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Paramagnetic Resonance Absorption in Uranium (III) Chloride and the Nuclear Spin,
Magnetic Dipole Moment, and Electric Quadrupole Moment of Uranium-233$
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and Clarendon Laboratory, Oxford, England
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Paramagnetic resonance absorption in single crystals of U'~C13 diluted with LaC13 has been investigated.
The values of the parameters in the appropriate Hamiltonian are given. The values of the nuclear spin,

magnetic dipole moment, and electric quadrupole moment obtained from these studies are discussed.
The ratios of the moments of U" and U", which can be obtained with much higher accuracy than the
individual moments, are given.

INTRODUCTION

PARAMAGNETIC resonance absorption in single
crystals of UC13 diluted with LaC13 and containing

U~' in its normal abundance has been examined
recently by Hutchison, Llewellyn, Wong, and Dorain. '

Crystals of LaC13 containing UC13 enriched in U"' have
also been investigated by Bleaney, Hutchison, Llewellyn,
and Pope, ' and this has permitted a study of the
Am=&1, +2 transitions as well as of the 6m=0
hyper6ne lines. In the present paper we report similar
results obtained for U'" in the same system, and also
the ratios of the values of the nuclear dipole and
quadrupole moments for the two isotopes which can be
determined with more certainty than can the individual
values.

EXPERIMENTAL PROCEDURE

U"'C13 was prepared in a single quartz microflask of
about 2 cm' volume from the hydrated nitrate. Either
the nitrate or UO3 prepared from it reacted with
hexachloropropene' to form UC14 and the liquid reaction
products and excess hexachloropropene were removed.
Then Zn metal was added and after evacuation the
flask was sealed and heated; reduction to UC13 took
place and excess reagents and reaction products, apart
from the UC13, sublimed to a cool portion of the neck
of the flask. 4 The portion of the flask containing the
pure UC13 was sealed and removed to a dry box where

it was added to LaC13 prepared by the method described

by Anderson and Hutchison. s Crystals were prepared
as described previously. '

The resonance experiments were performed at a
frequency of 2.32X10" cy sec ' and at 4.2'K. The
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'Hutchison, Llewellyn, Wong, and Dorain, Phys. Rev. 102,
292 (1956).

2Bleaney, Hutchison, Llewellyn, and Pope, Proc. Phys. Soc.
(London) (to be published).' J. J. Katz and E. Rabinovitch, The Chemistry of Uranium
(McGraw-Hill Book Company, Inc. , New York, 1951), Chap. 14,
pp. 468—470.

4 See reference 3, pp. 450-452.
~ J. H. Anderson and C. A. Hutchison, Jr. , Phys. Rev. 97, 76

(1955).

crystals contained approximately 0.01 mole percent
U~' in La.

EXPERIMENTAL RESULTS

The magnetic resonance spectrum in the position in
which the c-axis of the crystal is parallel to H consists
of six nearly equally spaced lines and the spin of U"'
is clearly 5/2. This is in agreement with the results of
optical studies. '

The nature of the ground state of U'+ in the LaC13
structure has been discussed previously. ' Taking S= 1/2
and I=5/2 the spectrum has been analyzed using the
spin Hamiltonian

3C =P(g„H,S,+g~(HQ, +H„S„))1+hcAS, I,
+hcB(S,I,+S„I,)+hcP{I 2 ',I(I+1))—-

—gx@H I, (1)

with gll:4.153 and g~=1.520 as given previously. '
The theory of this Hamiltonian with special reference

to nuclear e6ects has been given by Bleaney. ' When the
c axis of the crystal is parallel to H only the 2I+1
transitions for Am=0 are observed (m is the nuclear
quantum number). As the crystal is rotated the transi-
tions for Am = &1 appear, two lines between each
hyperfine pair as shown in Fig. 1. In the orientation in
which the c axis is perpendicular to H, the intensity of
the Am=&1 lines has fallen to zero and only the
Am= &2 lines, which appear near this angle, remain in

addition to the 2m=0 lines. This situation is shown in

Fig. 2.
In the analysis of the present data, we have treated

the off-diagonal elements of AS.I.+B(SJ +S„I„)by
perturbation theory and have inserted the calculated
second-order hyperfine energies as diagonal terms in

the matrix of the quadrupole interaction. Then to the
approximation of second-order perturbation theory and
omitting terms of order higher than P'/B', we find that
in the perpendicular orientation the following relations
are valid.

6 Kiess, Humphreys, and Laun, J. Research Natl. Bur. Stand-
ards 37, 57 (1946); K. L. van der Sluis and J. R. McNally, J.
Opt. Soc. Am. 44, 87 (1954); N. I. Kaliteevskii and M. P. Chaika,
Doklady Akad. Nauk. (S.S.S.R.) 103, 1, 49 (1955),

~ B. Bleaney, Phil. Mag. 42, 441 (1951).
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Fro. i. Recorder chart showing derivative of absorption verszss magnetic field strength. The angle between the c axis and H is 91.9'.
(Field strength increasing to the right. The Am = +2 transitions are not labeled although they appear in the photograph. ) The recorder
curves were inked for reproduction purposes with a line whose width was equal to the noise height.

(i) The magnitude of the separation between the
outermost peaks of the spectrum (Am=0 for these) is

10P'8
5B+8'—9P'

(ii) The magnitude of the separation between the
next two outermost peaks is

18P'8
3B+

8-"—P
(iii) The magnitude of the mean of the two intervals

(a) between the line (+1/2, +5/2)+-+( —1/2, +1/2)
and the line (+1/2, +1/2)~( —1/2, +5/2) and (b)
between the line (+1/2, —5/2)~( —1/2, —1/2) and
the line (+1/2, —1/2)~( —1/2, —5/2) is

where E'g'=A'g, P cos'0+B'g~' sin'0 and terms of the
order P'/B' are omitted.

When one uses these formulas, the best values
obtained for the parameters in (1) are

I= 5/2,

~A
~

= (378.6+1.2) X10 4 cm—',

!B!= (123.6&1.0)X10 cm ',

tP~ = (9.9&1.0)X10 ' cm '

The value of
~
A

~
was obtained by use of the relation

IA
I

= I»I o/»o,

where ~»~ is the interval in the parallel orientation
between the transitions (+1/2, +5/2)~( —1/2, +5/2)
and (+1/2, —5/2)~( —1/2, —5/2), vs is the wave
number corresponding to the microwave frequency,
and Ho is the quantity appearing in the expression

30P' 9P'
6P—

8'—9P'- 8'—P'

(iv) The magnitude of the similar mean involving
the m=&3/2 and m=&1/2 levels is

18P' 15P'
2P—

8'—P' 8'—9P'

(v) At other angles the formulas of Bleaney' give
for the magnitude of the mean of the two intervals
(a) between the line (+1/2, +5/2)+-+( —1/2, +3/2)
and the line (+1/2, +3/2)~( —1/2, +5/2) and (b)
between the line (+1/2, —5/2)~( —1/2, —3/2) and
the line (+1/2, —3/2)~( —1/2, —5/2) the value

3A'gll'
4P (cos'0 —1),

+2g2

hc
IIp Ass —a(I (I+—1)—m-')

gimp

for the field at which the Am=0 transitions occur in the
parallel orientation at fixed frequency. ' The constant,
Ho, was evaluated empirically from the hyperfine peak
positions. ! P

~

was calculated by using the formulas of
(iii), (iv), and (v), the last at two angles, 100' and 98',
between the c axis and H. The values 10.30, 13.0, 8.93,
and 10.60)&10 ' cm ', respectively, were obtained. The
value 13.0 was discarded because of large uncertainty
in this case, the lines for one of the intervals being
unresolved. In the calculation of P by the formulas of
(iii) and (iv), the value obtained is not sensitive to
the value taken for ~!B! and 1/5 the total spread of
the spectrum in the perpendicular orientation was used.
The better value of ! B! was then obtained from the
formulas of (i) and (ii).
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FIG. 2. Recorder char t
showing derivative of ab-
sorption versus magnetic
field strength. The angle
between the c axis and H
is 90.0'. The recorder curves
were inked for reproduction

&Qp pre 0 purposes with a line whose
width was equal to the
noise height.
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When Hs for the parallel orientation (calculated
as described above) and Hs for the perpendicular
orientation (calculated using the extension of Bleaney's
relations' which was described above) are used to
calculate g's, one obtains

gl( 4 149 g~= 1.520,

the values previously given' on the basis of measure-
ments on U"' being

gll =4 153&0 005 g~= 1 .520&0.002.

0233
l

p @233
l / l g 233

l

~ ~233
l0»

&233 l/l g23s
l

~ ~233
I / l ~ g. 233

I

g»sl/l0233l
'

Value calculated from
fAl, gg(

0.54 nm
3.5 X10 "cm2

(1.52 &0.15) X10» nm cm 2

0.35 nm
4.1 X10-24 cm2

(0.85%0.08) X10» nm cm 2

Value calculated from
I ~l. g~

0.48 nm
3.3 X10 '4 cm'

(1.44+0.15) X10» nm cm 2

0.32 nm
3.& X10 2' cm'

(0.82 %0.08) X10» nm cm

0.651 &0.002
1.17 &0.20

0.663 ~0.012

TABLE I. Numerical values.

The origin of the unlabeled lines in the spectrum of
Fig. 2 is unknown.

DISCUSSION

Using the values of the parameters given above, one
obtains

(g„A)/(g B)=1.12,

in close agreement with the value 1.10 which is obtained
using the parameters for U"' given in the previous
paper. ' The significance of this value has been discussed. '
The relation

1.01m

is found to hold. This ratio must theoretically be unity
to a very high degree of approximation and the largest
uncertainty in its experimental value arises from the
determination of

I
Bl.

The nuclear magnetic dipole moment may be ca,lcu-
lated by employing the formula

(~II&II»
pe= (hc

I

~ I/a, hc
I
B I/a ) (2)

2'~(r '& P'Il»ll~&

given by Elliott and Stevens' and the values of the
multiplicative factors obtained from their tables. The
large uncertainty in this calculation lies in the value
used for (r '). Taking the value 50 A ' obtained as
described in the previous papers' ' one finds the values
of the moment given in Table I. The ratio of the
moments for the two isotopes may be given with much
greater accuracy since the large uncertainty in (r ') is
not involved. One finds the values given in Table I.
The value in the left-hand column was calculated from
the expression

I»"'I/I~~"'I = I»'"I/I»'"I
where the definition of DH for U"' is the same as that
previously given for U'ss except that 7/2 is substituted

s R. J. Elliott and K. W. H. Stevens, Proc. Roy. Soc. (London)
A218, 553 (1953).

for 5/2. The value in the right-hand column is just the
ratio of the p~'s calculated from the formula (2).

The electric quadrupole moment may be calculated
from the formula,

4hc
I
P

I
I(2I 1)—

IQI =
—9"(r '&(Ilf~ll»(+

I
~.'—V(-I+1) I+&'

given by Elliott and Stevens' and the multiplicative
constant obtained from their tables. The value of the
matrix element is somewhat different depending upon
whether the coe%cients of &7/2 and W5/2 in the
ground state are computed from g„orfrom gi. The
values using (r ') =50 A ' are given in Table I.

The ratio of the magnetic moment to the electric
moment of the same isotope may be given with much
less uncertainty than either individual moment because
they both depend in the same way on (r '), the uncertain
quantity in these calculations. There still remains an
uncertainty of some 10%%u~ arising from mixing with J
values other than those mentioned above which renders
the formulas used inaccurate to that extent. One finds
the values given in Table I.

The ratio of the quadrupole moments may likewise
be found with relatively high accuracy, from the data
of this and the preceding paper, ' and are given in Table
I. This ratio was calculated from the expression

I
Q'" I/I Q'"

I

= (21/10)
I
P"'I /I P'"

I

The value of (r ') used in this paper probably repre-
sents something close to the upper limit for this quantity
and it would not be too unlikely for it to be smaller by
a factor of two. The values given here for

I p~ I
and

I Q I

are therefore probably close to their lower limits.
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