6 (cm ')

298 K

1.925
—0.741

0.074
0.056

—1.036
—0.146

77 K

1.925
—0.910

0.056
0.059

—1.347
—0.608

10 K

1.925
—0.936

0.051
0.060

—1.429
—0.645

magnetic field oriented perpendicular to tho e c-crystal
e observed relatively large temperature depen-

dence exhibited by the interdo bl t tu e ransition can now be
understood by referring to Fi 4 Thig. . e calculated ener
separation between the ~+3/2) and +

gy

cm and 1.3 cm ' at 10 K and 298 K, respectivel .
The difference of 0.1 cm ' f th d ffor e i erent sample tem-
peratures is significant in the mi'crowave requency range,
an consequently, a relatively large sh ft

'
he s i in t e resonance

e with temperature will occur. Add't 11,i iona y, from
ig. it can be seen that an increase in the Q-band fre-

quency will shift ty s i t t is resonance to lower magnetic field.
In the case of Cm + in the c'n e cubic fiuorite-structure host

r z the only other system where the complete Cm +

sp i ing as been determined), the Cm EPR
signals can be de detected at temperatures as hi h as 200
For the Cm +: rm: rC12 system, the zero-field s litt

cm . The zero-field splitting for Cm + in the
tetragonal symmetry site of L PO

'
bu 4 is a out one-half that

of the splitting for Cm + in S Cl . Iin r 2. It is, therefore,
reasonable that the Cm + EPR ttransition can be ob-

same basis owev
served at room temperature for the LuPO he u 4 ost. On this
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Optical results

The amount and type of information that can be ob-
tained by means of EPR spectroscopy is e6'ectively limit-
ed by its restricted energy range and the number and type
of transitions that can be detected and assigned. Optical
spectroscopy, on the other hand can generally be used to
obtain information over a much wider energy range, and
accordingly, optical methods were used to support and
confirm the EPR results for Cm + in LuPO4. In fact, in
the present case of Cm + in LuPO4, the total zero-field
splitting of the ground state of —10 cm ' and the energy
separations between the four Kramer's doublets of 1 to 7
cm ' can be readily resolved by means of optical spec-
troscopy where a resolution of 0.1 —1.0 cm ' can be
achieved. Additionally, optical spectroscopy provides in-
formation on the crystal-field splittings of the excited
electronic states and on the energy separation between
the crystal-field-split manifolds.

In D2d symmetry, all half-integral J manifolds of the
f configuration decompose into (2J+1)/2 Kramers'
doublets with labels of I 6 or I 7. The selection rules are
the same for both absorption and emission spectros-
copies, and the allowed electric-dipole transitions are

r, r, ,r,
I 7~16,I 7,

where ~ is the polarization of the electric field along the z
direction (crystal c axis E~~c), and o is the polarization of
the electric field along the x (or y) direction (Elc ). From
the EPR results, the total zero-field splitting of the
ground J=7/2 state was found to be —10 cm '. There-
fore a population of and absorption from every doublet of
the ground manifold is expected.

In general, the measured optical-absorption spectra at
4 K for Cm + in LuPO„showed relatively sharp [full
width at half maximum (FWHM) of 1 —2 cm '], but very
weak, lines. This weak intensity limited the accuracy of
the optical measurement. Fewer lines than were theoreti-
cally predicted could be detected. Below 24000 cm
only nine out of eighteen predicted transitions were ob-
served, and only four lines were detected above 24000
cm . This weak intensity is, in part, due to the low con-
centration of Cm + present in the crystals. The absorp-
tion lines did not exhibit very well-defined polarization
characteristics, which made their assignments difficult.
Accordingly, a consistent set of crystal-field parameters
could not be obtained. In addition, the total splittings of
the excited-state J=7/2 manifolds could not be deter-
mined, since only two crystal-field states were found in
each of the D7/2 and I7/2 free-ion states. The cumula-
tive results for the measured energy levels of the
Cm +:LuPO4 system are summarized in Table IV.

Many of the observed transitions occurred in groups of
two or three, spread over a region of ( 10 cm ', instead
of appearing as a single line, and this fine structure un-
doubtedly arises from the ground manifold of Cm +.

TABLE IV. Absorption spectrum of Cm'+:LuPQ4 at 4.2 K.

SLJ State Experimental (cm ')
cr spectrum ~ spectrum

8
S7/2

6
D7/2

6
Ds/2

6I7

16528.3 cm
16 524.9
16 519.9
16 577.5
19775.3
19771.8
19767.9

21 441.6
21 437.7
21 471.7

16528.3 cm
6=3.4
5=8.4 16 519.9

16 577.3
19 775.4

6=3.5
6=7.4 19 767.5

21 445.3
6=3.7
6=7.6 21 437.1

21 468.6

6=8.4

6=7.9

6=8.2

6=3.1

6
~3/2

6
I9/2

21 463.6
22 034.1

22 137.1

6=8.1

22 034.1

22 137.0

6
I17/2

and
6
I11/2

22 585.0
22 581.2
22 575.9
22 664.5
22 661.3
24 612.3
24 608.9
24 603 ~ 3
24 690.8
24 687.0
24 682.8
24 792.5
24 784.0

6=3.8
5=9.1 22 575.0

22 664.8
5=3.2

6=3.4 24 608.7
6=9.0

24 690.8
5=3.2
6=8.0 24 682.0

24 792.7
6=8.5

5= 10.0

6=3.4

6=8.8

(Splittings of excited states by the crystal field are nor-
mally on the order of tens to hundreds of wave numbers. )

Using the knowledge of the zero-field splitting as deter-
mined from the EPR data, it is straightforward to inter-
pret these lines. Of the thirteen transitions recorded, all
but three of the weakest exhibited fine structure. Most of
these showed a splitting of 3.2 —3.8 cm ', and for some, a
second splitting of 7.4—10.0 cm ' was also observed.
However, none of the transitions showed the quartet
structure as expected. The inability to observe a fourth
line in the fine structure is probably due to a combina-
tion of (i) a low population of the highest state of the
ground manifold, (ii) a low probability for transitions
arising from this state, and (iii) the broadness of the peak
widths, which cannot be resolved. Both the polarized
and unpolarized spectra recorded at 77 K are relatively
similar, and the room-temperature spectra exhibit
significantly broader peak widths with much of the fine
structure unresolved. Hence, although the optical ab-
sorption data for the splittings are consistent with the
EPR data, in fact, information that was more precise
than the EPR results was not obtained by this technique.

Excitation spectroscopy is inherently more sensitive
than absorption spectroscopy in probing the line posi-
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Excitation spectrum 10K
Absorption spectrum 77K
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FIG. 5. The excitation spectrum of Cm +: LuPO4 at 10 K
and the absorption spectrum at 77 K. The x axis is the excita-
tion and absorption frequency; the fluorescence intensity was
measured at 16528 cm '. No polarization was used and the
measured peak widths of the excitation spectrum (full width at
half maximum) are, from left to right, 1.5, 1.2, and 1.2 cm

tions of excited states. Therefore, a tunable dye laser
(Coumarin 487) pumped by an argon laser was used to
provide excitation in the range from 19500 to 21000
cm '. The Cm:LuPO4 specimen was maintained at a
temperature of —10 K during the excitation measure-
ments, and the Auorescence intensity of the 16 528 cm
line was monitored, while the excitation frequency was
scanned. The resulting spectrum is shown in Fig. 5.
Three relatively sharp lines plus a very weak shoulder
were observed. These three lines are also observed in the
77-K absorption spectrum at =19770 cm ', which is
also included in Fig. 5 for comparison. The shoulder,
which was not observed in the less-sensitive absorption
spectrum, is assigned to the absorption originating from
the highest doublet of the ground manifold. Its low in-
tensity is probably due to a very small transition proba-
bility rather than the low population, since the absorp-
tion arising from the next-highest doublet (which is only
1.4 cm ' away) is much stronger. The splittings of the
ground manifold are determined to be 0.0, 3.6, 8.5, and
9.9 cm '. These values are to be compared with the
values of 0.0, 3.8, 10.0, and 11.4 cm ' as measured by
EPR spectroscopy at 4 K.

A second peak was found at an excitation frequency of
20180 cm '. This peak is very weak and broad, but it
appears to have the same overall width (=10 cm ) and

profile as the group at 19775 cm '. Since this peak does
not correspond to any line in the absorption spectrum
(see Table IV) or exhibit any fine structure, it was not in-
vestigated further.

The fluorescence spectra of Cm + in LuPO4 were ob-
tained with an argon-ion laser providing the excitation.
The emission photons were collected at an angle of 90
relative to the laser-excitation photons and were analyzed
using a SPEX 1403 double monochromator. The results
are tabulated and summarized in Table V. These results
are reminiscent of the absorption peaks —i.e., they are
relatively quite weak and do not exhibit well-defined po-
larization characteristics. With the exception of the peak
at 16575.4 cm ', they all show splittings of 3.2 —3.5
cm ' and 8.1 —8.8 cm ', but again no quartet structure
is apparent. Consequently, in a manner similar to the ab-
sorption spectra, they are consistent with the EPR re-
sults.

DISCUS SIGN

In fitting the experimental data obtained for Cm + in
LaC13, Carnall' noted that employing the crystal-field
parameters determined for Bk + in LaC13 resulted in a
better fit (lower error) to the observed levels of Cm +:
LaC13 than did the set obtained for Am + in LaC13.
When allowed to vary freely the crystal-field parameters
for Cm + in LaC13 took on values somewhat intermediate
between those of Am + and Bk +. The fit did not, how-
ever, result in a lower error than that obtained with the
crystal-field parameters derived for Bk + in LaC13. Both
the EPR data and the fluorescence results' for Cm + in
LaC13 were interpreted as identifying the ground state as
J,= ~+1/2) which, is inconsistent with the computed or-
dering of the ground-state levels. Carnall' concluded
that the total splitting was (8 cm ' and that the
ground state was J,= ~+7/2) and "considered the
discrepancy to represent an unresolved problem. " While
the calculated splitting cannot be given too much
significance due to the large uncertainties associated
with the determined parameters and the large number of
levels to be fit over an extended range ()30000 cm '), it
raises the following question: How well can the zero-field
splitting of the ground S state of Cm + be described by
the crystal-field splitting of the excited states through in-
termediate coupling? Recently, the zero-field splitting of
a ~~d + S state was found to be a reflection of the
crystal-field splitting of the excited P7/2 manifold. ' lt is

TABLE V. Fluorescence spectra of Cm'+:LuPO4 at 10 K excited with the argon-ion line at 496 nm
(20 156 cm ').

o. Polarization

16528.4 cm ' (s)
16525.0 (~)
16519.6 (s)
16575.4 (br)
19775.7 cm ' (to)
19772.2 (le)
19767.5 (s)

a=3.4 cm '

5=8.8

5=3.5 cm
6=8.2

m. Polarization

16528.4 cm ' (s)
16525.09 (ur)
16519.6 (m)

19775.4 cm ' (s)
19772.2 (w)
19767.3 (m)

6=3.4 cm '

6=8.8

6=3.2 cm '

5=8.1
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expected that crystal-Geld parameters of the excited
states are more applicable to Cm + S-state splittings than
to Gd + S-state splittings, since intern1ediate-coupling
effects are significantly larger for the actinide ion. The
calculated ground S-state levels in Cm:LuPO4 using
the free-ion parameters of Cm + in LaC13 and crystal-
field parameters for Nd:YPO4 lie at 2.3, 7.3, and 7.7
cn1

No crystal-field parameters for any actinide in LuPO4
are currently available, and the splittings of the D7/p oi
the I7&z manifolds in Cn1 +:LuPO4 could not be deter-
mined. If the large intermediate-coupling effect is the
most important zero-field-splitting mechanism in
Cm:LuPO4, then the 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 used to calculate the wave
functions of the crystal-field states of the neighboring ac-
tinides in LuPO4. Such an approach relies on the expec-
tation that crystal-field parameters of neighboring ele-
ments do not show large variations —an assun1ption that
is often borne out by experiment. For example, the
ground crystal-field state of Np + in ZrSiO~ (D2d-site
symmetry) was calculated to be a 1 6 doublet by using the
free-ion parameters of Np +:Zr(BD4)4 and the crystal-
field parameters of U +:ZrSi04. This result was experi-
mentally confirmed by EPR. ' The ion Pu + in ZrSi04
was also found to have very similar crystal-field parame-
ters. For the present purposes, the g values of the elec-
tronic ground states in Pu +:LuPO4 and Cf +:LuPO4
have been determined by EPR (Ref. 23) and compared to
those calculated by using free-ion parameters from
crystal-field analyses of Pu +, Cf:LaC13, ' plus a set of
crystal-field parameters obtained from the Cm + spin-
Hamiltonian parameters using the operator equivalent
factor method. Operator equivalent factors have been
calculated for a 50-term Cm + wave function, and they
are used here, together with tabulated conversion fac-
tors, to obtain the following "crystal-field parameters"
following the Wybourne convention for Cm +:LuPO4
(in cm at 10 K): Bo =446, Bo=322, Bo=—850,
B~= —1080, and B4 =818.

The zero-field splitting of Cm + incorporated into
LuPO4 has been determined by EPR, and the results ob-
tained from additional optical fluorescence and absorp-
tion experiments are found to be in reasonable agreement
with those obtained from the X- and Q-band resonance
measurements. Although the splitting is large compared
to the n1icrowave frequencies employed, four transitions
could be assigned and were fit to give a consistent set of
spin-Hamiltonian parameters. The total splitting of =10
cm ' is considerably smaller than the only previously
known Cm + zero-field splitting of 20.4 cm ' determined
for the cubic host SrClz. The somewhat unexpectedly
small crystal field is probably responsible for the first ob-
servation of room-temperature EPR of an actinide ion.
The cause of this significant decrease in the total zero-
field splitting of Cm + is not accounted for. It is unfor-
tunate that the crystal-field data for the excited states are
not presently available so that a more detailed compar-
ison could be made between the splittings of the ground
and excited manifolds in order to shed additional light
on the mechanisn1s that affect these splittings.

Rote added in proof. The ordering and energy
differences of the ground term crystal field levels of
Cm +/LaC13 have recently been determined by high-
resolution optical spectroscopy. See Liu, Beitz, and
Huang, J. Chem. Phys. (to be published).
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