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24Cm3+ has been incorporated as a dilute impurity in single crystals of the tetragonal-symmetry
lanthanide orthophosphate hosts, LuPO, and YPO,. EPR spectroscopic observations were made of
all of the excited doublets in the ground S;,, multiplet of Cm>*+ in both host crystals. Excited-state
resonances were observed at both 77 and 4.2 K by use of X-band frequencies. The observed axial g
values were used to compute the admixed wave functions for all four doublet levels in the ground
manifold of Cm** and to calculate the g value expected for the lowest-lying doublet that could not
be observed by EPR spectroscopy. Optical-absorption and Zeeman-effect investigations were car-
ried out for the case of Cm3* in YPO,, and a ground-state g value was obtained for the lowest-lying
doublet in the ground-state manifold that was in excellent agreement with the value predicted by use
of EPR results for the three excited-doublet levels. The Mohr-circle construction was used to obtain
additional information regarding the nature of the crystal-field interaction for Cm** in the two
crystal systems. In particular, the tetragonal crystal-field interaction was found to be stronger in the
YPO, host than in LuPO,. Additionally, the crystal-field-induced admixtures were found to be
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smaller at 77 K than at 4.2 K for both hosts, and the signs of the Steven’s parameters were deter-

mined to be positive for b3 and negative for b9.

I. INTRODUCTION

The trivalent lanthanide ion Gd®* has a 4f7 electronic
configuration, and, to first order, its associated 35,
ground state has no orbital angular momentum. The
spin-orbit interaction for Gd** is ~1600 cm~!, and this
interaction leads to so-called “intermediate-coupling ef-
fects” that result in admixtures of other states with J =<
but with different values of L and S into the 2S5/, ground
state. When intermediate-coupling effects are taken into
account, the Gd3* ground state still retains a 97.4% S-
state character. Therefore, in a crystalline host, the local
crystal field will have a relatively small effect on the
Gd3* ground-state level. Ground-state splittings on the
order of 0.1 to 1.0 cm ™! are observed experimentally, and
the spin-lattice relaxation times are sufficiently long that
Gd**+ paramagnetic resonance spectra can generally be
observed at room temperature. In the case of the 57 con-
figuration ion Cm?3*, however, the free-ion spin-orbit cou-
pling parameter is ~3000, cm™!, i.e., almost twice as
large as the value of ~1600 cm™! characteristic of
Gd**+.! Accordingly, intermediate-coupling effects are

35

significantly larger for Cm>*+, and the 85 content of the
corresponding 5f7 ion is only 79%. This increased non-
S-state character of the Cm*+ 5f7 ground state is respon-
sible, at least in part, for a relatively larger interaction of
the crystalline-electric field with the ground state of the
Cm>* ion, and splittings on the order of 10 to 50 cm ™'
are observed. As a further consequence, the spin-lattice
relaxation times are shorter for 5f7 configuration ions
such as Cm** and, accordingly, low temperatures are gen-
erally required in order to observe their EPR spectrum.

In the first reported electron paramagnetic resonance
(EPR) study of Cm3*, its EPR spectrum was observed at
4.2 K in the hexagonal-symmetry hosts, lanthanum tri-
chloride and lanthanum ethylsulfate.? In these hosts, the
Cm?3* resonance line with g =&, and g, ~4g; (where g,
is the Landé g factor) was due to the ground | ++ ) doub-
let which contained no observable crystal-field admixtures
of the other M, doublets. (An axial crystal field will split
the predominantly 8S,,, ground state into four separate
doublets of the form | ++), [+3), [+3),and |+1))
Since the hexagonal symmetry of the crystal field in
LaCl; and lanthanum ethylsulfate only allows AM,=+6
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admixtures, an admixture could only occur between the
| +3) and | T ) doublets in this case.

Subsequent to the initial studies on Cm>** in LaCl; and
lanthanum ethylsulfate,2 Cm>* resonances have also been
observed for cubic symmetry sites in the fluorite-structure
hosts: CeO,, ThO,, CaF,, SrF,, and SrCl,.>~% In these
hosts, the eight levels of the J =< ground state are split
by the cubic crystal field into two doublets and a quartet.
The resulting levels are: a ground I'¢ doublet, an excited
I's quartet, and an even higher lying I'; doublet. For the
cubic fluorite-structure hosts, the Cm3+ EPR transition
occurs between the Zeeman levels of the ground I'g doub-
let. In these hosts, the applied magnetic field produced an
admixture of the 'y quartet into the I'q ground doublet
that resulted in an orientational anisotropy in the I'¢ EPR
transition. By studying this anisotropy, it was possible to
determine the energy separation between the ground I'¢
and first excited I'y quartet levels for Cm3* in all five
fluorite-structure crystals. Additionally, in the case of
SrCl,, a magnetic resonance transition was also observed
between the levels of the higher lying I'; doublet. Analo-
gous anisotropy measurements were carried out for this
transition at a temperature of approximately 25 K, and a
value was obtained for the I's-I'; splitting.” This mea-
surement, together with the earlier determination of the
I¢-T'g splitting, was used to estabhsh the values of the
crystal-field parameters b and b for Cm** in SrCl,.>’

For the case of Cm3* in the zircon-structure host
ThSiO,,” no Cm**+ EPR signals were detected. This re-
sult was not unexpected since the dominant crystal-field
parameter b) is negative for the 47 ion Gd>* in ThSiO,,’
and it was anticipated that b9 for Cm>?* in ThSiO, would
also be negative. A negative b5 would reverse the order of
the four ground doublets relative to that found for the tri-
chloride and ethylsulfate hosts where bJ is positive.? The
lowest doublet for Cm3* in ThSiO, would therefore be
primarily a | +Z) state with a value of g, ~0. This
would account for the absence of Cm*+ EPR signals in
ThSiO,.

Recently, in another zircon structure host, LuPO,
doped with both >*Cm (I =) and ***Cm (I =0), a posi-
tive identification was made'® of a Cm>* resonance. This
resonance was identified as an excited-state transition by
observing that lowering the sample temperature reduced
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the intensity of the EPR signal. The experimentally
determined axial g values of this doublet were fitted to a
wave function of the form a|+<)+8|F3). In this
case, the tetragonal symmetry of the crystal field produces
AM = +4 admixtures in the wave functions resulting in
nonzero g, values for each of the four doublets that arise
from the crystal-field splitting of the nominal 35,
ground state. Therefore, transitions within each doublet
become allowed. The possibility of observing such transi-
tions for excited states and, thereby obtaining more de-
tailed information regarding the electronic properties of
Cm>* in orthophosphate hosts has led to the investiga-
tions reported here.

In the present work, EPR and optical absorption tech-
niques have been used to observe and investigate all of the
excited doublets of the ground J =< multiplet for the
case of 2*Cm>* incorporated as a dilute impurity in a
single crystal of YPO, (xenotime). The axial g values ex-
perimentally determined for the three excited doublets
were then used in a self-consistent calculation of the
ground-state wave functions and g values for all four
ground-state doublets. This calculation resulted in a pre-
diction of the axial g values for the lowest-lying Cm3+
doublet whose EPR spectrum was not observed. Zeeman
effect studies of the Cm>** optical absorption in YPO,
were used to verify the value for g calculated as noted
above for the lowest-lying doublet of the ground multi-
plet. The previous observations'® of an excited state reso-
nance for Cm®* in a single crystal of LuPO, have also
been extended and new EPR results are reported for the
two remaining excited doublets (i.e., for the doublets
al+3)—B|F¥3) and y|+3)—8|F+)). The axial g
values for these doublets were used along with the previ-
ous results for Cm3* in LuPO, (Ref. 10) to carry out a
self-consistent calculation of all the ground-state doublet
wave functions for this system, and to predict the axial g
values for the lowest lying doublet ¥ | +=)+8|F+),
which was not observed by EPR.

II. MAGNETIC RESONANCE RESULTS
A. Cm?** in LuPO, single crystals

The EPR spectrum arising from the excned doublet in
the ground multiplet of the form a| +5)+8| %) has

TABLE 1. Wave functions and g values for the ground-state doublets of Cm>*+ in LuPO,.

Sample Ground-state Calculated Measured by EPR
temperature doublets 8| g g g1

77 K 0.9837 | ++)—0.1798 | ¥ %) 1.424 7.436 1.424(2)
0.9463 | :t% )—0.3233| $3) 4.155 4.07 4.15(1) 4.07(1)
0.9463 | £3 ) +0.3233 | 1%) 8.00 4.07 8.00(2) 4.07(1)
0.9837| ++)+0.1798 | T+ ) 12.95 0.25

42 K 0.98205 | :t ) —0.1886 | + =) 1.373 7.402 1.373(1) 7.402(5)
0.9455| +3)—0.3255| F3) 4.13 4.096 4.12(1) 4.10(1)
0.9455 | + )+0 3255 1% 7.976 4.096 7.98(1) 4.096(4)
0.98205 | :t 7)+0.1886 | ) 12.9 0.27
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been investigated previously'!® for the case of Cm** in
LuPO,. Subsequently, it has been possible to observe not
only the EPR spectrum of this excited state but those of
the two remaining excited doublets in the ground-state
manifold of Cm3* as well. All three excited-state reso-
nances were observed at sample temperatures of either 77
or 42 K. In the case of the y | ++)—8| F+) state, the
resonance transition could not be followed to the g, orien-
tation at 77 K due to line broadening and subsequent loss
of the signal intensity. However, the g, value of this
transition could be determined at 4.2 K. The experimen-
tally determined axial g values at both temperatures are
listed in Table I for the three excited doublets of Cm>™ in
LuPO,. A resonance associated with the lowest-lying
doublet was not detected at either sample temperature.
Small tetragonal, crystal-field-induced admixtures of the
excited | ¥ ) wave function into the ground | +7 ) level
produce a finite, but relatively small, g, value for the
ground doublet. This small g, value will result in a much
lower transition probability for a magnetic resonance tran-
sition between the levels of the y | ++)+8| 5 ) doublet
than that associated with the other higher-lying doublets.
The failure to observe a resonance transition for the
lowest-lying state can be attributed to this effect. The
wave function and axial g values of the lowest-lying state
can be computed using the measured g values for the
three excited doublets in the ground-state manifold, and a
set of coefficients and g values can be calculated which
represents a self-consistent “best fit” to the data used.
The results of such a calculation are given in Table I for
Cm>* in LuPO,. Using data for a sample temperature of
77 K, the predicted g values for the lowest-lying doublet
are g, =12.95 and g, =0.25, with a wave function given
by 0.9837|+<)+40.1798 | ¥+ ). The corresponding re-
sults for T'=4.2 K are listed in Table I.

Additional information can be obtained which relates to
the crystal-field interaction by utilizing a procedure
known as the Mohr circle construction.!! It is possible to
express the tetragonal crystal-field admixture as the quan-
tity tan(260), where tan(28) is equal to twice the off-
diagonal crystal-field matrix element divided by the
difference in the diagonal elements. Therefore, for the
case of admixtures of the |+—+) and |F+) levels,
tan(20) is given by
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2(V'35/5)b%
(—12b9 +2b%—6b0—4g,upH) ’

tan(20)= (D

and the corresponding expression for admixtures of the
| +3) and | 5 levels is
(2v3)bs

tan(26) = . @
an (—4b9+ 1069+ 145° —4g,up H)

where the b, are the crystal-field parameters introduced
by Stevens.!? The values of tan(20) for the two different
admixtures may be calculated from the wave-function
coefficients listed in Table I. (The coefficients are merely
cos@ and sinf.) In this manner, tan(20)=0.7736 and
0.7811 for the first admixture at T'=77 and 4.2 K,
respectively, and tan(20)=0.3782 and 0.3988 for the
second admixture at 7'=77 and 4.2 K, respectively. The
ratio of the two admixtures is found to be approximately
2, and not about 4, as would be expected if bg were the
dominant parameter in the denominators of the expres-
sions given above for tan(26). It is clear that the parame-
ters by and b? cannot be neglected in Egs. (1) and (2).
Since b is negative, it can be concluded that b3 and prob-
ably b? are both positive for Cm** in LuPO,.

B. Cm?** in YPO, single crystals

The experimentally determined axial g values for the
three excited doublets of Cm** in YPO, at 77 K are given
in Table II, along with the calculated “best fit” wave
functions and g values for all four levels at 77 K. The
predicted g values for the lowest-lying doublet resulting
from this procedure are seen to be g;=13.3 and
g1 =0.08. While resonances from all three excited levels
were observed at 77 K, only one resonance could be seen
at 4.2 K, due to thermal depopulation of the two higher
doublets. Table II therefore shows the experimental re-
sults and calculated values for only two doublets for
Cm3* in YPO, at 4.2 K. Using the Mohr-circle construc-
tion discussed previously, the tan(26) values for the
| +3) and | ¥ ) admixture at 77 and 4.2 K were calcu-
lated to be 0.5924 and 0.5943, respectively, while the
tan(20) value for the |++) and |F5) admixture is
0.2133 at 77 K. It can be seen that, since the admixtures

TABLE II. Wave functions and g values for the ground-state doublets of Cm** in YPO,.

Sample Ground-state Calculated Measured by EPR
temperature doublets g g1 gy g1

77 K 0.9945|++)—0.1049 | 3 1) 1.75 7.60 1.745(5) 7.47(3)
0.9645 | +3)—0.2642 | 55 ) 4.687 3.391 4.68(1) 3.391(5)
0.9645 | +3)—0.2642 | T3 ) 8.53 3.391 8.53(1) 3.391(5)
0.9945| £7)+0.1049 | T3 ) 13.3 0.08

42 K 0.9643 | +3)—0.2649 | T3 ) 4.687 3.401
0.9643 | £3)+0.2649 | ¥3 ) 8.53 3.401 8.53(1) 3.041(5)
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of the wave functions for Cm>3* in YPOQ, are smaller than
the corresponding admixtures for Cm3* in LuPO,, the
tetragonal crystal field in the YPO, host is stronger than
it is in the LuPO, host (i.e., the four doublets are farther
apart in YPO, than they are in LuPO,). Furthermore,
since the ratio of the two different admixtures for Cm3+
in YPO, at 77 K is larger than the ratio for the LuPO4
host, it can be concluded that the effect of the b$ and b2
parameters relative to the b9 parameter in the denomina-
tors of the expressions for tan(26) is smaller for YPO,. It
is still true, however, that for Cm3* in YPO, (just as in
LuPO,) the signs of b3 (positive) and b3 (negative) are
different, and that the crystal-field-induced admixtures
are smaller at 77 than at 4.2 K.

II1. OPTICAL ABSORPTION RESULTS

The optical absorption spectrum of 2*Cm** in YPO,
single crystals was measured photographically from ap-
proximately 16000 cm ™! to 27000 cm ™' for sample tem-
peratures of 77 and 4.2 K. Linear polarization data were
obtained with the electric vector oriented either parallel or
perpendicular to the tetragonal c¢ axis of the crystal. Zee-
man spectra were obtained on a few of the strongest low-
energy lines at 4.2 K with the magnetic field oriented
parallel to the ¢ crystal axis.

The optical spectra obtained were of rather poor quali-
ty. Although some lines were sharp, most of the lines
were weak and diffuse. A major reason for this difficulty
was related to the use of 2**Cm, an isotope with a 17.6
year half-life. Radiation damage produced significant
broadening of the sharper lines in a few days, but this
broadening could be reduced by annealing the crystals for
2 h at =500°C. Orthophosphate crystals are now being
grown which contain 2**Cm, an isotope with a 4.7 10°
year half-life, and high-resolution experiments will be car-
ried out on these samples in the future.

The major difference between the optical spectra of
Cm3* in YPO, at 77 and 4.2 K is a change in the relative
intensities of pairs of lines that are separated by ~11.7
cm~!—with the lower-energy member of the pair being
much weaker at 4.2 K. The positions of some of the lines
which exhibit this intensity change are given in Table III.

The principal components of the ground-state eigenvec-
tor for the Cm>* ion have been given as:®

W(Cm3*)=0.8918S,,,)
+0.414|%P;,,) —0.090 | °D7 /5 ) + - - -

TABLE IIL
YPO,:Cm?*.

Measured optical absorption lines in

Difference
(cm™Y)

Cm?+ absorption
lines (cm™!)

16 579.5
16567.8
19817.0
19805.5
22625.7
22613.8

TABLE IV. Experimental Zeeman data for Cm>* in YPO,.

Level Level lgy ! lgnl
zero field 26.3 kG ground excited

J' (cm™!) (cm™") state state
16590.7

% 16579.5 16584.9 13.4 4.73
16 636.3

I 16624.3 16 628.6 13.3 6.23
19 826.4

-52— 19817.0 19 823.6 13.0 2.31

The intermediate coupled J =+ state is primarily S,
and, as noted previously, this manifold should split into
four levels (each level doubly degenerate) in an axial crys-
tal field. Previous work on Cm?3* in various host crystal
systems indicates that the overall splitting should be on
the order of 10 to 50 cm~!. The EPR data reported here
for Cm3** in YPO, are consistent with this limit to the to-
tal splitting. Additionally, the results suggest that the
lower two levels are very close in energy. The observed
optical splitting may be explained by assuming that the
four levels (in zero field) are ordered in pairs with an ener-
gy difference of 11.7 cm™! between the pairs. We esti-
mate that there may be a splitting as large as 2 to 4 cm ™!
between the lowest two levels.

In order to determine the ground-state g value, the opti-
cal spectrum was measured in a magnetic field of 26.3 kG
applied parallel to the fourfold c¢ axis of the crystal. Four
lines exhibited a splitting as well as a significant shift
from their zero-field position. If the ground level has a
very large Zeeman splitting compared with the Zeeman
splitting of the excited state, a large shift to higher energy
of the center of gravity of the excited state would be ex-
pected. The g values of the ground and excited states
derived from this data are given in Table IV. The optical-
ly determined values of g ranging from 13.0 to 13.4 for
the ground state are in excellent agreement with the value
of g, =13.3 derived from the EPR data.

IV. SUMMARY

Paramagnetic resonance spectra have been observed for
all of the excited doublets in the crystal-field-split J = +
ground manifold of Cm3* in the host single crystals
LuPO, and YPO,. The axial g values have been deter-
mined for Cm3* in both host crystals at temperatures of
77 and 4.2 K, and these results have been used to calculate
the wave functions for all four doublets and to predict the
values of the axial g values appropriate to the lowest-lying
doublet that is not observed by EPR spectroscopy. Infor-
mation regarding the nature of the crystal field interaction
has been obtained for the two systems investigated. In the
case of YPO, doped with Cm3*, optical absorption and
Zeeman effect measurements have been used to investigate
the ground-state properties of the trivalent ion, and a g,
value was obtained for the lowest-lying doublet that is in
excellent agreement with the value computed with the
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EPR results for the three excited doublets in the ground
multiplet.

Preliminary calculations employing free-ion parameters
of Cm*+* in LaCl; and the crystal-field parameters of
Nd3* in YPO, have been performed which give the
correct ordering for the YPO,:Cm>* ground-state levels.
These show two pairs of two levels, each of which is
separated by about 6 cm™! from the center of gravity of
the pairs. The calculated g, values for these levels agree
very well with those determined by the EPR measure-
ments. Assignments can be made for these excited states
on the basis of the g values and polarization data, but a
detailed analysis awaits measurements on crystals doped
with the longer lived 2**Cm isotope, where the effects of
radiation-induced line broadening will be significantly re-
duced.
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