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Li;UQ, was prepared, and its magnetic susceptibility was measured from 4.2 K to room temperature.
The electron paramagnetic resonance signal was not detected even at 4.2 K. The magnetic susceptibility
and the absorption spectrum were analyzed on the basis of an octahedral crystal field model with a
small tetragonal distortion. Calculated anisotropic g-values and the magnetic susceptibility were also

compared with the experimental results reported previously.

Introduction

It is well known that the Sf electrons
which characterize the magnetic and optical
properties of actinides are not so well local-
ized as the 4f electrons in the rare earths,
and that for the 5f compounds, the crystal-
field interaction is a larger perturbation on
the spin—orbit coupling interaction than that
for the 4f compounds. In many cases, the
crystal field, spin—orbit coupling, and elec-
tronic repulsion interactions are of compa-
rable magnitude, which makes the analysis
of the experimental results complicated.
However, for the actinide ions having the
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[Rn]5f! electronic configuration as in the
case of U’*, the situation is considerably
simplified, because there is no electron-
electron repulsion interaction.

For the single 5f electron in an octahe-
dral coordination, several theoretical stud-
ies have been reported on the crystal-field
interactions including the effect of covalent
bonding (I—4). Selbin et al. (5) extended
the theory for a single 5f electron in octahe-
dral crystal-field symmetry to the tetrago-
nally distorted system. Kanellakopulos et
al. (6) measured optical spectra and mag-
netic susceptibilities for a number of ura-
nates (U°*"), neptunates (Np®*), and one
plutonate (Pu’"), and fitted their data to
the theory developed by Selbin et al. How-
ever, an added empirical temperature-inde-
pendent paramagnetic susceptibility was
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needed to obtain a satisfactory fit of the
magnetic susceptibility data as a function
of temperature.

We focus attention in this paper on the
optical and magnetic properties of Li;UO,.
X-ray structure investigations indicate that
this uranate is tetragonal and of the distorted
NaCl type (7), that is, a central uranium ion
is octahedrally coordinated by six oxygen
ions and this oxygen octahedron shrinks
along the fourfold rotation axis, changing
the symmetry to tetragonal. Therefore, from
the optical and magnetic study of Li;UQO,,
we may obtain the effect of the tetragonal
crystal field distortion on the electronic
states of a 5f electron in octahedral coordi-
nation.

Kanellakopulos et al. (6) measured the
optical spectra of Li;UO, and reported that
although the quartet I’y state splits into two
doublets the energy separation of which is
540 cm~!, the splitting of higher energy
quartet I'; state is not observed, as shown
schematically in Fig. 1. Magnetic suscepti-

bilities and electron paramagnetic reso-
nance (EPR) spectra were measured by sev-
eral groups. However, the results were not
consistent. Kemmler-Sack et al. (8) mea-
sured the magnetic susceptibility of Li;UO,
from 83 to 473 K and found that it did not
obey the Curie—~Weiss law but could be rep-
resented by x = 0.045/T + 290 x 10°¢
(emu/mole). Keller (9) extended the temper-
ature range of the magnetic susceptibility
measurements of Li;UO, down to 4.2 K and
found a large field dependence of the mag-
netic susceptibility below 7 K. Kanellako-
pulos et al. (6) made detailed measurements
of the temperature and field dependence of
the magnetic susceptibility of Li,;UO, and
obtained results quite similar to those re-
ported by Keller. Miyake et al. (10) also
measured the field dependence of the mag-
netic susceptibility at 4.2 K. Lewis et al.
(11) reported that they could not observe
any EPR spectrum for Li;UO, even at 4.2
K. On the contrary, Miyake et al. (10) mea-
sured a broad EPR spectrum at room tem-
perature and 77 K and found a g-value of
2.35-2.50.

In order to clarify the inconsistent exper-
imental results and to elucidate the behav-
ior of the 5f electron in an octahedral
crystal field with a small tetragonal distor-
tion, we prepared Li,UQ,, and carried out
magnetic susceptibility measurements in
the temperature range of 4.2 K to room
temperature and EPR measurements at 4.2
K. The crystal-field parameters were ob-
tained from the analysis of the optical
absorption spectrum. The magnetic suscep-
tibility was calculated and compared with
the experimental data. From this we derive
the anisotropic g-values and discuss the
reported experimental data.

Experimental

1. Preparation

Li;UQ, was prepared by the following re-
actions:
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O
U,0, + 3Li,CO;—> 3Li,U0, + 3CO,,
Q)]
H,
2L12UO4 + L12C03_)
2Li,U0, + CO, + H,0. (2)

Li,UQ, was prepared by repeatedly grinding
and firing to 850°C mixtures of U;O4 and
Li,CO,inairfor 1 day. Li;UO, was prepared
by heating mixtures of Li,UO, and Li,CO,
in a flow of hydrogen gas at 800°C for 10
hr. After cooling to room temperature, the
sample was crushed into powder, pressed
into pellets, and reduced under the same
conditions.

2. Analysis

2.1. X-ray diffraction analysis. An X-ray
diffraction study was performed with CuKa
radiation on a Philips PW 1390 diffrac-
tometer equipped with a curved graphite
monochromator. The lattice parameters of
the samples were determined by a least-
squares method applied to the diffraction
lines.

2.2. Determination of oxygen amount.
The oxygen nonstoichiometry in the speci-
men was checked by the back-titration
method (12, 13). A weighed sample was dis-
solved in excess cerium (IV) sulfate solu-
tion. The cerium (1V) sulfate solution was
standardized in advance with stoichiometric
UQO,. The excess cerium (IV) was titrated
against a standard iron (II) ammonium sul-
fate solution with ferroin indicator. The oxy-
gen amount was determined for predeter-
mined Li/U ratio.

3. Magnetic Susceptibility Measurement

The magnetic susceptibility was mea-
sured with a Faraday-type torsion balance
in the temperature range of 4.2 K to room
temperature. The apparatus was calibrated
with a Manganese Tutton’s salt (x, =
10980 x 107%/(T + 0.7)) standard. The
temperature of the sample was measured

by a “‘normal’” Ag vs Au-0.07 at% Fe
thermocouple (4.2 ~ 40 K) (I4) and an
Au~Co vs Cu thermocouple (10 K ~ room
temperature). Details of the experimental
procedure have been described elsewhere
15).

4. Electron Paramagnetic Resonance
Measurement

The EPR measurements were carried out
both at room temperature and at 4.2 K
for the specimen sealed in a quartz tube.
The measurements were made using a
JEOL 2XG spectrometer operating at
9.10 GHz with 100 kHz field modulation.
The magnetic field was swept from 100 to
12,000 G. Before measuring the specimen,
a blank was recorded to eliminate the pos-
sibility of interference by the background
resonance of the cavity and/or sample
tube.

Results

The X-ray diffraction analysis shows the
specimen is tetragonal and the lattice param-
eters are a = 4.484 A and ¢ = 8.479 A.
From the chemical analysis of the oxygen
concentration, the specimen prepared in
this study was found to be oxygen stoichio-
metric, Li,;UQ, -

The temperature dependence of the re-
ciprocal magnetic susceptibility is shown
in Fig. 2. In this figure, the susceptibility
data measured by other research groups
are also drawn. Our susceptibility data are
close to those of Kanellakopulos er al.,
but discrepancies between the data become
greater in the lower temperature region.
Figure 3 shows the dependence of magnetic
susceptibility on field strength at 4.2, 77.3,
and 298 K. Clearly, a field dependence of
the magnetic susceptibility was found at
4.2 K. Kanellakopulos et al. also found a
similar field dependence of the magnetic
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Fi1G. 2. Reciprocal magnetic susceptibilities versus
temperature.

susceptibility at 4.2 K, which is depicted
in the same figure.

No EPR signal was observed even at 4.2
K. This result is consistent with the result
by Lewis et al. (11), but different from the
result by Mivake et al. (10).

Discussion

The crystal structure of Li;UQ, is tetrago-
nal and of the distorted NaCl type with the
central uranium ion octahedrally coordi-
nated by six oxygen ions. This oxygen octa-
hedron shrinks along the fourfold rotation
axis (7). The optical spectrum indicates that
Li,UO, has a tetragonally distorted molecu-
lar symmetry.

Figure 1 shows the effects of perturbing the
f! orbital energy levels successively by an
octahedral crystal field, spin—orbit coupling,
and tetragonal crystal-field distortion. In an
octahedral crystal field, the sevenfold degen-
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erate energy state of the f orbitals is split into
I',, I's, and I, states, where A and ® are
parameters that represent the intensity of the
crystal field. If spin—orbit coupling is taken
into account, the I', orbital state is trans-
formed into I';, whereas the I's and I', states
are splitinto I'*and I';, and I';and I'§, respec-
tively (16). The ground state Kramers doublet
is the I, state and is coupled to the excited I'%
state arising from the I's orbital, by spin—orbit
coupling. The Iy state arising from the I'5 or-
bital state is also coupled to the I'} state
arising from the I', orbital state by the
same spin—orbit coupling interaction. The
energy matrices for the I';, Ty, and I’y states
are

Te: A + O + 85

A+ 3V
N5 O A+0 -

0 V3¢
V3L A-§

Here ¢ is the spin-orbit coupling constant.
Diagonalization of the energy matrix pro-
duces the ground state I'; and the excited
state "7, and the corresponding wavefunc-
tions are written as

[y

; 3)
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|F7> = COS OIZFS/Z, F7> - Si[l 0|2F7/2, F’;)
@
IT5) = sin 0°Fs,, [;) + cos 6|*F,;,, ['%,

where 6 is the parameter describing the ad-
mixture of the I'; levels in the ground state.
Similarly, diagonalization of the I'y matrix
produces the two levels I'y and T';.

The effect of the tetragonal distortion is
that the ground state I'; is transformed into

%, whereas the excited states are split or
transformed accordingto 'y — I'L + '}, T}
- T, Tg—>T§+ T and Ty — I'§ (Fig. 1).
Also this effect introduces three additional

terms into the Hamiltonian in addition to the
octahedral terms,

Vie = 7V) + yV9+ 3ve. 5)

Here 7, v, and § are parameters which de-
pend on the radial functions, and V9,
VY, and V{ transform like the spherical har-
monics of order 2, 4, and 6, respectively. To
reduce the number of parameters, and since
the 7V term is expected to be dominant, we
will take only this term into account, as do
Selbin et al. (5) and Kanellakopulos et al.
(6). The complete energy matrices for the
tetragonal I'; and [, and the corresponding
wavefunctions are as follows:

r! I3t T} r
I r# I2 rx
0 V3 0 0
V3L A -1} 0 V107
I _ _ 6)
0 0 A+ V5 + V5
0 VI0r 3VS(+V5r A+0 - —-2r
r} rs r!
ré [ I
A+ 3 W5 - V5r V107
Te | V5L -V5 A+0 -3 +2r 2V2r 7)
V10r 2V2r A+0O+ 3

From the optical absorption spectra mea-
sured by Kanellakopulos et al., we deter-
mined the ligand field parameters A and O,
the spin—-orbit coupling constant £, and the
tetragonal distortion parameter 7. Since the
splitting of the I"¢ level is not experimentally
observed, the degree of tetragonal distortion
is considered to be fairly small. Thus we
first approximately determine A, ®, and { by
assuming octahedral symmetry around the
central uranium ion. By fitting the transition
energies experimentally obtained to those
calculated by solving Eq. (3), we obtained
A=4517cm™,® =3713cm ™', and { =

1750 cm ™. Next, we took into account the
tetragonal distortion effect, which resulted
in the splitting of both quartets I'y and T’}
into two Kramers doublets. The experimen-
tal results from the optical absorption spec-
trum show that the Iy splits into

sand '}, the energy difference between
these states is 540 cm ™!, whereas the split-
ting of I'g is not observed (6). By diagonaliz-
ing energy matrices, Eqs. (6) and (7), we
obtained the energies for each level. For six
transition energies, the parameters A, 0, {,
and 7 were adjusted, i.e., the remaining two
transitions were used as a criterion for the
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energy levels with increasing tetragonal distortion.

calculation to get better values for the crys-
tal-field parameters and the spin—orbit cou-
pling constant. Unfortunately, not all the
transitions were fitted. Since the transition
I'; — I'§ for octahedral symmetry is known
to be broad and since this transition is fur-
thermore broadened due to the tetragonal
distortion, we have considered the I'; — I'g
transition energy to be the least reliable. We
obtained A = 4517 cm™', ® = 3693 cm ',
{ = 1750 cm™!, and 7 = 100 cm™'. The
spin—orbit coupling constant obtained here
is considered to be an acceptable value for
US* in solids (I7). This magnitude of the
spin—orbit coupling constant has been ob-
tained also by others (5, 6, 18-20) and the
magnitude is intermediate between those of
Pa** and Np®" compounds (27).

Figure 4 shows the splitting of the octahe-
dral energy levels with increasing tetragonal
distortion 7. This figure indicates that [1] the
I; — T} transition is nearly unaltered, (2]
the [y and I'; levels are significantly split,
and [3] the T’y energy is greatly increased.
However, the situation is a little different
for a small tetragonal distortion (r < 150
cm™"). The splitting of T'§into 'y and I'} lev-
els is negligibly small compared with the
large splitting of I'y. The energy increase of
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the I'¢ level is small. For 7 = 100 cm ™!, the
transition energies calculated for T'}(T",) —
TyTy), I — Ty, i) —THT),
and I'Y(T,) — T'i(T) are fitted very well to
the experimental results. Although the tran-
sition energies calculated for TI'Y(I';)—

YTy and TYT,)—>THTY are a little
higher than the experimental values, the cal-
culated splitting of I'g level is quite small
and corresponds to the experimental re-
sults.

No EPR signal was observed for our
Li;UOQ, sample even at 4.2 K. The probable
reason for this is the rapid spin-spin relax-
ation time. Lewis et al. (I11) reported that
although they could not detect any EPR sig-
nal for pure LiUQ;, they successfully mea-
sured an EPR spectrum for LiUQ; diluted
with diamagnetic LiINbO,. We are planning
to measure the EPR spectrum for the speci-
men of Li;UO, diluted with diamagnetic
compounds. Since the wavefunctions for
the ground I'; doublet are obtained by diago-
nalizing the energy matrix, Eq. (6), the g-
value for this ground doublet can be easily
estimated. They are written ad follows:

Il = CI') + CI3) + Gy + C,T'3),
Ty = G + GITH) + GT'H + CTE).
®

Here |I';) is the Kramers conjugate wave-
function for the ground I'; doublet. The g-
values for this state are calculated by the
following equations:

g = 2<F7|LZ + ZSZ|5),
g, = 2<F71Lx + 2Sx|r7> (9)

So, the g}|-value is calculated to be

1 1
8= 2(C% + 5C§ + EC%
4 2 N
+ T\‘;—gCICz + 4 §C1C3 + 2C2C3

+ V10C,C, — V35C,C,). (10)

If we drop C3, C2, and C,C, terms because
of C3, Cy < Cy, C;, g is rewritten as
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4 2
g =2Ci + ﬁclcz) + 2<4\/§C1C3

+ V2C,C, + \/1oczc4>, (1

= gO + 27’
where
2 4
go = 2(C1 + 7§C1C2),
y=4 \/%clq + V2C,C, + VI0C,C,.

(12)

The equation for g, corresponds to the one
for the ground T, state of 5f! electron in an
octahedral symmetry. For g, , we get the
similar equation,

g, =8 — V- (13)

As predicted, the g-value becomes aniso-
tropic when the crystal field around a ura-
nium ion is tetragonally distorted. The g-
values for NpF, and Cs,PaClg were empiri-
cally determined to be negative (22, 23). The
g-value for the isoelectronic U’* is assumed
to be negative. The average g-value, g, will
be calculated as follows:

g=— /38 +3gl. (14)

Figure 5 shows the variation of g, g -,

101

and g-values with the tetragonal distortion
parameter 7. With increasing 7, the anisot-
ropy of the g-value becomes large. The
average g-value, g, decreases with increas-
ing 7. For small tetragonal distortion (r <
150 cm™!), the change in g is small. For 7
= 100 cm™!, g = —0.468, g, = —0.566,
and g = —0.473 are obtained. This figure
shows that the average g-value does not
exceed —0.8 even for a very large tetrago-
nal distortion (for example, =+ = 1000
cm™~Y). Even if covalency effects were con-
sidered, it is easily shown that this will
simply increase the g-value (24). There-
fore, we consider that the EPR spectrum
with g = 2.35-2.50 for pure Li;UO, (10)
is attributable not to the 5f electron per-
turbed by an octahedral ligand field with/
without tetragonal distortion, but to mag-
netic interaction of the 5f electron. In fact,
Miyake et al. found magnetic interactions
in MUO, (M = Li, Na, K, and Rb) which
have distorted perovskite structures and
measured EPR spectra with large g-values
(25, 26).

The magnetic susceptibility of the mole-
cule is given by the equation

X =
N D HED VKT — 2E®, 1 exp(—E?,,./kT)

Z exp( - Egm/kT) ’
’ (15)

where N is the Avogadro’s number, E? , is
the zero-field energy, E\, and E?, are the
first- and second-order Zeeman terms, and
nand m are quantum numbers. If the separa-
tion of levels within the ground state is much
smaller than and the energy of the next
excited state is much larger than kT, the
susceptibility is expressed by the form
(27)

202
X=Ng—B+TIP,

4kT (16)

where
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g = ATAL + 28]

TIP = 2Ng? 2 KL + 28|T;)P

ET) - E@y) 7

As a result of the tetragonal distortion, the
magnetic susceptibility is anisotropic, i.e.,
both g and TIP are anisotropic. Since we
have already obtained the wavefunctions for
the ground doublets and excited states, the
magnetic susceptibility of Li;UQ, is easily
calculated by Eq. (16) as follows:

%(XH +x1)
0.0210/T + 280 x 10-5.

X

(18)

Our susceptibility data show good
agreement with those calculated (Fig. 2).
The discrepancy between the experimental
results and calculated results at lower tem-
peratures is due to magnetic interactions be-
tween uranium ions, which results in the
large field dependence of the magnetic sus-
ceptibility below 7 K. This is observed by
many research groups (6, 9, 10).
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