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ABSTRACT

The paramagnetic-resonance spectrum of tetravalent Pa‘231

has been observed in a matrix of Cs2 Zr Cl% . A melt of . CSZ Zr Clé
was doped with ~500 pugms of anhydrous-Pa2 1 C14 and allowed to
crystallize in an atmosphere of hydrogen by slow passage through a

furnace. At 4°K the observed resonance pattern consisted of four

. widely separated hyperfine components., The spectrum was isotropic

to within the accuracy’ of the field measurements (~1/2 %). These
features are interpreted as the "allowed' transitions between levels

caused by the perturbation
F-eH T eaTF

with S =1/2 and I=3/2. Best fit for the data is obtained with
lg| = 1.148 (£.005) and |A|=0.0529 (#.0005) cm” ' no resonance
was detected at 77°K.

The nuclear-spin assignment of 3/2 is verified. The para- - °
magnetism can be; most plausibly ascribed to a single 5f{ electron.
A magnetically isotropic Kramer's doublet is expected to be the lowest
lying as the result of the octahedral perturbation present ina Zr
site. As an alternative, a 64" configuration is expected to give rise
to a four-fold degenerate magnetically anisotropic level if octahedral
symmetry is preserved, or an anisotropic doublet if distortion is

present.
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I. INTRODUCTION

On the basis of the lanthanide and actinide analogy, the first
5f electron would be expected formally to be present in the ground
state of the neutral atom of thorium, atomic number 90. Spectroscopic
evidence shows that the ground-state configﬁration of Th'0 is 6d27sz,
with no "f'' electron present. Indeed the configuration 5f6d7tsZ lies
some 103 cm-_1 above the ground stdte, In trebly ionized tHerium,.,

on the other hand the configuration 5f' is more stable by some 104cm"1

than the 6d' configuration. The ground-state configuration of Pao

is not known, but it is to be expected that quadruply ionized pr(otactinilim
would have a ground-state configuration of 5f'. However, at the
beginning of the actinide series the alternative "f' and 'd'' configuration:
are of nearly equivalent energy, and the effect of chemical binding
mig‘ht"well stabilize the ''d" configuration in preference to that of "f",
This investigatioﬁ was undertaken to secure experim ental
evidence fegarding the configuration of Pa(IV) in a condensed phase.

Since electron-spin-resonance studies of the paramagnetic ions

give a'great deal of information about the energy states of the unpaired

electrons, it is the most sensitive method to be used to study the

.electronic configurations. . For the actinide elements, the ions

U+3, 1 Np,()2++, 2 Np]:"‘6 PuO;+, 3 Cm+4, 4 and Am+3, 5 have been
studied by this method, and the result have been interpreted as due

3 ! 2 6 . . :
to 5f7, 5f, 5f7, and 5f  configurations.

- Because of the difficulty in producing a thorium ion or a
protactinium ion having odd electrons outside the atom core, and
because of the difficulty in single-crystal growing, there is a lack
of paramagnetic-resonance data on these two elements. In this
thesis, the tetravalent protactinium, which posseses only one electron
outside the atom core, has been studied in a single crystal diluted
with a matrix of dicesium zirconium hexachloride, CsZZrC16. The

’

crystal has cubic symmetry. The ground states of the ion in the

‘two cases: (a) with a 6d or (b) with a 5f electron outside the atom

core in a cubic crystalline field are studied theoretically.
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II. FUNDAMENTALS OF PARAMAGNETIC RESONANCE

A, Resonance Phenomena

When an ion having a resultant angular momentum and a ¥
colinear magnetic moment is placed in a constant external magnetic
field H, the angular momentum vector will precess about the field i

direction with the angular velocity

w=g (5=——) H : : (2.1)

where g is called the spectroscopic splitting factor or g factor, e
and m are the electronic charge and mass, and ¢ is the velocity of
light. If a circularly polarized magnetic field is also applied, with
such a sense and frequency that it rotates about H in Synchfonism
with the angular-momentum vector, a constant couple acts on the
latter and causes it to turn over and reverse its projection on H.
The ion has then gained energy from the radiation field.

The resonance absorption can be detected by the loss of energy
from the radiation field, which causes a lowering of the Q value
of the cavity in which:the paramagnetic substance is placed. The
detecting system will be described in Section II.C. ‘

Quantum mechanically, in the magnetic field H the levels

corresponding to the various spatial orientations of J have energies
E = MgBH, (2.2)

where M is the magnetic quantum number and f is the Bohr
magneton. The selection rules for magnetic-dipole transitions
allow M =x1. Therefore, the frequency of the transitions between

the levels of Eq. (2.2) is given by "

hv = gﬁH. (2.3) e

Because B is equal to eh/4mmc , Eqgs. (2.3) and (2.1) will give the

same frequency.
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An experimentally determined g factor can be obtained with
the aid of Eq. (2.3) by measuring resonance frequency and the
corresponding magnetic field. If the paramagnetic atom or ion free
or isolated, this .g factor should be expected to correspond to the

Lande formula,

J(J+1) + S(S+1) - L(L+1)
2J(J+1)

g =1+ (2.4)
In fact, the experimentally determined g factor deviates greatly
from that calculated from Eq. (2.4) and varies with the orientation
of H with respect to the crystal-field axis. This anisotropy results
from a combined effect of spin-orbit coupling and an incomplete
"quenching' of the orbital angular momentum by the crystalline
electric field. Thus each type of ion in a certain salt will give its
own spectrum and therefore its own g value separated from those
of other type ions. By comparing the observed g wvalue with the
calculated g value based on a certain electronic configuration and
crystalline-field interaction we can obtain knowledge of the energy states

of the ion.

B. Nuclear Interactions and Hyperfine Structure

When the nucleus of the paramagnetic ion also possesses a
resultant angular momentum I, and hence a nuclear magnetic moment,
(21+1) different orientations of the nucleus in an external magnetic
field._thus produce (2I+1) component levels in each electronic state.
Avhyperfine structure is observed in the resonance spectrum. The
splitting between the hyperfine lines is equal and independent of the
external field, to a first approximation. The axis of quantization for
the nucleus is provided by the very large field produced by the unpaired
electrons (about 105 gauss), and hence the nuclei do not change their
orientation during an electronic transition. In other words, the
selection rule for the allbwed_ transition is AmI = 0. If the nucleus
has a quadrupole moment that interacts with the electric field gradient

at the nucleus, a perturbation of the hyperfine-line energy levels results.
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The spacings between hyperfine lines are no longer equal. In dddition,

the selectidn rule AM. =0 is altered. Now AMI =+x]1 and

AMI = 2 transitions tI)ecome allowed, although they‘are not as
probable as the AMI = 0 transitions.."

From the hyperfine structure of the paramagnetic resonance,
we can determine the nuclear spin and in some cases also the nuclear A
quadrupole moment of the ion studied. Conversely, when the nuclear
spin of an ion is known, the hyperfine structure can be an identification
of the ion studied. Protactinium-231 has a nuclear spin 3/2; four

hyperfine lines are then expected in the resonance spectra.

C. Experimental Aspects

"The general technique of measurements at _centimeterv wave -
lengths is applicable to paramagnetic resonance except that the sample
is placed in a resonant cavity rather than in an extended wave guide.
In this way, the sample may be located in a strong homogeneous
magnetic field and the microwave field may be concentrated on the
sample. The detecting system (the spectrometer) used in this work
can be best illustrated by a block diagram (Fig. 1).

Microwave power from the Klystron (>§=l3‘ type) is transmitted
through a gyrator and then through an attenuator tothe E arm of a
"magic tee.' The frequency is measured by a frequency meter and
regulated by an automatic frequency control. ' The H arm of the
magic tee contains a crystal detector by méaﬁs of which the signal
is detected. One of the main arms contains slide screws and a
métched ].Voad. Before resonance absorption, the screw is adjusted
to balance the two arms of the bridge so that the s'ignal delivered to
the crystal is at a minimum. When the magnetic field is swept
through a resonance point, microwave energy is absorbed by the
sample in the cavity. Thié causes a lowering of the cavity Q and v
thus unbalances the bridge. A signal is then détected by the crystal
in the H arm. ' ' | v

 The magnetic field is modulated at 152 cps by coils wound on
the periphery of the magnet pole pieces. Thus the signal delivered is

proportional to the slope of the absorption peak.
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Fig. 1.

Bloék diagram of the spectrometer.
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The signal is delivered through a preamplifier and fed into the
amplifier and phase-sensitive lock-in detector (80 to 250 cps) where
it is converted into a dc signal which is displayed on an oscilloscope
or recorded by a.-Brown recorder. The result on the Brown recorder
chart is the derivative of an absorption.

One of the main factors governing the observation of paramagnetic-
resonance absorption is the question of line widtll, Very wide lines
are difficult to detect. A consideration of the various factors in-
fluencing the line width is helpful in the choice of a condition to reduce
the line width. |

(i) Spin-Lattice Relaxation

The absorption line broadening is produced by the interaction
of the paramagnetic ions with the thermal vibrations of the lattice,
a '"smearing out' of their energy levels being thus produced. The
"relaxation time,'" 7T, is a measure of the time taken for the inter-
action to restore thermal equilibrium. The broadening produced by

this interaction is given by
1

Ay = — «< T,
T

where Av is the broadening of the resonance frequency, 7 1is the
relaxation time, and T is the absolute temperature. Therefore,

in practice measurements are always made at lower temperatures--
even down to 1°K--to reduce this kind' of broadening. In the present
work the paramagnetic resonance of Pa+4 was measured at the boiling
point of liquid helium. In general, relaxation times longer than 10~
sec give negligible contribution to line width compared with that from
spin-spin interaction. If T is longer than 10='5 sec, however, un-
desirable saturation effects appear, because the mechanism for
transferring heat from the spin system to the lattice is unable to cope
with the heat absorbed by the spin system from the radiation field.

In consequence, the temperature of the spin system rises, and the

intensity of the spectrum falls.
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i

(ii) The Spin-Spin Interaction

This interaction is the mutual effect of one paramagnetic ion
on another. Van Vleck derived an expression for the mean-square

width of a line due to dipdle -dipole interaction between free spins:

' : ' 2
(AH)Z _ 3 S(S+l)g2(322{1_3 c%s 6}
4 k jk

r

o 2

+1 si(st+1) Al B° = {—————1'3“’526( }

3 gZ r3 ik
where ‘S . and S' are the spins bf the paramagnetic ions, g and g'
are the S‘pecfroscopic splitting factors, and r is the distance apart
of the j and kth ion, and 6 is the angle between the r vector and
the molecular axis. Té a first order, spin-spin interaction is
independent of the magnetic field strength and the tempefature.
Broadening by this effect may be reduced by moving the paramagnetic
ions farther apart by diluting the salt with an isomorphous diamagnetic

equivalent compound. In this work, CsZZrC16 has been used as the

diamagnetic diluent.

(iii) Exchange Interaction

» - The exchange interaction narrows the lines at the center and
broadens them near the ends, leaving (AH)iv unchanged. But if
the exchange is .takin,gI place between dissimilar ions, the exchange
interaction will tend to bring two different transitions together and
thus produce one wider line.

(iv) Inhomogeneous Fields :

Line widths of under 0.l gauss have been observed in highly
homogenéous fields. For such obsérvations, field homogeneity to
one part irLlO5 ‘may be required. This can be achieved by grinding
and polishing the pole faces to optical flats. If the pole faces are
not very large, careful shimming of the edges may be required in
addition. Line broadening due to field inhomogenieties is not an

intrinsic effect of the paramagnetic ions, of cou<se.
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III. THEORY OF PARAMAGNETIC RE‘SONANCE-8

A. Hamiltonian of an Ion in a Singlé Crystal

and in the Presence of an External Magnetic-Fieid .

The general Hamiltonian can be described as consisting of eight

terms:

FW, W W, + W+ W

.'W=W1+W2+W3 5 8
(3.1)
The first term, 9
2 .
P 2 2 ‘
wy=s - -5 B 09
k k i<k jk

is the coulomb interaction of the electrons with the nucleus and with
each other. This interaction depends only on the electronic spatial
configuration and causes a splitting of the energies of the various

electron configurations of the ion of the order of 105 cm —-1,

In
paramagnetic resonance only the lowest energy levels are of importance,
the higher levels associated with 'Wl having no effect except when

the ground state is not degenerate and the admixture of higher

eigenstates of W_ is necessary to obtain the spin degeneracy.

¥
The second term is defined by

v W2 = E -eV (ijjzj ), o (3.3)
3
where V (xyz) is the crystalline field potential due mainly to the
surrounding ions and dipoles. It causes a lifting of the degenercy of
the ground state of Wl° The order of magnitude of this effect, the
nature of the resulting energy levels, and the amount of degenercy
remaining in them depends upon the symmetry of the crystal field
and the nature of the wave function of the unpaired electrons. For
instance, d orbitals suffer stronger crystalline-field splitting than
the f functions. In the present case, in order to decide whether the

Pa+ 4 possesses a 6d electron or a 5f electron, the splittings of the

Y
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energy levels of both the 6d and 5f configurations in the cubic crystalline
field are studied in Sections (3.C) and (3.D).
The third term, |

W, = \T.S, (3.4)

. s . ‘ P 2 -1
is the spin-orbit interaction term and is of the order of 102 cm .

Here X\ 1is the spin-orbital coupling constant, L is the total

angular momentum vector, and S is the total spin vector.

W= L [ED P+ 5 (D) - 5 L (L) S(sH)]

4

L(L+1) S(S+1) ], (3.5)

w|»—

"

1
-4 5 (L4 L + LjLi) 5;8; -

where LV is a coristant coefficient for this term. This term represents

the magnetic interaction between the spins and is of the order of

-1
magnitude of 1 cm .

The fifth term,

_ eh — - .= .
We =3 (L+z§)k g=p(C+25 -H, (3.6)

is the effect of the external magnetic field. It produces the splitting

of the electronic 1evé'ls between which the transitions are observed and
is about 1 ;cm-l . - .

For the sixth term, we have

W6 = | 13 ) ZYﬁpN [I_:

r v

T

+e LT B0 -2 (D8 @

2 ETEEy -8, (3.7)
2

where ﬁN is the nuclear mégnéton, I is the nuclear-spin vector

operator, and ,
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20+1 - 48 | 5
S(24 -1)(2£+3) (22 +1)

is the interaction between the magnetic moment of the nucleus and the
magnetic field set up by the arbital and spin moments of the electrons.

This interaction is the cause of the hyperfine structure and is of the
order of magnitude ~ 107% cm ™t ‘

The seventh term is

-—

2 (@D - LL+l) ()],

W, = —e 9 (3T 0% +2 (T

T 2121-1) £

(3.9)

which represents the nuclear-quadrupole interaction where q is the

nuclear quadrupole interaction constant and
n= x25¢ T (3.10)

for £ = 2. The sign of M depends on Whether the shell is less than
or more than half full, '

The eighth term,

WSZQY'ﬂN-‘HoI’

is the direct effect of the applied magnetic field on the nuclear magnetic
moment and is of the order of 1073 e},

The gr.alfld term of the free ion is given by Hund's rule, and the
result of various transformations of the different perturbations gives

the first-order perturbation Hamiltonian:

Wy =Vt (h-50) (D8 -t (T3 +pH(D+28) + PTTD

-

) (L. )]

€ (L.

N[ W
4

+{e L) -x) BT -3 £ (EH TH .-

- =

+ q {Z_f) +%‘(fﬁ} EYBN (H.1) ' (3.12)



W

P =2Vppy /r - (3.13)

q inez Q/ZI(ZI—l)r3, ~(3.14)

Yy 1is the nuclear gyromagnetic ratio and Q 1is the nuclear quadrupcle

moment,
Q = é.l_ [pl (3zZ - \(3 ) dv . ' (3.15)

Here Py is the nuclear charge density, A\ and { are constants for
the particular ion, and §, m, and k are constants depending"on
the elsctronic configuration.

The separation between energy levels of V and the first-crder
spin-crbit coupling is much greater than the magnitude of the other
terms in WO.' In order to study the energy levels of the paramagnetic
ion under the influence of all these terms, the problem is usually
treated in stages. The energy levels are first studied under the
influence of crystalline electrostatic fields only, and then, with this

as the unperturbed system, the spin-crbit coupling and the external

magnetic field are treated as perturbations.

B. Derivation of the Spin Hamiltonian

Paramagnetic-resonance absorption occurs in the centimeter
wave -length range. Only the lowest level of V enters into consider-
ation, sin;e the other levels are "‘104 cm_l above the lowest one.

If the 1owést level of V is nondegenerate orbit‘ally, theb contributicn
of the spin-orbit coupling vanishes in first order. If the lowest

level of V poséesses orbital degeneracy, then the first-order spin-
orbit coupling“will split this level into several Kramer's doublets.

In both cases the degeneracy left in the lowest level is that arising
from the electronic and nuclear spins. v'-The first-order contribution
from the remaining terms to the energy is then given by replacing all
orbital variables in Eq. (3.12) by their expectation values. The

expectation value of L is zero, that is,
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<o|L lo>=<o0|L_ |0>=<0|L [0>=0 (3.16)
X y \ z

where <0 I is the ground level. It follows then that

<0 |0> =1 o (3.17)
and
1 o 1
—_— = — '
== < 0 lﬁlﬁ + Lﬁ I.,i 0> = ge L (L+1) 61i+ ij (3.18)
with
£.. =0. (3.19)

Pryce has carried out perturbation calculations in which the operators
referring to spin and nuclear variables are treated as nonéommuting
algebraic quantities. 1o That is, no _representafion is chosen for either

S or I. The result of this is an expression that involves the components

of S and 1. The first-order terms are:
- l;!ij Sisj +28H.S - I (kﬁij +3¢E14 i ) Si Ij
1 1 _
+ q i Ii Ij yBNH.I, (3.20)

where the indices ij refer to Cartesian coordinations and I' is a
constant.

The second-order contributions arising from the spin-orbit
interaction and its jo'int effect with other terms usually cannot be
neglected. They give rise to terms which must be added to Eq. (3.20).

These Second"Order terms are:
- )\ Xl&,- l g I».L . ' p... } S-s. - 2)\6[&.. H.S.
{ 1) ( iJ Jl) 1) 1] 1]

- N P2A; - 36 k) S L (3.21)

-
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<0|L |n><n]|L o>
1 J

where A.. = A,, = z (3.22)
ij Jji n#o0 E "Eo
n
<0|L,|n><n|L.L +L L. 0>
ij 2 "ikf n#0 E - Eo )
' n
and
L., = 0. » : " (3.24)

Here the summation is over the energy levels of V, and the index O

refers to the lowest level. Thus we ‘obtain the spin Hamiltonian,
%'3 {-)\2 ‘A.. -0L..S.S. - N (p.. .. ) }SS
ij 7iji ij Tl 17
T - 5 i
+2p (dij )‘Aij) Hisj ?(k bij + 3§ ij + ZAij

- 36N ) S Fal LT -y H T, (3.25)

which can be abbreviated

v ‘
Y D88 ey HIS; R AS T Oy LT - vBy HE T (3.26)

This can also be written in the form;

ﬁ:s.n.s+pH.g.s+s.T.1+1.P.1=y;3NH.1. o (3.27)

In the %, y, z coordinate system it can be resolved into components

along three principal axes x, y, z:

, 2 1
W B (g,H,S, +e S +gHS )+D{S_ -3 S(S+1)}
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+E(s2 --'SZ')+A_S'I +ASI +AS1
X y Z 22z X X X VVYY

2 1 L2 2 ‘
+P{IZ-3 I (I+1) }‘ + P (Ixnly) -gNBy H- 1. - (3.28).

When the lowest level of V is an orbital singlet, the sbiﬁ-orbit
coupling vanishes in first order. In Eq. (3.28), S is the actual spin

of the free ion. When the lowest level of- V is degenerate orbitally,
the effect of first-order spin-orbit coupling gives several Kramer's
doublets which are complicated mixtures of the spin and orbital wave
functions of the free ion. In the Hamiltonian, S is only a fic’;iti_ous

spin of the system and is defined simply by equating 25+1 tov'_thvé; num -
ber of electronic.levels in the lowest group. The coefficients |

gxgygzz..,,, D,E, AxAyAz’ P,P' S, and I can be determined experimentally.

If the crystal field has axial s'ymmetry, we have:

g, TE||F 8 T & =g (3.29)
A = A, A =A =B (3.30)
Z X y

"E = P' = 0. C(3.31)

If the synmetry is exactly cubic, as in the present case of PaCIZ ,
the magnetic ion is surrounded by a regular octahedron of negative

charges, and we have
g, ~ 8, ~ 8, = & (3.32)

A = A =A = A, o (3.33)

and

D=E =P =P =0 ' (3.34)
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C. Ground State of a 5f' Electron Configuration

in ’anvOctahedral Crvstailine Field

Assumptions about the effect of a crystalline field on various

‘magnetic ions can be divided into three classes on the basis of

comparison with the relative magnitude of the effects of spin-orbit

coupling and Russell-Saunder's coupling:

For Spin-orbit cvoupling, T+8 =7 ' (3.35)
For Russell-Saunders coupling £ £ = T {3.36)
i i - .

In a predominatly octahedralvcrystalline field; the expression for the

field potential V is given by

V = C+T . (3.37)

where C,> thé cubic part of the crystalline field potential, is much
greater than T, the lower symmetrical part of the crystalline field
pbtenﬁah ' -

(1) The effect of V is smaller than both (3.35) and (3.36) so
that L and S are coupled to a resultant J which will precess about
the direction of the electric field and will be split into components
corresponding to MJ qpantum numbers. The rare-earth elements
belong to this class because of the shielding of the 4f electrons from
the direct effect of the crystalline electric field. L

(2) The effeét of 'C is stronger than (3;35) but less than (3.36).
Then L and S are uncoupled and each precesses separately about
the direction of the electric field. The resulting energy levels are
defined by quantum numbers ML and MS . If the splittings between
different ML" levels are very large (NIO'=4 cmﬂl) only the lowest
level is populated at ordinary temperatures. Then the effects of
(T + 3.35) are treated as perturbations to this lowest state. This
occurs in the iron-group transition elements where the unpaired

1
electrons are more directly affected by the crystalline field. 2
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(3) The effect of C 1is not only greater tha’n (3.35) but also
greater than (3.36). This is due to covalént .b'onding and has been
studied mainly in ionic complexes.

For a 5f electron, the 5f wave function is not so well screened
as the 4f wave function. The crystalline-field interaction, though
not as great as to the 3d electrons, may be increased to the same
order of magnitude as the spin-orbit coupling. The resulting energy
levels thus depend upon the relative magﬁitude of spin-orbit coupling
and crystalline -field splitting. In.an octahedral crystalline potential,

the 5f orbitals undergo the splitting:
£1(7) - FZ (1) + 1"4 (3) + l"5 (3) (3.38)

where PZ’ F4, and I’5 are the representations of the cubic double
group. The numbers in the parentheses indicate degeneracies.
The energies can be obtained by solution of the secular equation.

The crystalline potential can be expanded in spherical harmonics:

vV = Z A

m n m
2 ATV (6,4).

In the case of an f electron,; it is necessary to consider both the

fourth-and sixth-degree terms in the octahedral potential:
_ a0 o ’ 5 4 -4 o o ~NI4 4 -4

(3.39)

where

;Y 1/2 L
Y™ (6,¢) = (-1)° ((2"“’ -]t ) ) G Pl (cos 0) &I

n 2(n+]ml)! m
(3.40)
and / _
2.m/2 n+m
PP (x) = LX) i - | (3.41)

2 n' dx
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Substituting Eqs. (3.40) and (3.41)into (3.39), we can change the form

for the potential to Cartesian coordinates:

vV = BZ z (3524 - 30\/222 + 3\14) + B: = (x4=r=6x2y2 + y4 )

+BY m2312° - 315 y*2* + 105y*2% - 540

+ Bg 2(10Y2X4 + lOyZ'y'4 +20y2x.2y2— 33x4ﬁy2’—33x2y4 —11y6 —11x6)

, (3.42)
- 1/2 1/2 1/2
o) 3 o) 4 3 ,35,°/7 5B ¢ o) 15 1 o)
where B, = —— A, , B, =7 (=) () A, =7 (=) A,
4 16 4 4 8 ‘2w 14 4 8 ‘4drm 4
1/2 1/2
o _[13) 1 o 4 13 21 )
Be _<411' ] T Ag s and Be = (z2) g A
(3.43)

. "
The elements in the secular determinant are the integrals fllJm (ev)

me dr. These can be obtained easily by replacing the coordinates

by equivalent operators. 14 For example, the set of functions xz— y& ,
32° - YZ, Xy, yz, zx is proportional to Li - LZY , 3Li - L(L+1),

1/2(L L +L L ), 1/2(LL +L L ), 1/2L L +L L ), and
Xy y X vz zy 27X x 2z

£(352" -30v%2% v zpy i (3517 - 30L(L+1)LE + 2512 - 6L (L+1)
+302(L+1)%] C(3.44)

4

£ 2312° - 315y%2% + 105y%2% - 5y% = yy7O

[231L° - 315L(L+1) L,

+ 735sz1 + 105 L5 (L+1)%.
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2

5
7 " )

L - 525 L(L+1)L? + 29417 - 5L (L+1)” + 40L5(L+1)% - 60L(L41).

(3.45)

Once the matrix element of V: is obtained, we can calculate the

tnatrix element of Vls(- easily from the relations

‘ o 1 | :
<Lmy |V, |fm;, >= aC_, (3.46)

and
k l _ ‘e ' '
<Lm, +k |V |4, my, >=aC_, , (3.47)

where a's are the same in Eqs. (3.46) and (3.47) and depend on L and £

_ i I . .. £
only and Cfbﬁ Oannfl Cinﬁk are Wigner coefficients. For szm, , wWe

have

. 1Y+ ) -y )t (S+m')! (S-m")! (@)t (2 -my!] T2

Comtrt T E Wm0y @ Fm, A ) (ST ) (S e v (KT
o | (3.48)

where m' = 0 for CI , m' = k for C{in[vk,, M :ml +m',

mj o
1 :
and X\ = £ +S-L = S when L = £ as inthe present case. The
matrix elements only couple states in the same L manifolds.

: . o) £ y]
Knowing <L,m£ IVS IL,mz >, a, leo , and Cm1k9

we can eésily calculate < L, mj,+k ] Vls | L, m, >. Inthis way we
obtain the following determinant of the secular equation for the

splittings of the 5f orbitals as in Eq. (3.38);



<ml |-eV0ct lml >

3 2 1 0 -1 -2 -3
3 3a'-b/7-1 N15a' +4 15b'
2 -7a'+6/7b'-\ 5a' - 6b’
1 a'-(15/7)b' -\ | N 15a’ +A 15b'
0 6a'+20b'/7 -\
-1 N15a'+N 15b’ | a'-15b"/7-2
-2 5a' - 6b' -7a'+6b'/7 -\
-3 N15a' +A 15b! | 3a'-b' /7 -\




where a' and b'

223~

are positive numbers:

1/2
L . 180 A% r: bro (13 1260 A"g g8
164« 47 16 e
(3.49)
- The matrix for the secular equationcan be factored:
| o>
<o |l6a+ 22 b - )\1=6a'+—?:-0— b (3.50)
7 7
|2 > |F 2>
< £2 | -7a'+%b' -\ 5a'-6b' (-7a'+f’{_b' 22 - (5a'-6b")% = 0
A, =2al - ifzi b' (3.51)
- 6
1 ! 1 1
<¥F2| 5a' - 6b -7a' #=b' -\ N, = 12al 4 4573 b (3.52)
li3 > |F1>
— o .
<23 |[3a - 2 o NTBaNT5b| (3a'- B ) Lo
-(WT5a' +J 15b")2 = 0
X4=)\1=6a'-F‘£(7)b' (3.53)
<F1|| NT5' +¥T5b' a'- 22b' -%
Ng =X, = -2al - ig.b' (3.54)
vy 20
E(I"4) 6a' + = b
oot 36
E([ ) =-2a'- =2 b
_ 1348
E(,) = -l2a'+——
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Taking I', as the zero energy [E (ry, ) =01, we have

56

E(T;) =-8a - 25 b' =-8(a+b") (3.55)
and
: 28 _ - '
E(T,) =-18a' + == b'=-18a' +4&'. (3.56)

The torresponding eigenstates are:

1 -
T, > = ;F%: | 2 > - /-%— |2 >
u§>=/%.p>-/% IT >

-
(4%
Vv
H
| w
Wl
\V4
o
o]
—
AV

|I“;’>= % |2>+g% |z >
e o psed o
s =y 3 s

|I3 > =|0>.

\Y

It is ‘assumed15 that F4 orbitals are involved in the binding of the
chlorine atoms to the protactinium and that, as a result, E (Ty)

is promoted to high values and will always be the highest of the three
energies. However, E(]f‘5 ) - E(I’Z) may be either + or - depending

upon the relative magnitude of :a and ).



FZS =

Let

E(T,)-E (I )
S 4 5 (3.57)

E (I'y) - E(T,)

‘Here € willbe + or - depending upon E(I‘S) - E(I‘Z) being + or

The addition of spin gives the additional splittings:

]."2 rf F7 (2)
F4 %'~F(§2$ _F'S (4) (3.58)
ry - fl-'-"_/ (2) + FS (4).
Let o= - 5 , where { 1is the spin-orbit coupling
E (I‘5 ) - E (]."2)

coupling constant. The energy of various energy states then depends
upon the two parameters § and a. Solution of the quadratic equations
provides energy eigenvalues and eigernfunctions for all values of
£ and a. ‘ N
The energy curves vérSué a are shown in Fig. 2. In the
left half of the figure, E (]_"5) is greater than E (I‘Z Y, a is +, and
€ is +. In the right half E (FS) is less than E (I‘Z.) , @ is -,
and £ is -. On either side, a P7 state is lowest. The number
after each representation denotes the value of £ which is given by
Eq. (3.57) in the absence of spin-orbit coupling. The energy is
given in units of E(I‘5 ) - E (]."2 ) in the extreme left fourth of the
figure, and in units of E (I‘Z ) - E (I‘S) in the extreme right fourth.
In the central one-half of the figure, the energy is given in
units of { , the spin-orbit coupling constant. The T7 and I"7
energies are uninfluenced by the value of £ . Since ]."4 gives no

]."7 state, when it is decomposed under spin-orbit coupling, the height



26 -

of E(F4)

of E (F7 )or E (1"'7) is taken as zero. These two states may be

is of no consequence for E (F7 } and E (I‘IZ ). The value

expressed in terms of basic states Mi =3,2,1,0,T1, 2, 3;

Sz = +, -, from the matrix determinant given on the next page.
Thus:
_ / 1 1 : 1
> = 2— An'i" %—Bn ‘2+>+ N An

1 — 1 5 -
+J;Bn |z +> +B_ -2|3.>-\/'1_2 IT - >

and

+ % B_ |‘2’+>+An %|3_>$\/€_2|1—-_>

(3.60)
A B
where A = . B ' =
(3.61)
: 1/2
A=1-2 +(1-a+ 2 %) , (3.62)

and

o3/
T

-2N3a . (3.63)
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Fig. 2. Energy curves of a 5f' electron in an octahedral
crystalline field. '
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< m, SZ. [-eVo

+LLS|m's, >

ct Z

[3+> 3-> |2+> |2-> 1+> |1-> 0+>
<3+ |3 .%v»f N
<3- | 3a'-b"/7-§-c-x *ni-'l;
<2+ | ‘ﬂ%-; »7a'+g-b'+(,-x
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<14 5at - 6b
<l- | : NT5a! +W15b'
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<0- |
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From the 1"7 state (i.e. when a is positive), we can obtain
g=2<T, |.LZ'+st' I, > =2 {Ai+4\/-§-—AﬁB;}

| (3.64)

From I"A , we can obtain

- t (1 -
g =2 <T4 + |L_+28 |1y, > 2 -4f A_B_ }

The variation of g with a is shown in Fig. 3. In the left half of
the figure, E (I"5 ) - E (]."2 ) is greater than zero and a is positive.
In the right half of the figure, a is negative.

"D. Ground State of a 6d' Electljon in the Octahedral Crystalline Field.

The theory is similar to a 4d' or 5d' complex ion. The 6d
wave function is extended far outwardly so that its interaction with
the crystalline field is strong enough to break down not only the spin-
orbit: coupling, but also the £-£ part of the Russell-Saunders coupling.
The five d orbitals in an octahedral potential are split by the electric

field into a lower level of de yz orbitals and an upper level of dy
2 2 "ZX

* oy 2 orbitals because the associated charge clouds avoid the
2z -y

attached negative charges from the chlorine ion (Fig. 4).

The formation of 0 bonds with the chlorine atoms will further
increase the splitting between the d triplet and the dy doublet, so
that effectively two subshells are formed. The d electrons do not
then give the usual L-S terms. They all go into the lower subshell
dxy dyz dzx and form terms of which the one with the highest multipli-
city consistent with Pauli's principle lies lowest (cf. Hund's rule).

The lowest term for (de)' can be simply represented as having total
spin S = 1/2 and total effective orbital angular momentum L' = 1:

L'+ 1) (2S + 1) =
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Fig. 3. Variation of g with a.
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A%%—-x **-‘x Y
2y r2 7 r2
X
d(}f_—zf) d(2z:;r2)

MU-19711

Fig. 4. Diagrams of the charge clouds associated with the
~ orbitals of a d electron on a paramagnetic ion.
The dots on the axes represent the negative ions
(or molecules) of the octahedral complex as
Cl” ion in PaCl .
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Therefore the level (de)' is sixfold degenerate. Spin-orbit interaction
splits this into two levels: doublet at +f , and quadruplet at -1/2¢
(Fig. 5a), where { is the spin-orbit coupling coefficient for a 6d
electron. It has the order of magnitude of several thousand cmal.
In paramagnetic resonance, normally only the transitions between
the lowest (most highly populated) levels can be observed. Kotani
has shown that the lowest quadruplet can be further split into two
doublets by the magnetic field and has calculated the energy of the

doublets ; up to the second order of magrietic field intensity:1

-1/2 ¢ (doubly degenerate)
2 2
-1/2¢ - 4/3 B/t H” (doubly degenerate)-

Therefore, in the energy range of paramagnetic resonance, no absorption
can be seen unless the octahedral field is distorted to some lower
symmetry. In fact, in all cases where there is orbital degeneracy,

it is reasonable to expect that some distortion of the octahedral

complex may occur to remove the orbital degeneracy in accordance

with the theotrem of John and Teller. 17 In addition, other ions besides
chlorine in the crystal may set up a crystal field of low symmetry.

If there is trigonal or tetragonal distortion, the lowest triplet is split
into a spin doublet at -2/3 A and two spin doublets at +1/3 A, The

. 18
spin-orbit coupling leaves three Kramer's doublets (Fig. 5b) at

%[(§4=-§-A> iJ(242+A§+A2) }(+-§-A-% 6 )

where { 1is positive, we assume that A is positi\./e and the ground
doublet of (de)' is at L [ (% ¢ - —é— A) _,J% C,Z' + AL +-A2 . When

2

A is zero, this coincides with another doublet and as A goes

negative, the ground level is at (-31,— A - Zl—f_.,). The spectroscopic

splitting factors of the lowest doublet are therefore anisotropic.
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Fig. 5. BSplitting of d' energy levels in octahedral complexes
on a strong crystal-field model (a) without distortion of the complex
1 :
according to Kotani 6 and (b) with distortion of the complex by lower

symmetry.
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Griffiths, Owen, and Ward give the following equations:19
With &+ Ve: g = <143 (a4 2t)/s
g = 1+(A-3 1) /s
_]. : 5 )
where S'= [ (A +-;‘—-§. )2 + ZQZ ]1/2';
With A - Ve: gll = g_L= 0,

because the lowest level has no first-qrder Zeeman effect. 20
The change of the g value with the parameter A/{ is shown in Fig.

6.

IV. EXPERIMENTAL PROCEDURE

A, Isolation of Pa}s in Solution from Cationic Impurities.
231

The original solution from Harwell contained 8 mg of Pa
in 33 ml of 6 M HCL + 0.5 M HF. Spectroanalysis showed the presence

of a number of impurities (Table I).

- Table I
Catonic impurifies in solutions of Pa?31
Cation | Percent by weight
Before purification After purification

Al 25 : 0.5
Ca 25 0.2
Nb 15 : <0.01
Fe 2.5 0.25
Mg 2.5 0.05
Mn 05 <0.01
Pb 0.5 <0.01
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‘MU=-19712

Fig. 6. Variation of the spectroscopic factors with the
parameter A/L . -
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Twenty to thirty percent of the total alpha act1v1ty was found to be due
to the decay daughters. ' o

These impurities were removed by ion-exchange method of
Kraus and Moore using Dowex A-1 anion exchange resin. 21 ‘They
studied the distribution of protactinium between hydrochloric acid
solutions of different concentrations and the anion-exchange resin
Dowex A-1 and showed that at 8 M and higher concentrations of
hydrochloric acid, protactinium is absorbed by the resin. The adsorbed
protactinium can then be washed with a large volume of 8 M or higher
hydrochloric acid without eluting the protactinium. But the addition of
a very small amount of HF to the HCI eluant causes protactinium to |
be rapidly desorbed from the column. Kraus and Moore utilized this
characteristic to separate protactinium from niobium and tantalurtﬁ,
since these elements are eluted much more slowly by the HCl-HF
eluant than is protactinium m‘)fhe same authors have similarly
separated protactinium and iron. 23 Both protactinium and iron (III)
are adsorbed on a column of Dowex A-1 resin from 9 M hydrochlioric
acid sblution.- The protactinium is then eluted with 9.0 M-HC1--0.1
M HF, leaving iron (III) on the column. Aluminium and other ions
that are not adsorbed by the resin at 9 M HC1 can be separated by
eluting first with 9 M HC1. The adsorbed protactinium can then be
eluted with 9 M HC1--0.04 M HF.

. The ion-exthange column was built from a polystyrene plastic

tube of 6 mm diameter and polyethylene washing-bottle tip to avoid

the reaction of HF with glass and adsofption of protactinium on the

glassvwalls., Teflon shavings were used in place of glass wool at the

tip of the column. The 200 to 400 mesh Dowex A-1 anion-exchange

resin, prev1ously washed with conductivity water and the 9 M HC1,

was packed to a height of 9 cm. The flow rate was about 0.6 ml/cm /min.
The original solution containing 0.5 N HF was first evaporated

to dryness to get rid of the hydrofluoric acid. The residue was

dissolved in 1 ml of 9 M .HCl,”redissolved in 1 ml 9 M HC1, and then

added to the top of the resin, followed by a few millimeters of
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additional resin previously washed with 9 M HC1. The dilution was
carried out with 5 ml of 9 M HCI first, then with ~8 ml of 9 M HC1--
0.04 M HF mixture until all the protactinium activity came out of the
column, as checked by an a meter. Onre hundred micrograms of the
purified Pa were taken out for spectronanalysis. The res.ult,. given
in Table I showed that the impurities were greatly reduced. Spectro-
ahalysis of a blank HC1-HF mixture showed that all impuritie.s present
in the final product were present in equal or greater concentration of
‘HC1-HF eluant.

A band of alpha activity was associated with the PéZ31 band.

In addition, another band of alpha activity was found in the 9 M HC1

effluent. About 74% of the total activity was in the HC1-HF effluent;
the remaining activity was in the 9 M HCI1 peak, as shown in Fig. 7.

As the activity of the criginal solution contained 20 to 30% of .
daughter activity, plates were made of the activities at the two peaks
for pulse analysis. The result (Fig. 8) shows that theA other peak is
due to Pa231 daughter activities. Figure 9 shows the decay series
of Pa231 from the Table of Isotopes. 24 From a cofnparison of the
alpha-particle energies found for the peaks in Fig. 7, it is determined
that the pulse-analysis peaks are due to Ra,. Th, Bi, Rn, and Po,
while the HC1 -HF effluent peak is due only to Pa231~(Fig. 10). Thus
the purified protactiﬁium is also free from contamination of its

alpha-active decay daughters.

B. Preparation of Solid PaCl

4

The existence of a tetravalent state of pro‘téctinium has been
demonstrated by the' preparation and identification of the dioxide,
tetrachloride, and tetrafluoride by several workers25 among them
Elson, Fried, Sellers, and Zachariasen. 26 These authors obtained
solid Pa.Cl4 by reactions in vacuum. - Their methods were adopted
- because of the sublimation properties of PaCl4 and PaC15,v which
facilitates the separation of the products from the residue materials.
On the other hand, protactinium in aqueous solutions possesses a

complex behavior.
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Fig. 7. Separation of activity on Dowex A-1 anion-exchange
resin.
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Solid lines: major chain 99%
Dashed lines:

minor chain 1%
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Fig. 1Q. Pulse analysis of plate No. 30 from the second
peak, with amplifier setting of 885-9-510. The
straight line is for energy calibration of the different
channels. Palladium-231 has different modes of a
decay and, thus, different a-particle energies from
5.05 to 4.66. The small peak is thought to be due to

another mode of decay.
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The method consists of three steps: .

(a) Pa'® in solution PPY___§  Pa(OH)g (dried at 70°)
NH4 OH (white)

{(b) dry hydroxide CCly PaCl
(or hydrated oxide) 400-4200 5

in vacuum (white)

' H2 150 mm
(c) .PaCl5 >, Pa.Cl4 (greenish yellow).
800° '

Approximately 400 pg of the purified pfotactinium Wem precipitated

with 12 M NH4OH prepared by b\ibbling NH3 gas into pure conductivity
water. The precipitate [ Pa (OH)5 ] was collected by centrifugation

in microcentrifuge cone and the supernatant discarded. After being
washed three times, it was oven-dried overnight at 709C. The dried
hydroxide shank from the wall of the centrifuge cone and could be

easily transferred to a 20-cm-long quartz capillary drawn from a

14/35 quartz standard taper. The capillary, connected to the vacuum
system, served as the container in which the reactions took place
(chlorination and reduction), as well as for x-ray diffraction study

of the crystal structure of the product.

The assembly of the reaction system is shown in Fig. 11. Tubes

1l and 2 are cortainers for carbon tetrachloride which was purified from
~dissolved gas by evaporation and condensation several times. Tube 3,
~which. is surrounded by a furnace, contains UH3 whose thermal
decomposition produces hydrogen gas. In order to obtain 150 mm
pressure of Hv2 gas, the furnace was heated to 350°C. The decomposed
UH3 can be recovered by filling the tube with tank hydrogen gas.
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Fig. 11. Assembly for the preparation of PaCi5 and

PaCl4,.
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By manipulation of étopcocks, A, B, C, D, and E, it is
possible to admit carbon tetrachloride vapor or hydrogen gas from
UH,

reaction products. During the time the capillary is evacuated, the

into the capillary tube, or pump it out along with any volatile

chlorides formed have an opportunity to sublime to the cold portion
of the capillary. The temperature of the rea‘ctioh. is maintained by
the nickel furnace, which is wound with nichrome wire.

After the capillary was pumped out and heated to 200°C to remove
any NH4C.1 (none noted), CCl, vapor was admitted and the temperature
raised slowly to 400 to 420°C. Chlorination was facilitated by pumping
out and admitting fresh.CC14 vapor every 10 to 15 min. The PaCl_5
sublimate was observed to be white. The furnace was then cooled,

and the nonvolatile material at the closed end of the capillary was

sealed off.
In order to reduce PaC15 to PaCl4 , the reaction furnace
was first placed above the PaCl5 sublimate and heated to 800°C.

" Hydrogen gas from the UH, furnace at 350° was then admitted to the
capillary. The reaction furnace was moved slowly down toward the
compound. and eventually over it, thereby entrapping and forcing the
highly volatile pentachloride to pass through a heated zone containing
hydrogen. It took about 15 minutes to move the furnace to the end of
the capillary. The furnace was then cooled down to 500°C and moved
up slowly, while the system was pumped out to collect the diffuse
gr'eenish‘aye]_‘low PaCl4 , which sublimes at 400°C in vacuum. The
furnace was then cooled down to seal off the capillary from the vacuum
system. An x-ray-diffraction pattern of the final product showed a
t“etragonal structure with a = 8.377 A and ¢ = 7.482 A, in agreément

with Fried and Zachariasen's value for PaCl4 .
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‘Unit cell constants for actinide tetrachlorides are shown in Table II.

‘Table 11

—————

Unit cell constants for actinide tetrachlorides

Compound a; a,
(angstroms) (angstroms)
ThC1, 8.490 £0.001 7.483+0.001
PaC14 8.377+0.004 7.482 +£0.004
UCl4 ' 8.303£0.001 7.483+0.001
NpCl4 8.27 x£0.01 7.48 £0.01

C. Single-Crystal Preparation -

The capil;ary contaiding Pa.Cl4 was broken in V?.cuurﬁ by using
a stopcock on a quartz tube as shown in Fig. 12a, A piece of the
CsZZrC16 matrix crystal and some glass wool were put into the tube
previously. - After breaking the capillary, the end of the quartz tube
was .sealed off»and the volatile PaCl4 was sublimed out to the middle
part of the quartz tube as shown in Fif. 12b. The end of the quartz tube
containing thé capillary was then sealed off, and hydrogen gas was
admitted _to’ the tube to ~200 mm pressure. The tube was then sealed
from the vacuum system, attached to a hanger (Fig. 12c) , and put
into the crystal-growing furnace at 900°C. The result was a homogeneous
yellow crystal. |
::T'he .CsZZrC16 matrix was chosen because it cannot reoxidize
Pa+4 to Pa+5 . The crystal of CsZZrCl6 was prepared by fusing
stoichiometric amounts of CsCl and ZrCl4 together and putting
them in the crystal growing furnace at 900°C. The matrix crystal
was colorless and had the KZPtGl6 - type cubic structure.-26 The

unit cube contains four molecules with a = 10.407 A. A regular
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Fig. 12. Preparation of a single crystal of CsZZrCl '
containing Pa (IV). (a) Before breaking the
capillary. (b) Subliming PaCl4 from the broken

capillary. (c) Crystal-growing tube.
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octahedron of Cl atoms surrounds each Zr atom. These octahedra
and the Cs atoms are distributed exactly as are the calcium and

fluorine atoms in CaLFZ . The Zr-Cl distance is 2.44 A,

D. Paramapnetic Resonance Measurement

The single crystal containing ~0.2% protactinium was first
coated several times with Krylon to protect the reduced tetravalent
protactinium from reaction with air and moisture and to prevent
contamination of the paramagnetic-resonance equipment by alpha
activity. The coated crystal was then put into the resonance cavity,
which . was surrounded by a double glass dewar filled with liquid He
and liquid NZ so that resonance measurement could be carried out
at low temperatures. The spectrometer for resonance measurement
has been described in Section II.D. The cavity is so constructed that
the microwave H f{field is always perpendicular to the external
magnetic field when the magnet is rotated to get different orientations
of the magnetic field with respect to the crystal axis (See Fig. 13).

In this way only the allowed transitions AM =%1, Am =0 can be
measured. The frequency used was 9.447 kilomegacycles. In
measurements of the external field intensity, the free—radicé’l
diphenylpicryl hydroxyl (DPH) was used as a standard. The g value
of DPH is 2.004. ‘

At liquid—N2 temperatyre (770K) , no resonance line was
observed, while at 4°K , four clear, nearly equally spaced lines
of equal intensity were shown on the Brown recorder chart. ~ A blank
.CsZZrC16 crystal was used in place of the Pa-containihg c.rystal,
and no resonance line was observed in the same field ranges. Since the
four lines from the Pa-containing crystal are equal in intensity and
equal in spacing, they must be hyperfine lines corresponding to a nuclear
spin 3/2. The nuclear spin assignment of 3/2 to Pa.231 has been
verified by Sch{;ler and Gollnow, 21 and none of the possible impurities
(see Table 1) in Pa231 solution has a spin 3/2. Therefore, it is
concluded that these four lines are due to Pa.dr_4 (231).
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Fig. 13. Resonance cavity operating in the H,, mode.
The magnetic field is rotable in a plane perpen-
dicular to the wave guide.
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V. RESULTS

The appearance of the four absorption lines at different
orientations of the magnetic field with respect to the crystal axis
is shown in Fig. 14. In Table III are listed the distances from the
four hyperfine lines of Pa{T4 to the DPH resonance line at different
orientations of the magnetic field. From the average value and the
small.mean deviation, we may say that the absorption l_i.nés are
isotropic. Using a sweep:-rate of 106.7+0.2 current numbers per
division, we obtain the f‘ollowing values for the fields and current

numbers of the four resonance lines and the DPH line:

| | I Il 111 v DPH
Current No. 1640.1 1967.2 2385.1 3014.6 1270.4
Field (gauss) 4303 5075 6091 7230 3373

The current number is proportional to the magnetic current, which is
in turn proportional to the magnetic field intensity except at high field
intensities. The calibrated relations between magnetic field intensities
and current numbers using the DPH resonance point as a standard
are shown in Table IV and Fig. 15.‘ From Fig. 15, the field intensities
corresponding to the four absorption lines, are Hy = 4303 gauss,
H2 = 5075 gauss, H3 = 6091 gauss, and H4 = 7230 gauss. The
frequency used was v = 9.457 kilomegacycles.

Since the spectrum is isotropic, there is no quadrupole inter-
action, and the spin Hamiltonian from Eqs. (3.28), (3.32), (3.33),

and (3.34) can be expressed as
H=gpH: - S+AT-§ = gB [H S +HS + Hysy] tA[S, I +8 I

+sy1y] : | (5.1)
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Fig. 14, Appearance of the resonance spectrum.
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Table III

Positions of the four Pat4 hyperfine lines

Angle Chart divisions from DPH resonance ‘DPH-resonance

(deg) current number
0 3.43 6.50 10.42 16.35 1274
5 3.45 6.54 10.41 16.36 1270

15 3.43 6.51 10.45 16.32 1269

25 3.45 6.53 10.45 16.33 1270

35 3.47 6.54 10.47 16.37 1273

45 3.48 6.53 10.46 16.39 1268

55 3.46 6.54 10.46 16.36 1270

65 3.46 6.52 10.43 16.30 _ 1272

75 3.46 6.53 10.46 16.36 1270

85 3.47  6.56  10.46 16.36 1268

90 3.46 6.53 10.45 16.32

Average  3.465  6.530  10.447 16.347 1270.4

Mean

deviation *.012 . £.011 +.015 +.022 x1.6
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Table IV

Relation between magnetic current, current number, and

magnetic field intensity

I Current Number H
0.00 . 0000 - 42.6
0.10 133 397.6
0.20 269 781.0
0.30 408 1136
0.40 546 i 1491
0.50 671 1860
0.60 803 2229
0.70 941 2556
0.80 1074 2897
0.90 1209 3209
1.00 1345 3564
1.10 1471 3919
1.20 1611 4232
1.30 1740 4558
1.40 1876 4871
1.45 1941 _ 4998
1.50 2008 5183
1.60 2145 5481
1.70 ' 2280 5836
1.80 2414 6177
1.90 2550 6404
2.00 2683 6674
2.10 2825 6958
2,20 2969 7171
2,25 ' 3037 7256
Unregulated current
2.30 ‘ ' 7313
2.40 7512
2.50 7739
2.60 7966 7966
2.70 8122 8122
2.80 . 8293 8293
2.90 8463 8463

3.02 8634 i 8634
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Fig. 15. Magnetic field intensity vs. current number.
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For H H Sz , let Sz’ be.along the axis of quantization. Then we have

1 .
H=gpHS, +A[S I + > (S,I +S1)] (52)

N

Simultaneous diagonalization provides the eigenvalues of the energy

states of the quantum states M = Sz =85 . . -Sand m =1,

I-1, . . . -1 If we let G = gBH, we obtain the matrix on the

following page.
Let Kk = M+ m.

For k.= 2, we have

1 3
227
1 3 1 3
5.5 >l =G+ A-W |,
where W=2 G+2A=-2a+) Ja2iaacaal .
2 Z 2 2 -
(5.3)
.For k =1, we can write
1 1 1 3
z:z> Iz %>
1 1 1 1 N3
1 3 N3 1 3
l'Z’Z> =5 A -5G -7 A-W

From this we have

2 [1 1 1 3 1,1 1. 3 3,2
w -(ZG-I-ZA-.ZG—Z >W+(ZG+ZA)<-ZG-4— A> -7 A

or
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and thus

4

|
) —

W = J % Al +GY12AaG+ 12 Al

1
7]

A+l N GPr2aG+4A” (5.4)

For k =0 we obtain

|%,=.;.> %GQ%A_W A
O
. From this, ‘'we have ‘

_;_(w+.i..A)2 _'-‘ITGZ _a% = g
or |

-w2+%Aw-i—ZAZ-%GZ=o
. and thus

Wo=- A JaaZ s a2 (5.5)

For k = -1, we have

Lore bt

33> |$-%aw YEoa
e [E e abaw
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From this, we obtain

2 G 3 G 1 G 3 G ;1 3 N
w "(z_ °ZA'2—*4—A> W+(7'ZA>(7 ZA> -gh
or : .
2.1 G’2 1 15 ", 2
and thus
W= - i—A't—;—-JGZ-ZAG + 4A%
For k = - 2, we obtain
-1 3
"z Tz 7
1 3 1 3
I"Z”Z> -5 G+7 A - W ,
where
3 1 1 1 . ~2 2
W—ZA-ZG—-ZA-‘Z—"\!G “4AG+4A T

For G >>A, the different energy levels are as shown in Fig. 16

The allowed transitions have the selection rule

Ak = %1, or AM =1, Am = 0.

The four transitionenergies can then be obtained:
Wty 2 JG?1aacraa? + NG? +2AG +4A2

' (5.8)

t5.9)
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m- k w
3/2 2 —A/4+ 1/2/G2+4 AGrEA2Z
1s2) ., | —A/4+ | /2/G2+2AC+aA2

-1/2|M=VV2 05 —psa. 1 /2/G2e4A
-3/2 -l —A/4+ 1/2/G%- 2AG+4A%

!‘/
%A Fe2 Absorption
__5_A _’%\J\J\—
4 F= 1. H
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~1~A/4-1/2,/GE—2AG + 4AZ
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MU=-19718

Fig. 16. Hyperfine lines and energy levels in the magnetic
‘ field.
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Woer o) * 7 Jal+aa® + ¥ G? 26 +4a%  (5.10)

= L JG% - 2aG + 1A% + NG? - 4AG + 442

Wiles-2).7 2

(5.11)

Let ¢ = A/gB. Multiplying Egs. (5.8) to (5.11) with 2/gB, we obtain

‘W
2 <—>1 _ — ; ] 2 .- ; 2
2 -—g—B——- = F1—2¢+H1+ '\/H1+2¢H1+H¢ , (5.12)
2 (M0 ) L b L J5 1 sem, ¥ ag? L ¥ 22
—_gB_‘— - 2_ 2 ¢ 2 ¢ J 2 ¢ ]
(5.13)
w
0ev-1)_ .z, f2 - 2
2 | ———])= T, - JH3+4¢ +'~1[H3-2¢H3+4¢ ,
(5.14)
and
W -
-] .2 _ _ 2 A
2 ——EE————F4—H4_-Z¢+JH4-2¢H4+4¢ ,
(5.15)

where H, , H, , Hy, ‘and H, are the magnetic field intensities

observed for the four hyperfine lines.  Since W2<—>1 y W1<___>0 R

'W0<-—> 1 and.W_le 22 should all be equal to the fixed resonance

frequency, hv Fl , 1"2 , ]."3 , and ]."4 should all be equal.

-'Substituting H values into Eqgs. (5.12) to (5.15), we have:

T, =2 + 4303 + o (4.303)% + 8.6060 + 46>

1

26 + 4.303 + N 18.5158 + 8.606¢ + 40°
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J(5.075)% + 10,1506 + 402 +(5.075)% + 492

I, =
- N 25.7556 + 101500+ 462 + N 25.7556 + 4¢°
T, = N(6.091)2 + 462 + N(6.091)2 - 12.182¢ + 442
_ J 2 J p)
= N37.1003 + 4¢° + N37.1003 - 12.182¢ + 44
r, =7 J 2 "
o = 7230 - 20 + N(7.230)° - 14.46¢ + 4

7.230 - 2¢ + '\‘52.2729 - 14.46¢ + 4¢2 .

It

In order to solve the above four equations, a curve of T" vs ¢
for each equation is plotted as shown in Fig. 17. At a ¢ value of
0.972, Fl ) F_% )
The average I value is 11.761.

' From Eqgs. (5.12) to (5.‘15), we have

F3, and F4 are most nearly equivalent.

hv = W =+ T |g|p,

and hence

-18
e | = z_hv _ 2X6.6252%X9.457X 10 = 1148 (=.005).
Tp 11.761X0.92732%X 10"
and
9.92732% 10717 -1
|A| = ¢gB =0.972X1.148X = cm

6.6252%2.9979% 10-17

0.0529 % 0.0003 cm !
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The uncertainties estimated from the aécuracy of the field measure-

ments are ~ 1/2%.

VI. DISCUSSION

No resonance was observed at 77.0K. The resonances have
a half-width of about 30 gauss at 4°K. No chlorine hyperfine structure
was obserVéd. Hutchison observed hperfine structures due to F in
the spectr’a. of NpFé. 2 Presumably these are due to stronger inter -
action of F atoms than Cl atoms, indicating that there are = bonds
in the NpF6 complex. According to the theory developed by Griffiths
and Owen and by Stevens, the magnetic electrons move partly in
orbits round the central Np nucleus and partly in Pw orbits around the
outer F nuclei of the complexes. 28 The hyperfine structures from
florine were thus bbserved. |

The spectra are isotropic to within the accuracy of the field-

measurements (~0.5%). The absolute g value obtained is 1.148 £0.005.
These features can be most plausibly explained as arising from a
single unpaired 5f electron situated at the center of a regular octahedron
formed by six negative ligands, the chloride ions. The lowest energy
level, as described in Section III. C transforms according to the doubly
degenerate 1"7 representation of the cubic double group. In the case
of a d' electron such isotropic splitting in a magnetic field could
occur only accidentally. From Section III.D, a 6d' configuration is
expected to give rise to a four-fold degenerate, nonparamagnetic
lowest level in a field of octahedral symmetry, or an anisotropic
doublet if distortion is present.

- The sign of the g value is not determined. - From Fig. 18 and
Egs. (3.62), (3.63), (3.64), and (3.65) we can obtain the corresponding
alpha values which are the ratios of the spin-orbit coupling to the

crystalline -field splitting,

g
E(T) - E(T,)
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For g =+ 1.148, we have a =+ 0.1001; for g = -~ 1,148,
a=+1.009 or - 0.2254, Hutchison has measured the resonance
of NpF, and 2obtained g = - 0.604, which corresponds to a = 0.4416
and -~ 0.087.  From the optical absorption data he concluded that

the value a = + 0.4416 is more reasonable. The spin-orbit coupling

+4 6

constant { should be approximately the same in both Pa and ‘Np+ )
while the electric —field splitting due to fluorine will be stronger than
that from chlorine. That is, lE(I‘5) -E (1"2) Iin NpF() is greater
than in PaCl6 , and therefore PaC16 should be expected to have an
alpha value larger than that of NpFé, Hence, the more reasonable
value of a for |g l = 1.148 of the Pa-’-4 crystal studied will be
1.009. '

Hutchison gave 1/hc (§) = 2447 cm-l, and thus
[E (l"5) - E (1"‘2)] /hc T 2447 cmcl. An optical absorption study
of Pa+4 in a cubic crystal has not yet been made. Its investigation
should provide a basis for the verification and amplification of the

above conclusions.
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