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ABSTRACT

A SQUID-based magnetic susceptometer has been constructed for

studying small radioactive samples at temperatures below 350 K and in

magnetic fields up to 50 kilogauss. The device has been used to study

californium (element 98) in a number of solid-^tate forms: the dhcp metal,

several oxides (Cf203 in both the bcc and monoclinic structures, Cf70i2, Cf02

and BaCfOa), several monopnictides (CfN, CfAs and CfSb) and the trichloride

(in both the hexagonal and orthorhombic structures). All of these materials

were studied in polycrystalline form, and hexagonal CfCla was studied in

single-crystal form as well. The susceptometer has the sensitivity to measure

samples containing less than 10 micrograms of californium.

The magnetic susceptibilities of all of the californium materials at

temperatures above about 100 K are described well by the Curie-Weiss

relationship

_  NAllff

This behavior is consistent with the assumption that the magnetic 5/ electrons

are localized and that the paramagnetic behavior can be interpreted in terms

of the properties of the free ion. The measured values of the effective

paramagnetic moment, for all the californium materials that were studied

are reasonably consistent with theoretical values based on intermediate

coupling models. All of the californium materials showed some indications of

cooperative magnetic effects. The dhcp metal was observed to order ferro-

magnetically at 52 K, and all of the californium compounds studied showed

signs of antiferromagnetic ordering, mostly at temperatures below 25 K.
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Although the 5/ electrons of californium are not severely influenced by

the solid state environment, crystal field effects are evident in the magnetic

properties. For the metal, oxides and monopnictides, estimates of the crystal

field strengths have been made based on extrapolations from the known crystal

fields of analogous lanthanide and light actinide materials. For hexagonal

CfCls, where single-crystal 'samples are available, anisotropy in the magnetic

susceptibility allows a direct determination of the crystal field parameters.
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CHAPTER I

INTRODUCTION
V

Californium, which has an atomic number of 98, is a member of the

actinide series of elements.i The actinides are the fourteen elements that are

characterized by the filling of the 5/-electron shell while having nearly the

same 6d and 7s valence electron structure. The actinides are in many ways

chemically and physically similar to the lanthanide elements, which are char

acterized by the filling of the 4/ shell.

Californium does not occur in nature and must be created artificially in

nuclear reactors or accelerators. The most readily available isotope is califor-

nium-252 which is produced in sub-gram quantities on a yearly basis in the

United States. ^^^Cf is a strong emitter of spontaneous fission neutrons and is

therefore unsuitable for solid state chemical and physical research, but it is

used as a neutron source in medical and industrial applications. Californium-

249, an alpha-emitter with a half-life of 351 years, is the isotope that is most

commonly used for research purposes. It is obtained in an isotopically pure

form from the beta-decay of berkelium-249 and is produced in quantities of up

to 60 milligrams per year in the U. S. These quantities provide the capability

of working with samples containing multi-milligram quantities of californium.

However, due to the desirability of limiting the specific activity of individual

samples and the necessity of distributing the available materials among a

number of research organizations, it is important to be able to perform experi

ments using as little californium as possible. In the experiments described in

^For a general review of californium see R. G. Haire, in Chemistry of the Actinide Ele
ments, edited by J. J. Katz et al, (Chapman and Hall, New York, 1986), Vol. 2, p. 1025.
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this work, the solid state samples contain quantities of californium ranging

from several micrograms to several hundred micrograms.

Actinide Magnetism

Because the 5/-electron shkl in the actinide elements is only partially

filled, some of the / electrons are unpaired and the actinides, like the lantha-

nides, exhibit paramagnetism. In all of the lanthanides except cerium (which

has one / electron in the trivalent state) the solid state magnetic behavior can

be reasonably well explained by assuming that the / electrons are localized at

each atom and that there is little overlap of the /-electron wavefunctions

between atoms. The radial extension of the 4/-electron wavefunctions is less

than that of the 5p, bd and 6s electrons. In the actinides, the 5/ electrons

extend relatively farther radially than the 4/ electrons of the lanthanides and

are consequently less localized. The absence of magnetic behavior in the

metallic forms of the elements at the beginning of the actinide series has been

interpreted as an indication that the 5/ electrons for those elements are not in

strictly atomic states, but participate significantly in the band structure of the

solid.2 The metals of the transamericium elements are, however, magnetic, and

localization of the 5/ electrons is usually assumed to begin with americium

(element 95).

The paramagnetic behavior of many materials can be described in terms

of the Curie-Weiss relationship

*«(T) = . (W)

2j.—M. Fournier and L. Manes, in Actinides — Chemistry and Physical Properties, edited
by L. Msuies (Springer—Verlag, Berlin, 1985), p. 24.



where xm is the molar susceptibility, Na is Avogadro's number, ke is Boltz-

mann's constant, /leff is the effective paramagnetic moment and 0^ is the

Weiss constant. In this work, electromagnetic units (emu) will be used, and

the molar susceptibility has units of cm^/mol. Molar units in this work will

always refer to a mole of californium ions. Magnetic moment per californium

ion will be given in units of the Bohr magneton.

W = ̂  = 0.927 X 10"^° erg/gauss. (1-2)

Since the / electrons are localized, they are not severely influenced by the

crystalline electric field in the solid state and the total angular momentum J

is a "reasonably good" quantum number. The effective paramagnetic moment

can therefore be calculated from

Af = J[J+\l)ghh (1-3)
1

where gj is the Lande g-factor (see Chapter III). The paramagnetic measure

ments on californium show that this relatijinship holds quite well provided that

intermediate coupling wavefunctions are

constant, 0p, is influenced principally by

behavior and the effects of the crystalline

Another consequence of the locali^tion of the / electrons and their

isolation from solid state environmental efects is the presence of well-defined

peaks in the optical spectra, as shown in Figure I-l. Transitions between

energy levels of the /° ground configuraiion, which are forbidden by parity

considerations, can occur because of configuration mixing^ and can be observed

used in calculating gj. The Weiss

the effects of cooperative magnetic

lectric field.

in many compounds. In cases where

3s. Hufner, Optical Spectra of Transparent Rart
1978), p. 6.

both magnetic measurements and

Earth Compounds (Academic, New York,
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spectroscopic measurements can be made, the two techniques complement each

other and provide a self-consistent test of models of the electronic structure.

When detailed spectra are not available, as is the case for most of the mate

rials studied in this work, the magnetic measurements by themselves contrib

ute significantly to the understanding of the electronic structure.

Magnetic susceptibility and magnetization measurements can provide the

following types of information:

• Information on the charge state of the californium ion from the mea

surement of the effective paramagnetic moment at temperatures that are high

compared to the crystal field splitting of the ground state (typically above

100 K);

• Information on the splitting of the ground state by the crystalline



electric field from susceptibility and magnetization measurements at lower

temperatures (typically below 100 K);

•  Information on cooperative magnetic effects from measurements of

magnetic ordering temperatures and saturation magnetic moments (typically

below 25 K).

Historical Perspective

The first magnetic measurements of californium were made by Cunning-

ham^ in the late 1950's. Using a sensitive Faraday balance, he measured the

magnetic susceptibility of 0.056//g of Cf^^ absorbed on a bead of ion exchange

resin. His result of fien = 9.2 ± 0.9 imq, when compared with his measurement

of //eff = 8-7 ± 0.9 hb for Bk®^, indicated that the ground state of Cf has the

P configuration. Fujita® in the late 1960's made measurements on resin beads

containing approximately one microgram of californium with similar results.

The first reported susceptibility measurements of a bulk solid sample of

californium is that of Fujita et al.^ in 1975 on samples of several micrograms of

californium metal. Electron paramagnetic resonance measurements on cubic

californium compounds were performed at about the same time.7 Nave® and

Huray,9 in the late 1970's, began a systematic study of the magnetic properties

of the transplutonium elements through einsteinium (element 99). The

'^B. B. Cunningham, J. Chem. Ed. 36, 32 (1959).

®D. K. Fujita, University of California Radiation Laboratory Report No. UCRL—19507,
1969 (unpublished), p. 25.

®D. K. Fujita ei o/., in Transplutonium Elements 1975, edited by W. Muller and R. Lindner
(North—Holland, Amsterdam, 1976), p. 173.

^N. Edelstein and D. G. Karraker, J. Chem. Phys. 62, 938 (1975).

8S. E. Nave et al, Phys. Rev. B 28, 2317 (1983).

®P. G. Huray et al., J. Less-Conunon Met. 93, 293 (1983).



californium measurements described herein are a part of that work.

Materials Investigated

The four types of californium materials that are investigated in this work

are the metal, the oxides, the monopnictides (compounds with the group VA

elements) and the trichloride. The californium ion occurs in a variety of

different solid state environments in these materials. The oxides and the

trichloride are ionic compounds, but the monopnictides are semi-metallic. The

conduction electrons in the monopnictides and in the pure metal play an

important role in the collective magnetic behavior in those materials. The

relationship between the spacing of the californium ions and the magnetic

ordering temperatures in the monopnictides sheds some light on the mecha

nisms of magnetic ordering in those compounds.

The pure oxides Cf203, Cf70i2 and Cf02 make up a series of compounds

in which the californium is found in the 3+ and 4+ charge state. Measure

ments of the effective paramagnetic moments of these compounds is one way

to confirm the charge states. BaCfOa is another ionic compound in which the

californium ion is in the less common 4+ charge state. Measurements on the

two crystal forms of Cf203 (bcc and monoclinic) allow a comparison of the

magnetic ordering and crystalline electric field splitting in the two different

crystal environments.

Californium trichloride is of interest for a number of reasons. It has

both a hexagonal and an orthorhombic crystal form, which provides two

different symmetries for investigating crystal field effects and magnetic

ordering. Single crystals of the hexagonal structure can be grown and the

anisotropy of the magnetic properties can be measured. CfCb is also optically

6



transparent and the optical spectrum of the hexagonal form has been well

characterized. The splitting of energy levels by the crystal field as determined

from the optical spectrum can be directly compared with the effects of that

splitting on the magnetic properties. None of the other californium materials

studied in this work have been so well characterized by optical absorption

measurements and allow such a comparison.



CHAPTER n

THE MAGNETIC SUSCEPTOMETER

The magnetic measurements described in this work were performed on a

magnetic susceptometer that was constructed specifically for studying small

samples. It is patterned after a device built by Nave and Huray,^ but with

modifications to allow measurements on somewhat larger samples and measure

ments at higher magnetic fields. The description of the susceptometer in this

chapter applies to the device as it is presently operating. For measurements

made during the initial operations of the device, some mechanical features

were different. The significant differences will be noted when the actual

measurements are discussed in later chapters.

Overall Mechanical Features

An overall schematic diagram of the susceptometer is shown in Figure

II-l. The sample, temperature sensors and a sample heater are suspended by

wires in an evacuated space inside a liquid helium cryostat. The wires are

pulled up and down from outside the cryostat causing the sample to move up

and down through a pair of sensing coils that are part of a superconducting

loop. The superconducting loop is connected to a Superconducting QUantum

Interference Device (SQUID) which acts as a current-to-voltage converter and

gives a signal directly proportional to the magnetic moment of the sample.

Sample changing is accomplished by the use of an airlock at the top of

the cryostat. The sample can be pulled up into the sample tube by pulling

^S. E. Nave and P. G. Huray, Rev. Sci. Inst. 51, 591 (1980).

8
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Figure II-l. Schematic diagram of the magnetic susceptometer.
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the drive tube partially out of the sample vacuum can. The sample tube can

then be withdrawn through the lower vacuum feedthrough until the air-lock

ball valve can be closed, isolating the vacuum below it. The sample tube can

then be removed entirely and the sample can be changed.

Experimental Control and Data Acquisition

A 16-bit micro-computer (IBM PC/XT) is used for both experimental

control and data acquisition. Figure II-2 is a block diagram of the system.

The computer is connected to the susceptometer and other peripheral devices

through an IEEE 488 instrument buss and through a bank of digital I/O lines.

Both of these computer interface capabilities are provided by special hardware

mounted on the expansion buss of the computer.

A BASIC computer program handles almost all aspects of experimental

control and data acquisition. The susceptometer can be programmed to

automatically perform measurements either at constant temperature with

varying magnetic field or at constant field with varying temperature. For each

data point, the sample is moved up and down through the sensing coils twice

in each direction at about 0.25 mm/sec. The SQUID output is recorded once

a second for a total of about 200 values. A typical profile for a measurement

at one temperature and field is shown in Figure II-3. The profile is analyzed

by the computer to determine the four peak-to-peak values. These four

values are then averaged and stored on floppy disk with information about the

temperature and the magnetic field. A graphical display of the data (e.^.,

susceptibility vs. temperature or magnetic moment vs. field) can be displayed

at any time during an experiment.

10



6
 
B
i
t
 
0
/
A

C
o
n
v
e
r
t
e
r

(
0
 
t
o
 
0
.
6
 
v
o
l
t
s
)

M
i
c
r
o
-

C
o
m
p
u
t
e
r

(
I
B
M
 
P
C
/
X
T
)

1
0
0
 
A
m
p
e
r
e
 
O
c

P
o
w
e
r
 
S
u
p
p
l
y

(
H
P
 
m
o
d
e
l
 
6
2
6
0
A
)

R
e
l
a
y
 
S
w
i
t
c
h

B
o
x

D
i
g
i
t
a
l
 
I
/
O

L
i
n
e
s

A
u
t
o
-

T
r
a
n
s
f
o
r
m
e
r

6
0
 
m
A

1
2
0
 
v
o
l
t
s

I
E
E
E
 
4
6
6

B
u
s
s

-
N

I

■
X

"

□
ig

it
a

l 
V

o
lt
m

e
te

r
(K

e
ith

le
y
 

m
od

el
1

9
5

A
)

S
O

U
IO

E
le

c
tr

o
n

ic
s

(S
H

E 
m

o
d

e
ls

 
30

a
n

d
 

D
E

C
)

S
c
a

n
n

e
r

(H
P 

m
o

d
e

l 
3

4
9

5
A

)

A
rr

o
w

s
 

In
d

ic
a

te
 

fl
o

w
o

f 
D

a
ta

 
o

r 
P

o
w

e
r

1 T
e

m
p

e
ra

tu
re

C
o

n
tr

o
 H

e
r

(C
ry

o
-C

a
l 

m
od

el
T

-2
0

0
0

)

4 
B

it
 

D
/A

C
o

n
v
e

rt
e

r
(-

9
 

to
 

9 
v
o

lt
s
i

50
 

K
ilo

g
a

u
s
s

S
u

p
e

rc
o

n
d

u
ct

in
g

M
a

g
n

e
t

(T
fio

r 
R

e
se

a
rc

h
)

C
u

rr
e

n
t 

In
p

u
t

P
e

rs
is

te
n

t 
S

w
it
c
h

H
e

a
te

r
C

u
rr

e
n

t 
M

e
a

su
ri

n
g

R
e

s
is

to
r 

(0
.0

1
 

oh
m

)

M
a

g
n

e
ti
c
 

S
h

ie
ld

H
e

a
te

r

S
a

m
p

le
 

D
ri

v
e

 
M

o
to

r
(O

ri
e

l 
M

o
to

r-
M

ik
e

)

S
Q

U
ID

 
P

ro
b

e
(S

H
E

 
M

o
d

e
l 

S
P

)
S

e
n

si
n

g
C

o
i 
Is

O
ew

ar
 

T
he

rm
oc

ou
pl

e

S
a

m
p

le
 

H
o

ld
e

r

Au
 (

Fe
) 

T
he

rm
oc

ou
pl

e
S

I 
D

io
de

 
T

em
pe

ra
tu

re
S

e
n

s
o

r
C

a
rb

o
n

 
T

e
m

p
e

ra
tu

re
S

e
n

s
o

r
S

a
m

p
le

 
H

e
a

te
r

Fi
gu

re
 1

1—
2. 

Bl
oc

k 
di

ag
ra

m
 o

f t
he

 s
us

ce
pt

om
et

er
 d

at
a 

ac
qu

is
iti

on
 a

nd
 c

on
tro

l 
sy

st
em

.



1200

800 -

3  400 -

(0

c
O)
•H

ut

Q
M

3
O
in

0 -

-400

-800 -

-1200

peak-to-peak

values;

2253.7

2283.4

2269.6

2264.8 I

Average:

2270

Variance:

9  /

CfClg #lb
12.5 pg mass

63.4 K

19.91 kG

25 50 75 100 125 150 175

Data point number (one per second)

200

Figure 11-3. Raw data for a typical susceptometer measurement at one
magnetic field and temperature.

For data points 1 to 110:
A - Sample begins motion down through the first coil (wound

clockwise).
B - Sample reaches midpoint between the coils.
C - Sample finishes motion through the second coil (wound

counter-clockwise).
D - Sample begins reverse motion back up through the second coil.
E - Sample reaches midpoint between the coils.
F - Sample finishes motion through the first coil.

For data points 111 to 200:
Sequence A to F is repeated.
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System Details

Flux Sensing System

The flux sensing circuit of the susceptometer consists of two oppositely

wound coils that form part of a superconducting loop that is connected to a

SQUID probe. Since the magnetic flux through the superconducting loop must

remain constant, current is induced in the loop as a magnetic sample passes

through either coil. The double coil arrangement makes the system insensitive

to changes in uniform ambient magnetic fields. The SQUID measures the

current in the loop and gives as an output the number of flux quanta (^o =

2.07 X 10'^ gauss cm^) coupled to the SQUID. This output is not the same as

the flux change in the sensing loop caused by the sample, but is proportional

to it. Therefore, all raw data are recorded in terms of the flux quanta output

of the SQUID and then are converted to actual magnetic moments using an

experimentally determined calibration constant for the device. The SQUID

probe in the susceptometer has a sensitivity of 1.12 x IQ'^ amperes per 0o-

Typical measured peak-to-peak flux counts for samples studied in this work

range between 10 and 200,000 flux quanta at magnetic fields of several

kilogauss and above.

The physical arrangement of the sensing coils is shown in Figure 11-^.

Each coil consists of 15 tmns in a single layer with an inner diameter of

4.09 mm. The center-to-center spacing of the coils is 5 mm. The self-

inductance of the sensing coil pair is 2.1 fiE, which when combined with the

2/M inductance of the SQUID input maximizes the coupling of the sample

flux to the SQUID. All leads are carefully twisted to minimize stray

inductances. The wire of the superconducting loop is 0.102 mm in diameter

13



To SQUID

Probe

1.58 mm

Coil Wound

5.00 mm Counter-clockwise

(15 turns)

Coil Wound

Clockwise

(15 turns)
Twisted Leads

"S

Sensing Coils

(4.09 mm I.D.)

/ JL
Ni

N

Coil Holder

(yellow brass)
(6.35 mm I.D..
12.7 mm O.D.)

All wires are

held in place

with varnish

(GE 7031)

Superconducting Wire (NbTi)
(0.102 mm dia.)

Figure II-4. Details of the susceptometer sensing coils.
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with a core of niobium-titanium and an outer sheath of copper. The coils are

wound in slots machined in a yellow brass tube and held in place with

varnish. The twisted wires leading to the SQUID probe are fed through a

niobium capillary tube that provides shielding from both AC and DC magnetic

fields. Vacuum grease inside the capillary tube helps prevent noise due to

motion of the leads. The SQUID probe, which is also shielded by a niobium

tube, is located outside the high field region of the superconducting magnet in

an area where the magnetic field is less then 900 gauss (the critical field of Nb

at 4.2 K).

The response of the sensing system depends upon sample geometry. The

sample is constrained by the sample holder to remain close to the axis of the

coil system so that off-axis effects are minimized. The theoretical SQUID

signals for samples with the same total moment but different lengths (assumed

to be infinitely thin and on-axis) are shown in Figure 11-^. Most samples

that are measured are less than one-half millimeter in any dimension and can

be considered as point sources.

Superconducting Magnet

The magnetic field that is applied to the sample is generated by a

superconducting magnet with a 25.4 mm clear bore. It can provide fields of

up to 50 kilogauss (with 92.2 amperes of current). The magnet has a field

uniformity of better than one percent over a cylindrical volume ICQ mm long

and 10 mm in diameter (see Figure II-6).

A 100 ampere DC power supply drives the magnet. The power supply is

usually computer-controlled through an 8-bit D/A converter, which allows

control in steps of about 200 gauss. When lower fields and finer control are

15
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Figure n-6. Magnetic field uniformity of the superconducting magnet
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required, the power supply is operated manually. The voltage drop in a 0.01

ohm resister in series with the magnet is monitored for determining the

applied field. A crow-bar circuit cuts off the power supply if a voltage greater

than 0.5 volts is sensed across the magnet leads at the top of the cryostat.

Two 100 ampere reverse-biased diodes connected across the leads at the top of

the cryostat provide protection for the magnet when the energy in the magnet

must be dissipated and the power supply has shut down.

Current to the magnet enters the dewar through leads that are internally

cooled by He boil-off gas and can operate continuously at 100 amperes. The

magnet is usually operated in a persistent current mode. The heater that

controls the persistent switch can be operated either manually or by the

computer. In most cases, the computer is used to control and monitor the

power supply and persistent switch in the sequence of operations required for

changing the current in the magnet.

Magnetic Shielding

A cylindrical tube of NbTi (45% Nb, 55% Ti) superconductor provides

magnetic shielding for the sensing coils and sample. The shield is 100 mm

long, and has a 12.7 mm diameter and 0.5 mm wall thickness. It is located in

the volume of the superconducting magnet that is already uniform to one

percent and enhances that uniformity to a greater degree while it also provides

shielding from time-varying magnetic fields. A 750-ohm bifilar nichrome

heater is wrapped on the outside of the shield and is used to heat the shield

above its critical temperature whenever the applied magnetic field is changed

and must be allowed to penetrate into the sample space. The heater is pow

ered from an auto-transformer which is operated either manually or by relays

17



through the computer. The arrangement of the superconducting magnet,

shield and sensing coils is shown in Figure II-7.

Temperature Control and Measurement

Figure II-8 gives a detailed view of the sample package that is sus

pended in the cryostat. The upper part of the package is a piece of machined

brass to which a Si diode sensor, carbon sensor and electrical heater are ther

mally anchored. This part of the package always remains well outside of the

superconducting shield. The lower part of the package consists of a copper

tube that thermally connects the upper part with the sample holder. A

tantalum tube is usually slipped over both the sample holder and the copper

tube to provide mechanical protection for the sample.

A microprocessor-based temperature controller is used to regulate the

sample temperature. The sample package is suspended in a vacuum and the

only two sources of cooling for the sample are radiative cooling to the nearby

walls which are at liquid helium temperature and cooling by the admission of

small amounts of He gas into the vacuum space. Radiative cooling is suffi

cient to allow temperature control down to about 50 K, but exchange gas must

be used to cool to lower temperatures. The signal from the Si diode sensor is

used by the temperature controller at temperatures above about 35 K. At

lower temperatures, the diode is affected by magnetic fields and the carbon

sensor (which is not a very sensitive thermometer above 100 K) is used.

Since the sample is located approximately 60 mm from the diode and

carbon sensors, a differential thermocouple arrangement is used to measure the

difference in temperature between the sensors and the sample holder. Gold-

iron vs. chromel junctions are used since they are quite sensitive at low

18



Sample Tube

Teflon Thermal

Insulator

NbTi Magnetic Shield

(12.7 mm O.O.,
0.51 mm wall thick.)

Magnetic Shield Heater

(wrapped on outer
surface of shield)
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Brass Coll Holder

(B.35 mm I.D.)

Teflon Thermal

Insulator

LHe Ventilation

Hole

Superconducting

Magnet

Vacuum Pumping Vent

100 mm

Phenolic Split Clamp

Figure 11-7. Details of the susceptometer sample region.
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Instrument Wire

Bundle

Si Diode Sensor

Au (Fe) Thermocouple

Junction

The sensors are potted

into a slot in the

brass holder with

varnish (GE 7031)

Sample Heater
(bifilar winding)

ll

Stainless Steel Tube

(6 mm 0.0.)

Carbon Sensor

Sensor Holder

(Brass)

Copper Tube

(1.5 mm Q.D.)

Tantalum Tube

(1.6 mm G.D.)
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Au (Fe) Thermocouple

Junction
Sapphire Sample

Holder

Susceptometer Sensing
Coils

Brass Coil Holder

Teflon Ball

(2.95 mm dia.)

40 mm

Figure II-8. Details of the temperature sensors and sample heater.
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temperatures (about 14 microvolts per degree K). At the highest sample

temperatures (about 340 K) the temperature difference between the controlling

sensors and the sample holder is typically 5 K or less. The difference is

smaller at lower temperatures and is usually less than 1K at 200 K. At

temperatures below 20 K, when the He pressure of the sample space must be

increased to provide cooling, gradients of several degrees can be generated and

must be corrected for.

Sample Holder

Since the samples that are studied in the susceptometer are relatively

small, it is important that sample holder effects be minimized. This essen

tially means avoiding any physical features in the sample holder that would

generate a magnetic signal while the sample is passing through the sensing

coils. One way that this has been accomplished is shown in Figure 11-9.

Gold Wire

(0.8 mm die.) Sample
Varnish

imm

r c::

/
Sapphire Tube Quartz Capillary
(1.1 mm G.D.) (0.8 mm 0.0.)

30 mm

Sensing Coil of
Susceptometer

Figure H-fl. Sapphire sample holder.
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Most of the samples studied were prepared and/or characterized by

X-ray diffraction in a small (about 0.8 mm diameter) quartz (fused silica)

capillary. If the capillary is inserted into another larger tube with another

similar piece of quartz, the sample appears, in terms of its magnetic signal, to

be fixed at the center of a single long piece of quartz. If the ends of the

quartz and outer tube are at least 15 mm from the sample and are not heavily

contaminated with magnetic material, they do not significantly interfere with

the sample measurement.

The outer tube is connected to the copper tube that holds the Au(Fe)

thermocouple (see Figure II-8) by a gold wire to minimize thermal gradients

between the thermocouple and the sample holder. It is important that the

sample holder tube have a reasonably high thermal conductivity so that

thermal gradients within the sample holder are not large. A high electrical

conductivity must be avoided, however, since it can result in the generation of

Johnson noise (electrical noise due to thermally induced electrical currents).

For most measurements, sample holder tubes of single-crystal sapphire have

been used since sapphire has a relatively high thermal conductivity and is a

good electrical insulator. Sapphire sample holders generate noticeably less

Johnson noise than do sample holders made from gold, copper or aluminum.

Sample Drive System

The linear motion of the sample through the sensing coils is provided by

a motorized micrometer. The motion is transmitted from the micrometer to

the sample through a water-filled hydraulic system that dampens vibrations

generated by the motor and allows remote mounting of the micrometer for

vibration isolation. The direction and speed of the micrometer can be
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controlled either manually with switches or by the computer through a 4-bit

D/A (digital-to-analog) converter (providing 3 speeds in either direction).

The maximum and normal operating speed for taking data is about 15 mm per

minute.

The points at which the direction of motion of the sample is reversed are

usually updated continually by the computer as data is taken. This allows for

compensation for variations in backlash in the hydraulic system, for thermal

expansion and contraction of the sample support wires, and for variations in

sample speed due to friction of the drive rod running through its vacuum

feed-through. When the data profile is noisy or irregular and turning points

cannot be reliably determined from the data by the computer, then fixed

turning points are used, which must be occasionally adjusted manually to keep

the sample centered between the sensing coils.

System Calibration

The susceptometer has been calibrated using three different methods.

The first calibration method uses a small six-turn coil of 0.10 mm diameter

copper wire wound onto a 0.76 mm diameter tungsten wire. A current of 10

to 20 milliamperes is passed through the coil and the susceptometer signal is

measured as the coil is moved through the sensing coils. The calculated

theoretical moment for the test coil is 3.51 * 10"® emu per milliampere and the

measured peak-to-peak flux change is 58.4 0o per milliampere. This results in

a calibration constant for the system of 16.6 x 10® 0o per emu unit of magnetic

moment. This method of calibration is independent of the magnetic field in

the system but requires an accurate knowledge of the physical dimensions of

the test and sensing coils.
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The second calibration method is performed by measuring the effective

paramagnetic moment of a paramagnetic sample (429/fg of Gd203). Data

taken for three different measurements of the sample in different sample

holders is shown in Figure 11-10. A linear least-squares fit to the plot of

(field/flux) vs. temperature when compared with literature values for the

effective paramagnetic moment of the sample^ (7.90 results in a calibration

constant of 16.7 x 10® <^o per emu. The uncertainty in this value is slightly

larger than the uncertainty in the constant calculated in the first method and

is due primarily to the uncertainties in the sample mass and in the literature

value for the effective paramagnetic moment.

The final method is to measure the magnetization of a small (184 /ig)

sphere of superconducting lead. Figure 11-11 is a plot of flux vs. field for the

sphere at a temperature of 4.4 K. For a perfect superconducting sphere, one

would expect a linear rise in flux up to a field that is 2/3 the critical field

(since the demagnetizing field for a sphere is 3/2 times the applied field) and

a linear fall to zero at the critical field.3 Figure 11-11 approximates this

behavior, but non-linearity in the measurements, due perhaps to impurities in

the lead, allows fitting a straight line to the data only over fields of 120 gauss

and less. This fit results in a calibration constant for the device of 16.3 * 10®

00 per emu. The sphere was formed by melting lead on a graphite surface

and allowing it to form into a sphere by surface tension effects. Measurements

of the diameter of the sphere indicate deviations from a perfect sphere of less

than one part in 75. Since the demagnetization factor for an ellipsoid that is

^G. Foex, C.—J. Gorter, and L.-J. Smits, Tables de Constanies ei Dannies Numerique 7,
Constantes Selectionnees, Diamagnitisme ei Paramagneiisme (Masson, Paris, 1957), p. 254.

^M. Tinkham, Iniroduciion to Superconduciiviiy (McGraw-Hill, New York, 1975), p. 97.

24



1.00

fT.Q 1

" 0.80 (T+17.2)2.80X10

run #1

run #2

run #3

0.60

0.40

with M " 137.3 g/mole
tn - 429 pg

Miff" '-SO Mb
then a - 16.7X10® ♦/emu

0.20

(Tj 0.00
30010050 150 200 250

Temperature (K)

350

Figure 11-10. Calibration of the susceptometer with Gd203.
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Figure 11-11. Calibration of the susceptometer with a lead sphere.
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nearly spherical is proportional to the eccentricity of the ellipsoid,^ the

uncertainty in sphericalness results in an uncertainty of about 0.22 x IQ^ per

emu in the calibration factor.

Considering all three of these calibrations, a value of (16.6 ± 0.15) x IQ®

(f>o per emu has been used for all magnetic moment determinations for the

experiments described in this work. Figure 11-12 shows how the peak-to-peak

SQUID signal should vary with sample length using the above calibration

constant for a point sample.

2.0

r-

O

^ 1.6 -

1.2 -

(Q

C
O)
•rt

U1

a

3
a

w 0.8

m

0)

a

0.4 -

I

m

OJ

Q- 0.0

I  1 I  I I I I

I  I

0.0

For a sample of moment 1 emu

2.0 4.0 6.0

Sample length (mm)

8.0 10.0

Figure 11-12. Theoretical dependence of the susceptometer peak-to-peak
SQUID signal on sample length. A calibration constant of 1.66 x 10^ (pQ per
emu is assumed for a point sample.

'^A. H. Morrish, The Physical Principles of Magnetism (Wiley, New York, 1965), p. 10.
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Noise and Sensitivity

There are two major sources of noise that influence the sensitivity of the

susceptometer. The first is fluctuations in the SQUID output that are present

when the sample is stationary. These fluctuations are due principally to

vibrational motion of various parts of the susceptometer relative to the sensing

coils. This causes rapid changes in the superconducting loop current and in

the SQUID output that are approximately proportional in magnitude to the

applied magnetic field. In terms of the flux quanta at the output of the

SQUID, they produce peak-to-peak noise of about 0.1 0o per kilogauss of

field. This source of noise limits the differential sensitivity of the device to

about ±6* 10'^^ emu per gauss of applied field.

A second, sometimes more troublesome, source of noise is that generated

as the sample moves. This noise is due principally to the rubbing of the

sample assembly against the walls of the sample space. Under most condi

tions, this source of noise is not a problem and does not limit the sensitivity.

If rubbing occurs because of missalignment of the sample holder, however, the

SQUID electronics will usually only be able to stay locked on the noise below

a certain magnetic field.

Another limit to the sensitivity is a tendency of the SQUID signal to

drift at magnetic fields of about 20 kilogauss and above. The actual mismatch

in the two coils of the sensing circuit is not known, but a one-hundredth-turn

mismatch can cause a one <j)Q change in the SQUID output for a 70 x 10'®

gauss change in the ambient field. Consequently, any small changes in field

will cause a background drift. Background drifts of tens of <j>Q per minute at

30 kilogauss are not uncommon. For large sample signals of several thousand
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(f>o (typical for tens of micrograms of californium) this is not a problem since

the effects of a slight linear background drift are self-compensating. However,

for small samples of weakly magnetic materials, the drift can place a practical

limit on the maximum applied magnetic field.
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CHAPTER m

ELECTRONIC STRUCTURE

Since the magnetic behavior of an atom is a manifestation of its elec

tronic structure, the general features of the electronic energy levels of califor

nium must be understood before its magnetic behavior can be interpreted. A

partial knowledge of the energy levels allows interpretations of the magnetic

data that can in turn give more detailed information about the electronic

structure.

The ground state of neutral californium has the electronic

configuration (showing only the electrons beyond the closed radon core).

Californium exists in solids with charge states of +4, +3 and +2 which have

the 5/®, and 5/° configurations, respectively. In divalent californium, the

levels of the 5/^° configuration span about 110,000 cm'^ and are overlapped by

levels of the 5/^7s^ configuration which start about 20,000 cm'^ above the

ground state.bz in the tri- and tetravalent ions, the configuration

contributes levels that are closest to the 5/ ground state, but those levels are

more than 50,000 cm"^ from the ground state. The general pattern of the

lowest energy levels of all three ions can be explained without having to

consider any interactions between the different configurations. But to get

reasonable agreement between energy level calculations and the results of

optical absorption and fluorescence measurements, configuration interactions

must to some extent be taken into account.

As noted in Chapter I, the energy levels and wavefunctions of the

cm"l > 0.124 meV » 1.44 Kelvin.

2j. R. Peterson et ai, Radiochem. Radioanal. Lett. 31, 277 (1977).
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californium ion in the solid are essentially the same as those of the free ion,

because of the limited radial extension of the 5/ wavefunctions. The effects of

the crystalline electric field, applied magnetic fields and magnetic ordering can,

therefore, be considered as perturbations to the free ion system. Consequently,

the free ion energy levels and wavefunctions must be considered in some detail.

Free Ion Energy Levels

The two interactions that most influence the energy levels of the free ion

are the electrostatic interaction between electrons and the magnetic interaction

between the spin and angular momenta of the individual electrons (the spin-

orbit interaction). If the spin-orbit contribution were small (the Russell-

Saunders limit), each energy level could be described in terms of a pure LS

state with degenerate J levels that would be split by the spin-orbit interac

tion. The spin-orbit interaction is, however, a relativistic effect and is conse

quently large and important for heavy elements. If the spin-orbit interaction

were to dominate the electrostatic term, then jj coupled states would be a

convenient set of basis states to use. For californium and other actinides, the

electron-electron electrostatic and spin-orbit interaction energies are of roughly

equal magnitude and must be treated equally. The resulting wavefunctions

can be described by linear combinations of either LS states or jj states with

the same J value, and are intermediate coupling states. The calculation of the

intermediate coupling energy levels and wavefunctions is simply the diagonal-

ization of the energy matrix that includes both the spin-orbit and the electro

static interaction.

For all the calculations in this work, wavefunctions are described in

terms of LS coupled states. Each LS term is designated \aLS), where a is an
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additional quantum number that is required because the L and S quantum

numbers do not always uniquely specify a term in the configurations.

Table III-l lists all possible LS terms that can be constructed for the p

and configurations. The terms are grouped to show which have common J

values.

Electrostatic Interaction

The electrostatic matrix elements are usually formulated as

^ \oi'LS)
1 1 J

O

= ̂  fk F''. (III-l)
k=2
even

The F'' are direct Slater integrals and involve integrals over the radial depen

dence of the wavefunctions and are treated as parameters that are derived

from experimental optical spectra. The fk are angular integrations that can be

evaluated exactly. No exchange integrals are present since only equivalent

electrons are involved. The sum can be terminated at 6 since for terms from

/-electron configurations all higher order integrals vanish. The k = 0 term is

an additive constant that can be ignored.

In order to simplify hand calculations involving configurations of /

electrons, Racah^ defined the following linear combinations of the Slater

integrals:

i?l _ 14 tri2 , 7 tri4 . 350 rri6
^  - sm ̂ + 7?r7 ̂  + TT^ ̂ 5^ r + ^ r

1  F'^ +
» ̂ Wm ̂ 1656369

3G. Racah, Phys. Rev. 76, 1361 (1949).
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Table III-l. LS terms of the f% and /lo configurations,
grouped by possible J values.

J  Singlets Triplets

configuration

Quintets Septets Number

of terms

0  54 a

Pi

De

Fi

G 8

Hi

K 8

Li

M(2)
10 M2

11 Q(l)
12

P(6)
P(6),Z)(5)

P 6 D 5

F9 G 7

H9 G7 H9

G 7
H9

/6

m
L(3),M(3),Mi
M 3 ,M1),0 1

P{1),Z) 3 ,P(2)
5(1),P(1),Z}(3),P(2),G(3)
Pm P(3) P(2) C?(3) PT2)
g3),P 2 ,6- 3 ,P(2),/ 2
P(2),G(3),P'(2),/(2),/f 1)
G(3),P(2),/(2),if(l),4l)

^(2),/(2) Ml) L(l)
/(2),M1)L(1)
K{l)L(l)
m

Total of 119 terms.

PI

PI

PI

PI

PI

PI
P(l)b

14

19

37

37

46
37

38

24

20

12

8

3

1

J Doublets

configuration

Quartets Sextets Number

of terms

1/2
3/2
5/2
7/2
9/2
11/2
13/2
15/2
17/2
19/2
21/2
23/2

P(4 ~
P)(5)

G'(6),M7)

/(5)M5)
M5),Ph
L(3),M2)
M(2YNh)

d{l)

,n4)

',§3i:
P(4),G(4
G(4),P(3
His), 1(3
I{3),K(2),L(1),M{1
K{2)L(l),M(l)
P(1),M1)

M(l)

P(l)

P{l),F(l),H(l]
P(l),P(l),.ff(lj

P(1),P(1)
P(1),M1)
^(1)
^(l)b

Total of 73 terms.

10

21

28

30

29

26

20

16

9

5

3

1
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Table III-l. (continued)

/"lo configuration

J  Singlets Triplets Quintets Number
of terms

P(3) D{1) 6
P(3),D(2) 7

^2),P4,G3 iXl),F(l),G(l) 13
^4),G3,P4 P(1),P(1),G(1),/(1) 19Gf3),P(4),/(2) F(l),d(l),/(1) 14
^(4),/(2 ,M2) G'(l),/1) 13
I(2),K\2lLh\ /(I) 7
/(2),L(1),M(1) /(l)b 7
I(1)M(1) 2

M(l) Total of 47 terms. 2

^•The number in parenthesis is the number of terms with the same L and S values.

bRund's rule ground state.

0 5(2)
1

2 DU)
3 Fh)
4 gU)
5 H{2)
6 /(3)
7 K(l)
8 L(2)
9

10 N(l)
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E' = ^ ^ F«. (III-2)

Although the use of computers has eliminated the need for this set of para

meters, they are still frequently used in describing /-electron systems and will

be used in this work. In terms of these parameters and the corresponding

angular parts,
3

{aLS\<^es\a'LS) = ̂ ^ekE''. (III-3)
k = 0

Details of the calculation of the ek are given in Appendix A. The ek are

diagonal in L, S and J but not in a. Carnall et alA have obtained sufficiently

detailed and complete optical absorption spectra for CfCls to determine the E''

values for Cf^"^. Carnall and Crosswhite^ have developed techniques for

estimating the E'' parameters for the +2 and +4 species even though no

complete optical spectra are available.

Spin-Orbit Interaction

The spin-orbit contribution to the atomic Hamiltonian can be written as

N

<«o= ̂  «ri) (III-4)
i = l

where N is the number of electrons and the ^(ri) include all radial

dependencies. Appendix A gives the details for calculating the matrix

elements. The radial dependencies of the matrix elements are expressed in

terms of a single parameter the spin-orbit parameter. The selection rules

for the matrix elements are

4W. T. Carnall et al, J. Chem. Phys. 58, 1938 (1973).

^W. T. Carnall and H. M. Crosswhite, Argonne National Laboratory Report No. ANL-84-
90, 1985 (unpublished), p. 72.
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\S-S'\ < 1

and \L-L'\ < 1.

Other Interactions

If only the parameters E'' and C used to fit the optical spectra of

lanthanides and actinides, the energy levels usually cannot be reproduced to

better than several hundred cm'^ Numerous other parameters are typically

employed that account for other magnetic interactions within the /" configura

tion and interactions with other configurations. Three additional parameters

that are frequently used are the a, /? and 7 two-body parameters. These

parameters account for two-body configuration interactions of the forms

aL{L+ 1), /3G{G2) and 7G(R7). 0(62) and G(R7) are eigenvalues of Casimir

operators of the groups G2 and R76 and have been tabulated by Wybourne.''

It should be noted that although the various parameters that are used in

the fitting of the optical spectra are assumed to represent a particular inter

action, all interactions with that same functional form will determine the final

value of that parameter. Many configuration interactions are accounted for by

the Slater integrals,8 and these fitted parameters may not correspond well with

values calculated using Hartree- or Dirac-Fock techniques.

Intermediate Coupling Results

Since all of the contributions to the Hamiltonian for the intermediate

coupling calculation are diagonal in 7, the matrix of the Hamiltonian can be

^B. R. Judd, Operator Techniques in Atomic Spectroscopy (McGraw Hill, New York, 1963),
p. 106.

^B. G. Wybourne, Spectroscopic Properties of Rare Earths (Interscience, New York, 1965),
p. 73.

^K. Rajnak and B. G. Wybourne, Phys. Rev. 132, 280 (1963).
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diagonalized by diagonalizing the sub-matrices for each individual value of J

separately. The last column of Table III-l lists the dimensions of these

matrices. The largest is 46 by 46. Tables III-2 to III-4 show the results of

the intermediate coupling calculations. The energies for all J manifolds within

12,000 cm"^ of the ground state are listed along with the major LS components

of the wavefunctions. The energy levels are shown schematically in Figure

III-l. In Figure I-l, page 4, some of the higher calculated energy levels are

compared with the optical absorption spectrum. The Hund's rule ground state

term for Cf^^ makes up 77 percent of the intermediate coupling ground state

wavefunction. The first excited J manifold lies about 8400 cm'^ above it. For

both Cf^'^ and the ground state is 69 percent the Hund's rule term while

the first excited manifolds are about 6400 and 4700 cm'^ respectively, above

the ground manifold.

For Cf^^ and the original parametric fits of Carnall et al. to the

optical spectra and extrapolations from the Cf^'' spectrum include additional

parameters not included in the present calculations. Consequently, the energy

levels calculated here differ slightly from those that are based on the larger set

of parameters. The results are sufficiently good, however, to serve as a

starting point for additional perturbation calculations.

Crystal Field Splitting

The largest perturbation to the energy levels of a californium ion in a

solid is that due to the electric field generated by the other ions in the crystal.

The electric field reflects the symmetry of the crystal and the contribution to
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Table III-2. Intermediate coupling free ion
wavefunctions of Cf2+ (/lO).

Parameters^

(cm"i)
J Energy

(cm"i)
Major LS

components

El = 3997 8 0 77% 5/, 20% 3F,
E2 = 19.13 1% iL
E3 = 350.4 5 8458b (8368)c 41% 3G, 34% 5F,
C = 3446 12% 377, 4% 277
a = 30.0 7 9328 (9271) 89% 5/, 9% 3/7
^ = -800 1% 3/
7 = 1200 2 10286 (10284) 27% 3/9, 25% 3F,

15% IF, 15% 55
6 11275 (11183) 40% 5/, 33% 3/7,

20% 5G, 4% 3/

^W. T. Carnall and H. M. Crosswhite, Argonne National Laboratory Report No. ANL-84-
90, 1985 (unpublished), p. 78.

^Calculated using the limited set of psurameters in the table.

^Energies based on the complete set of parameters of Carnall and Crosswhite, p. 80.

Table III-3. Intermediate coupling free ion
wavefunctions of Cf3+ (/9).

Parameters^ J Energy Major LS
(cm'i) (cm"i) components

El = 4173 15/2 0 69% 24% 4/, 4% 2/C, i% 4/^
E2 = 19.84 11/2 6422 45% 30% 4^, 13% ̂ H, 6%
E3 = 391.4 9/2 6437 40% ̂ F, 30% 6F, 14% 9%
C = 3602 13/2 8063 83% 13% 4/, 3% ̂H, 1%
a = 35.37 3/2 11445 32% W, 21% ̂ F, 19% 2F, 11% 2/}
/? = -748.0 11/2 11456 43% 6^, 33% ̂ F, 14% 4^, 5%
7 = 1200

^-W. T. Carnall et ai, J. Chem. Phys. 58, 1938 (1973).
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Table III-4. Intermediate coupling free ion
wavefunctions of Cf4+ (/s).

Parametersa J Energy Major LS
(cm'i) (cm'i) components

El = 4327 6 0
E2 = 17.59
E3 = 399.2 4 4904b (4680)
C = 3765
a = 30.12 5 6039 (6100)
/? = -660
7 = 1200 2 8942 (8600)

3 8982 (8920)

1 11248 (11040)

0 11427 (11170)

69% 7F, 24% 5G,
5% 3^, 1% bH
44% 7F, 27% 5A
10% 9% 3F
79% 7F, 13% SG,
5% 5F, 1% 377
52% 24% 5/},
10% 3P, 6% sp
66% 7p, 19% sp,
9% 5F, 3% 5G
67% 7F, 25% 5A
4% 3P, 3% sp
64% 7p, 26% sp,
7% 3p, 2% 15

aw. T. Cajnall and H. M. Crosswhite, Argonne National Laboratory Report No. ANL-84-
90, 1985 (unpublished), p. 94.

^Calculated using the limited set of parameters in the table.

^Energies based on the complete set of parameters of Carnall and Crosswhite, p. 95.
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Figure III-l. Free ion energies of the J manifolds of californium below
12,000 cm'i.

the Hamiltonian can be written as an expansion in spherical harmonics,^

6  k i

X (BS)" 4t

2FiT n{94)- (III-5)

k= 2 q= - k
e ve n

In this formulation, many-body effects are ignored and the individual / elec

trons are assumed to interact independently with the crystal field. The Bq

encompass all radial dependencies and are treated as parameters. The can

be complex and have the property (Bq)* = (-1)^ Bbq. The summation is

limited to terms having non-vanishing matrix elements between LS states from

the same /-electron configuration. Only even values of k less than or equal to

six are needed. The strengths of the crystal field in substances having

^C. A. Morrison, Harry Diamond Laboratories Report No. HDL-SR—87—1, 1987 (unpub
lished), p. 81.
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different crystal symmetries can be compared using Auzel'sio scalar crystal field

parameter,

("W)
k,q

In general, the crystal field parameters of order k, Bq, are proportional

to (r''), the average value of the k*'' power of the radial extension of the /

electrons. In Table III-5, the values of (r'') for Cf^^ are compared with those

of two trivalent lanthanide ions, praseodymium and dysprosium (californium's

isoelectronic homologue).

Table III-5. Expectation values of r'' for the
/ electrons of Pr3+, Dy3+ and Cf3+.

(r4> M)
units of the Bohr radius)

Reference

Pr3+ 1.09 2.82 15.73 a

Dy3+ 0.73 1.32 5.10 a

Cf3^ 1.52 4.59 25.35. b

J. Freeman and R. E. Watson, Phys. Rev. 127, 2058 (1962).

'^J. P. Desclaux and A. J. Freeman, in Handbook on the Physics and Chemisiry of the
Aciinides, edited by A. J. Freeman and G. H. Lander (North—Holland, Amsterdam, 1984),
Vol. 1, p. 26.

The use of equation III-5 has proven very useful in the parameterization

of crystal field measurements in the actinides and the lanthanides. The

development of physical models that can be used to predict the crystal field

l^F. Auzel and O. L. Malta, J. Phys. (Paris) 44, 201 (1983).
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parameters has, however, been somewhat less successful. The simplest model

for the crystal field is the point charge model, in which the ions surrounding

the ion of interest are considered as point charges. This model has been

helpful in the interpretation of some lanthanide and actinide compounds, but

in general is not useful in its simplest form. Other models that include

higher-order electric multipoles of the ions and considerations of covalency

have been more successful in providing an ab initio means of calculating

crystal field parameters."d2

Appendix A gives details on evaluating the matrix elements of the

crystal field interaction using tensor operator techniques. The selection rules

for evaluating matrix elements of the form (qLS,JM\Y^\ol'L' kT) are

|5-5'| = 0,

\L-L'\ < k,

\J-J'\ < k

and IM-Afl = q.

Unlike the other terms of the Hamiltonian that have been considered so far,

the crystal field matrix elements are not diagonal in J and M. Therefore,

when a crystal field is present, excited states with different J values may

interact with the ground state and mix other J values into the ground state

wavefunction. The importance of J mixing in californium will be discussed

later in this chapter.

The number and degeneracies of the crystal field split levels for a partic

ular J manifold in a crystal field with a particular symmetry are uniquely

determined by group theoretical considerations. The number of possible levels

llD. J. Newman, J. Phys. C 10, 4753 (1977).

12m. Faucher and D. Geircia, J. Less—Common Met. Ill, 207 (1985).
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into which the ground state manifolds of the three californium ions can be

split are listed in Table III-6. Cf^"^ has an odd number of electrons (half-

integral J value) and is split no further than Kramer's doublets. The other

two charge states have integral J values and can be split into singlets. The

order of the levels and their spacing will depend upon the values of the Bq

crystal field parameters. They are determined for a particular set of

parameters by diagonalizing the matrix constructed from the matrix elements

of the crystal field interaction within the set of intermediate coupling free ion

states. If the set of states is truncated to include only those of the ground

state manifold, a first order perturbation calculation results and no J mixing

occurs.

Table III-6. Crystal field splitting of the ground
state of californium ions.

Crvstal field svmmetrv

Cubic Hexagonal Tetragonal Lower

symmetry

Cf2+ la 5 9 17 singlets^
(7=8) 2 6 4 doublets^

4 triplets

Cf3- 2 8 8 8 doublets
(7= 15/2) 3 quartets

Cf4- 2 5 7 13 singletsb
(7=6) 1 4 3 doublets^

3 triplets

^Number of levels.

bNon—magnetic levels.

•^Non—magnetic in a cubic crystal field.

42



If the magnitude of the crystal field Interaction is large enough so that a

first order calculation is unsatisfactory, then more J manifolds must be

included in the calculation. In practice, the set of states must still be trun

cated to keep matrix sizes manageable. If all J manifolds are included in the

matrix, for the p configuration the matrix is a manageable 92 by 92, but for

P it is 2002 by 2002.

Cubic and Hexagonal Symmetries

The simplest symmetry that can occur is cubic symmetry. Of the

californium compounds measured in this work, Cf02, BaCfOs and the califor

nium pnictides all have cubic crystal structures and have cubic symmetry at

the californium sites. The non-zero crystal field parameters for cubic sym

metry are B^, B|, B§, and B|. But since the following relations hold,

J.

Bi =
14 Be

i

and B| = - ̂  ' Be, (111-7)

there are only two independent parameters required to specify any crystal field

with cubic symmetry. Lea et have summarized the information on the

splitting of energy levels in /-electron systems by a cubic field (without J

mixing) in a very useful tabular and graphical form.

Table 111-7 lists the wavefunctions of the crystal field split ground states

of californium if J mixing is neglected. Each level is labeled by its group

representation using Bethe's T notation. The wavefunctions with non-constant

coefficients vary, with the ratio of B§ to B^. The others are

'^Lea et ai, J. Phys. Chem. Solids 23, 1381 (1962).

14h. a. Bethe, Ann. Phys. 3, 133 (1929).
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Table III-7. Splitting of the ground state manifold of Cf2+, Cf^-*
and Cf4+ in a cubic crystal field with no J mixing.a

Representationb Wavefunctions

Cf2^ Ti

(J=8) r3(2)c

r4(2)

r5(2)

.41118> + .270|4> + .718|0) + .270|-4) + .411|-8>

ai|8) + a2|4) + a3|0) + a2|—4) + ai|—8)
bi|6> + b2|2> + b2|-2> + bi|-6>

ai|±7) + a2|±3) + a3|¥l) 4- a4|T5)
bi|8) + b2|4) + b3|0) — b2|—4) — bi|—8)

«ii|='=7) + a2|±3) + a3
bi|6> + b2|2> - b2 -2

+ a4|T5)
- bi|-6>

Cf3^ Te

(7=15/2) Ft

r8(3)

.5821±15/2) + .3311±7/2) + .718|t1/2> + .191|t9/2>

.6331±13/2) + .5821±5/2) - .451|t3/2) - .239|t11/2)

aiJ±15/2)
bi|±13/2)

+

+

a2

b2
+

+

as

bs
t1/2) + a4|T9/2)
=f3/2) + b4|Tll/2)

Cf4-

(7=6)

Fi

F2

Ts

F4

r5(2)

-.66114) + .35410) - .6611-4)

-.39516) + .58612) + .5861-2) - .3951-6)

.58616) + .39512) + .3951-2) + .5861-6)
.25014) + .93510) + .2501-4)

.6851±3) - .4331Tl) + .586|t5)
-.70714) + .00010) + .7071-4)

ai|±3) + a2|Tl) + a3|¥5)
bi|6) + b2|2) - b2|-2) - bi|-6)

aLea et ai, J. Phys. Chem. Solids 23, 1381 (1962).

^Bethe's notation.

CThe number in parenthesis is the number of times the representation is present in the
manifold.
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independent of that ratio. If J mixing is included, the resulting wave-

functions will be mixtures of wavefunctions with the same symmetries (having

the same F designations) from the mixing manifolds.

■  Several of the californium materials studied in this work have hexagonal

symmetry at some or all of the californium sites (the dhcp metal, bcc Cf203,

and hexagonal CfCls). Four independent crystal field parameters are required

for the most symmetric hexagonal crystal fields: B§, B^, B§ and B^. The

wavefunctions of the ground state manifold of Cf^^ when split by this type of

hexagonal crystal field are listed in Table 111-8. Less symmetric hexagonal

symmetries also occur that require the parameters above plus B^ and B§.

Table III-8. Splitting of the ground state manifold of Cf3+
(y= 15/2) in an hexagonal crystal field with no J mixing.

Representationa Wavefunctions
(Kramer's doublets)

Number of times
present in manifold

Fz ai|±13/2) + a2|±l/2) + asl^11/2) 3

Fg bi|±7/2> + b2|=F5/2> 2

Fg Ci|±15/2) + C2|±3/2> + cai|t9/2> 3

^Bethe's notation.

Importance of J Mixing

Lam and Chanis have demonstrated the importance of including J mixing

for crystal field calculations involving the /-electron configurations up to /®,

^^S.—K. Chan and D. J. Lam, in The Actinides: Electronic Structure and Related
Properties, edited by A. J. Freeman and J. B. Darby, Jr. (Academic Press, New York,
1974), Vol. I, p. 22.
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and have suggested using all J manifolds within 12,000 cm'^ (1.5 eV) of the

ground state. The results of crystal field calculations for the 2+, 3+ and 4+

charge states of californium indicate that 12,000 cm'^ is also an appropriate

truncation point for the 5/®, 5/^ and configurations. Figures III-2 to

III-4 show how the splitting of the ground state in a cubic field for the three

configurations depends upon the ratio of B§ to and the magnitude of B^.

The curves show the splitting with J mixing of manifolds up to 12,000 cm"^

included. Without J mixing, the level splitting increases linearly with the

strength of B^ for a fixed B§ to B^ ratio. The linear extrapolation of the

curves without J mixing are marked and labeled at the edges of each graph.

As would be expected, Cf^"^ is least affected by J mixing since its first excited

manifold is higher than that for Cf^^ or Cf^^. In all cases, the effect of J

mixing is smallest when the ratio of B^ to B§ is small or when the the

magnitude of the crystal field is small. Of significant importance is the fact

that the inclusion of J mixing in the perturbation calculation can lead to the

prediction of a different order of energy levels and sometimes a different

ground state than that predicted without J mixing.
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Magnetic Susceptibility

The final step in making the connection between electronic structure and

magnetic properties is the calculation of the magnetic susceptibility from the

electron energy levels. This is done using the Van Vleck equation,

tt(T) = ̂  2!|<r|/.|r'>|2
r  r'

. Y l(riair'>|2i 1
2 2rf E - E' J I' (III-8)

r'

where xm is tbe molar susceptibility, E and E' are the energies of the states F

and F' and Z is the partition function ( Ep ). The primed sum is

over states that are the same or degenerate with F and the double-primed

sum is over all other states. For californium, all levels except those of the

crystal field split ground state can be ignored at the temperatures considered

in this work (below 350 K « 250 cm"^ w 0.03 eV). The (F|/i|F') are matrix

elements of /ix, (iy or /iz, and details of their calculation are given in

Appendix A.

In a crystal with cubic symmetry, the susceptibility is isotropic and x(T)

is calculated from the matrix elements of either /ix or Hz- In a crystal with

axial symmetry (such as hexagonal or tetragonal), the susceptibility when the

magnetic field is parallel to the symmetry axis, Xm is calculated from the

matrix elements of Hz. The perpendicular susceptibility, Xi > is calculated from

the matrix elements of fix. For a polycrystalline sample with axial symmetry

and a uniform distribution of all crystal orientations, the average susceptibility

l^Chan and Lam, p. 29.
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is

Xp = jXii + (III-9)

For a single-crystal sample with axial symmetry and with the magnetic field

applied at an angle 0 from the crystal symmetry axis, the susceptibility is

Xe = cos^^ Xii + sin^^ Xi ■ (III-IO)

Effective Paramagnetic Moment: Full Manifold

If only the ground state manifold of a free ion is populated, then the

VanVleck equation simplifies to a form that directly shows the Curie behav

ior,

».(T) = ,

with fieff = [J(J+ 1)]^ gjfiB

aiid g? = X[ 1 + A.S. (III-ll)
L,S

^eff is the effective paramagnetic moment and gj is the intermediate coupling

averaged Lande g-factor. The Ais's are the coefficients of the various LS

terms in the intermediate coupling wavefunctions. If the effects of crystal field

splitting and/or magnetic interactions are included, then the susceptibility of

many substances can frequently be described in terms of the Curie-Weiss law.

The Curie-Weiss behavior is parameterized by the effective paramagnetic

moment and the Weiss constant, &p.

The effective paramagnetic moment is easily determined experimentally

from the susceptibility of a material having Curie-Weiss behavior over some
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temperature range. The effective paramagnetic moments of the three califor

nium ionic species calculated using both the Russell-Saunders and intermediate

coupling models are listed in Table III-9. The effective paramagnetic

moments of some other actinides are displayed in Figure III-5.

Effective Paramagnetic Moment: Crystal Field Split States

If only the lowest level of a crystal field split manifold is populated then

the value of the effective moment at that temperature will depend only on the

symmetry of that level. In a cubic crystal field:

• Singlets and doublets from configurations with integral J are non-mag

netic. The susceptibility is temperature-independent at low temperatures.

• Kramer's doublets from configurations with half-integral J values and

with components |+> and |-) have an effective moment

g/ /^B I (+|'/z|+> I • (III-13)

• Triplets with components |+), |-> and |0) have an effective moment

/ieff = /Tgj/iB|<+|Jzt+)|. (III-14)

• Quartets with components |±r) and |±s) have an effective moment

/leff = gJ /^B I I {+r\Jz\+r) 12
li+ K+5lJz|+s>P } . (III-15)

Magnetic Ordering Effects

The influence of exchange on paramagnetic behavior above magnetic

ordering temperatures can be developed using the mean field approximation.

If the magnetization of the material, M, is assumed to generate an additional

Bleaney, Proc. Roy. See. (London) A276, 19 (1963).
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Table 111-9. Effective paramagnetic moments of californium ions.

Russell-Saunders
coupling

Intermediate
coupling^

Cf2+

Cf3^

Cf4^

10.61

10.65

9.72

10.34

10.25

9.30

S'Based on the wavefunctions listed in Tables III—2 to III—4 (pages 37 and 38).

^ 12

Es

Russell-Saunders

coupling

Intermediate

coupling

10

EsBk

3+
PU

Am

10 114  5 6 7 8 9

Number of f electrons

Figure ni-5. Effective paramagnetic moments of some actinide ions.
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internal magnetic field AM, then the effective field in the material is Ha+ AM,

where Ha is the applied field. If xvv is the susceptibility determined from

equation III-8, and Xohs is the observed susceptibility, then

' = - A (111-16)Aobs AW

and the effect of the exchange is to shift the inverse susceptibility curve by an

amount A. If xw is of the form C/T, then

Aobs - » (III-17)

which is the Curie-Weiss relationship. All of the substances studied in this

work exhibit Curie-Weiss behavior over some temperature range, with the

value of 0p depending upon both the crystal field splitting and exchange.

Diamagnetic Susceptibility

The diamagnetic susceptibility is calculated from

» = <'^> • ('"-18)

where Z is the atomic number and (r^) is the average of r^ for all electrons.

If relativistic Dirac-Fock wavefunctions of neutral californium^s are used, then

Z(r^) = 52(ao)^, where a© is the Bohr radius, and xd = 35 x 10"® emu/mol.

This is an upper limit on the estimate since the Cf^* wavefunctions have

somewhat smaller <r^) values than the neutral Cf wavefunctions. The smallest

susceptibility measured for any of the californium materials studied in this

work is about 0.02 emu/mol, so that the diamagnetic contribution to the

susceptibility is at most about 0.2 percent. That percentage is less than

one-third of the uncertainty in the calibration of the susceptometer and the

^®J. P. Oesclaux, Atomic Data and Nucl. Tables 12, 350 (1973).
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diamagnetic contribution to the susceptibility has therefore been ignored for all

measurements in this work.
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CHAPTER IV

CALIFORNIUM METAL

The magnetic properties of the metals of the rare earths have been

studied in great detail, and a variety of types of collective magnetic behavior

has been observed: ferromagnetism, antiferromagnetism and ordering with

helical and other complicated structures. The actinide metals might be

expected to exhibit similar behavior, but none of the actinide metals lighter

than curium has been observed to order magnetically. This behavior in the

actinides through plutonium has been explained by assuming an itinerant

nature for the 5/ electrons. ̂ Americium, the next actinide after plutonium, has

a /= 0 ground state that would not be expected to have a local moment.

Curium and berkelium, however, do order magnetically, supporting the

assumption that the transplutonium actinides have relatively localized /

electrons, and that the metals will behave magnetically in a manner similar to

the lanthanides. Consequently, californium metal would be expected to exhibit

cooperative magnetic behavior, and the magnetic measurements show this to

be the case.

Crystallography of the Metal

Californium metal has been determined to crystallize in a number of

different crystal structures^ (see Appendix B, Table B-1, page 146). The room

temperature, normal pressure form has the double hexagonal close-

^J—M. Fournier and L. Manes, in Actinides — Chemistry and Physical Properties, edited
by L. Manes (Springer—Verlag, Berlin, 1985), p. 24.

2R. G. Haire and L. B. Asprey, Inorg. Nucl. Chem. Lett. 12, 73 (1976).
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packed structure in which the californium is assumed to be in the trivalent

state, i.e., giving up three electrons to the conduction band. Its lattice

parameters and atomic volume continue the trend established by the trivalent

dhcp Am, Cm and Bk metals. Under pressure, the dhcp californium metal

can be converted to a face-centered cubic structure with approximately the

same Cf-Cf spacing.3 Theoretical considerations indicate that californium is

close to the boundary of a trivalent-divalent transition in the actinide metals

and should therefore show some tendencies toward divalency.^ The lattice

parameters of the divalent metal would be larger than those of the trivalent

metal. Dhcp and fee forms of californium metal have been prepared that have

lattice parameters that are about 15 percent larger than the lattice parameters

of the trivalent forms. These expanded forms have been interpreted as the

divalent metal. All of the californium metal samples that were studied in this

work have the dhcp structure and are presumed to be trivalent.

Experimental Details

The californium metal measurements were the first actinide measure

ments performed in the susceptometer, and a number of refinements to the

device that are described in Chapter II had not yet been incorporated. Most

of the temperature measurements were made using only the silicon diode

temperature sensor. Since silicon diode sensors are extremely sensitive to

strong magnetic fields at temperatures below about 30 K, there is considerable

uncertainty in the temperature measurements in that range. Those

3R. G. Haire et al, Physica 144B, 19 (1986).

Johansson et al, in Physics of Solids Under High Pressure, edited by J. S. Schilling
and R. N. Shelton (North—Holland, Amsterdam, 1981), p. 248.
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temperatures are well below the magnetic ordering temperature of the metal,

however, and the uncertainties in temperature do not significantly affect any of

the results. The initial measurements also did not account for temperature

gradients between the sample and the temperature sensors. Subsequent to the

initial measurements, a copper-constantan thermocouple was installed at the

top of the sample holder. This arrangement remedied the temperature gradi

ent problems, but the low sensitivity of the thermocouple at temperatures

below 10 K (about 2 microvolts per degree Kelvin) limited the accuracy of the

temperature measurements in that range.

Another difference in the operation of the susceptometer for these mea

surements is the manner in which the sample holders were supported. Instead

of hanging by the instrument wires, the sample holders were rigidly attached

to a 6 mm O.D. stainless steel tube that extended all the way from the upper

vacuum feedthrough down to the sample region. The rigid tube arrangement

was quite susceptible to the generation of noise by the rubbing of the sample

against the walls of the sample region. The signals generated by the metal

samples were, fortunately, sufficiently large to dominate effects due to noise.

The metal samples were measured in a holder that was similar to that

shown in Figure II-9, page 21, except that the outer tube was made of gold

instead of sapphire. Gold provides an excellent thermal connection between

the sample and the temperature sensors, but it generates more Johnson noise

than does sapphire. The large signals of the californium metal samples also

minimized the Johnson noise problem.

The masses of the californium metal samples and of all the other samples

studied in this work were determined using a 7-ray counting method. Califor-

nium-249 has a readily identifiable 7-ray peak at 388 keV that is emitted in
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about 80 percent of all 249C!f decays. The sample masses were determined by

comparing the 388 keV 7-ray count rate of the samples with the count rate of

a thin weighed piece of californium metal. The 7-counting was done after the

samples had been sealed in their quartz capillaries. Comparisons of the

unknown samples with weighed samples of both smaller and larger masses

indicate that self-absorption is not significant for samples smaller than ICQ

micrograms. For samples that were solid chunks and well-localized in their

capillaries (the metal, monopnictides and CfCla), masses determined in this

manner had an uncertainty of about 2 percent. In cases where the samples

were very powdery and were spread over the capillary walls (some of the

oxides), the uncertainty was larger.

Results of the Magnetic Measurements

The samples of the metal that were studied are described in Table IV-1.

A brief description of the preparation method is given in Appendix C. During

its preparation, the metal is formed as a thin sheet, which is cut up into

smaller pieces. Sample C had a thin flat half-disc shape. Sample 16 was a

Table IV-1. Summary of the californium metal samples.

Sample Mass n^ff funi Ov IKi Tc (Curie
designation (/fg) (150 < T < 340 K) temp.) (K)

C  73.0 9.6 41 52 ±2

16 98.0 9.7 38 a

5  5.38 9.6 37 a

aNot determined.
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one mm long needle-shaped piece, and sample 5 consisted of just one small

disc-shaped piece. All three of the samples were slightly contaminated with a

magnetic impurity that contributed a magnetic signal that saturated at mag

netic fields of about 5 kilogauss. The saturable signal is most likely due to

small quantities of ferromagnetic iron that were introduced into the sample or

its quartz capillary during preparation. All of the californium samples studied

in this work showed this type of magnetic contamination to some degree. For

the metal samples, the effects of the magnetic impurities were negligible at

magnetic fields above 30 kilogauss at all temperatures and at fields above 5

kilogauss at temperatures below 200 K. Magnetization as a function of mag

netic field for samples C and 16 is shown in Figure IV-1. There is a small

positive offset in the curves, when they are extrapolated to zero field, that is

0.80

^0.60

£
o

(0

C. 0.40
0)

a

c
0)

o 0.20
X

0.00

1  1 1 -T I

Offset in magnetization

—r

curve

"I

(Mb)

T" T 1

300 K 200 K

Sample IB .0047 .0047

Sample C .0046 .0067

200 K

-

+ ; Sample 16

300 K

1  1 1 1

0 ; Sample C

1  1 11 1

10 20 30 40

Magnetic field (kG)

50

Figure IV-1. Magnetization of californium metal samples C and 16 as a
function of magnetic field at 200 and 300 K. The offset in the curves at zero
field indicates the presence of a saturable magnetic impurity.
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due to the above mentioned magnetic impurities. The offset is relatively

temperature independent at temperatures above.200 K.

The Curie-Weiss behavior of californium metal at temperatures above

100 K is clearly seen in the inverse magnetic susceptibility curves shown in

Figures IV-2 and IV-3. The magnetic impurities cause an upward shift in the

curves with increasing magnetic field. Linear fits to the inverse susceptibility

data in the temperature range of 150 to 340 K give the effective paramagnetic

moments, and the Weiss constants, ̂ p, shown in the figures. The rela

tively large and positive value of 9^ is an indication of ferromagnetic ordering.

While samples 5 and 16 were measured mainly at temperatures above

100 K, sample C was measured at magnetic fields between 5 and 50 kilogauss

and at temperatures between 5 and 340 K to study the cooperative magnetic

behavior in detail. The moment per californium atom vs. temperature for

sample C is plotted in Figure IV-4. The curves show that with decreasing

temperature, the saturation moment per atom reaches a maximum of about

6 /IB at about 16 K, and then decreases somewhat at lower temperatures.

The large magnetization in the sample suggests the need to account for

demagnetizing effects. The demagnetization factor D is defined by

Hi = Ha-4;rDMv, (IV-1)

where Ha is the applied field. Hi is the field inside the sample and Mv is the

sample magnetization per unit volume. Since sample C had a thin, flat shape

and the magnetic field was directed in the plane of the sample, the demagne

tization factor would not be expected to be very large. As limiting cases, it

will be assumed that D falls somewhere between 0 (D for a needle-shaped

sample that is parallel to the field) and 1/3 (D for a sphere), although it
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would be expected to be closer to 0 than to 1/3.

The behavior of the sample in the ordered state can be clearly seen from

plots of magnetic field vs. temperature at constant magnetization. These

curves intersect the temperature axis at the temperature which has the corre

sponding spontaneous magnetization. The curves for small values of the

moment are shown in Figure IV-5 and intersect at the ordering temperature,

52 ± 2 K. The curves for larger moments give the temperature dependence of

the spontaneous magnetization below the ordering temperature. The experi

mental spontaneous magnetization curve, as developed from the isomagnetiza-

tion plots, is shown in Figure IV-6.

A simple theoretical model of the spontaneous magnetization behavior

can be derived from the mean field approximation.^ A ground state consisting

of 2/ + 1 levels will have a magnetization

M(T) = M(0) Bj(x),

with X = (Ha+ AM)
KB J-

and M(0) = NA/gj/iB, (IV-2)

where Bj(x) is a Brillouin function. If Ha is set to 0, the spontaneous mag

netization curve is determined from equations IV-2 by numerically solving for

the self-consistent values of M(T)/M(0) as a function of temperature. The

theoretical curves for J= lb 12 and J= 1/2, scaled to fit the D = 0 experimen

tal data, are shown in Figure IV-6. The J= 15/2 curve would apply if the

ground state were not significantly split by the crystal field. The /=l/2

curve would apply if the ground state were an isolated Kramer's doublet. The

scatter in the experimental data is too large to determine for certain which J

^A. H. Morrish, The Physical Principles of Magnetism (Wiley, New York, 1965), p. 262.
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Figure IV-5. Determination of Tc for californium metal from iso-magnetiza-
tion curves.
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Figure IV-6. Spontaneous magnetization curve for californium metal. The
experimental data is shown for two assumptions for the demagnetization
factor, D. The theoretical curves are constrained to fit Tc = 52 K and to
provide the best fit to the D = 0 data.
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value fits the data better, but the J= 1/2 curve has a smaller least-squares

error. The curves for both values of J can be scaled to fit the D = 0 data

much better than the D= 1/3 data.

The magnetization as a function of applied magnetic field for sample C

at 16 K is shown in Figure IV-7. At an applied magnetic field of 50 kilo-

gauss, the magnetization is still increasing slightly and has a magnitude of

about 6/IB per atom. A best-fit Brillouin function with J= 15/2 is also shown

in the figure for comparison.

B.O

5.0

4.0

3.0

V 2.0

1.0

0.0 _L

X T

-±-

Data from Sample C

Brillouin function

with J = 15/2

-L

10 20 30 40

Applied magnetic field (kG)

T

+

50

Figure IV-7. Magnetization of californium metal as a function of applied
magnetic field at 16 K. The theoretical Brillouin function shown is that which
best fits the data with J= lb 12.
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Interpretation of the Magnetic Measurements

Paramagnetic Behavior

The measured value of the effective paramagnetic moment, 9.7 ± 0.2 fi^, is

consistent with, but slightly lower than, the calculated intermediate coupling

value of 10.2//B (see Table III-9, page 56) for trivalent californium. Since the

divalent value (10.3//b) is so close to the trivalent value, the magnetic

measurement does not provide a way to distinguish the two, and other evi

dence, such as atomic volumes, must be relied upon.

Bulk magnetization measurements give the combined moment of the

metal ions and the conduction electrons. In light actinide intermetallic com

pounds, spin polarization of the conduction electrons frequently results in the

reduction of the measured ordered and paramagnetic moments.® Conduction

electron polarization may therefore account for the lowering of the effective

paramagnetic moment in californium metal. In the heavy rare earth metals,

however, experimental effective moments are in general slightly larger than the

theoretical values,^ indicating that conduction electron polarization might be

expected to enhance, rather than reduce, the moments of the heavy actinide

metals.

Crystal Fields

The double hexagonal close-packed structure has two non-equivalent

metal sites in its A-B-A-C layered structure. The ions in the B and C layers

have a nearest-neighbor environment like that in the hexagonal close-packed

6P. Jena ei al, Phys. Rev. B 18, 3562 (1978).

^J. J. Rhyne, in Magnetic Properties of Rare Earth Metals, edited by R. J. Elliott (Plenum,
London, 1972), p. 131.
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(hep) structure and have an overall site symmetry of Dsh- The ions in the A

layers have a nearest neighbor environment like that in the cubic close-packed

(fee) structure and have an overall site synunetry of Dad. To describe the

crystal field at the Dah site requires the crystal field parameters B§, B^, B§

and B§, while those four parameters plus B^ and B§ are required for the Dad

site.

Several of the light lanthanide metals crystallize in the dhcp structure:

lanthanum, praseodymium, neodymium and promethium. The results of

magnetic susceptibility and neutron diffraction measurements on praseodymium

and neodymiumS.s indicate that a point charge model provides a reasonably

good account of the signs and relative magnitudes of the crystal field parame

ters, xhe nonuniform charge density of the conduction electrons is apparently

of less importance. The parameters that have been determined for

praseodymium are listed in Table IV-2 and can serve as a basis for estimating

the parameters that might apply to californium. From Table III-5, page 40,

it can be seen that the (r'') values for the 5/ electrons of Cf are roughly twice

the magnitude of the (r'') values for the 4/ electrons of Pr. Crystal field

parameters that are twice those of Pr metal might therefore serve as a rough

estimate of the crystal field parameters of Cf metal.

If exchange is neglected and the bulk polycrystalline susceptibility is

calculated from these crystal field parameters (assuming an equal contribution

to the susceptibility from each site), a small of about -2K is determined.

The contribution to the of the experimental data due to exchange is

®J. G. Houmann et ai, Phys. Rev. B 20, 1105 (1979).

9P. Touborg et al, Phys. Rev. B 17, 4454 (1978).

Murao and L. Couture, J. Phys. Soc. Japan 52, 4048 (1983).
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Table IV-2. Crystal field parameters of dhcp
praseodymium metal.^

B§

PQ

PQ

B§
(cm"i)

Be Bg Nvb

Dah site 144 50 — 205 130c 360

Dad site 0 -250 299c 166 lOOc 105C 640

^J. G. Houmann e< al., Phys. Rev. B 20, 1105 (1979).

t>Auzel scalar crystal field parameter (see equation III—6).

<^Based on theoretical newest—neighbor point charge model ratios [B. Bleaney, Proc. Roy.
Soc. (London) A276, 39 (1963)]:

Bi/Bt = -10/-/WT

b§/b8 = 35/i4^fm),

b8/b8 = 77/(8VW).

therefore about 43 K. This is equivalent to a molecular field constant A of

about 3.5 mol/emu. The corresponding exchange field when the californium

moment is 6 fiQ (roughly the saturated moment at 16 K) is about 10^ gauss.

The crystal field at both sites will split the 7= 15/2 ground manifold

into eight Kramer's doublets (see Table III-6, page 42). At the hexagonal site

in zero field {i.e., with no exchange), the lowest crystal field level would be a

Fg, consisting almost entirely of the J= ±15/2 states. The next higher level,

lying about 20 cm'^ above the ground level would be a Fy consisting

principally of the 7= ±13/2 states. The exchange field will mix the crystal

field states, and the crystal field and Zeeman interactions must be treated as

simultaneous perturbations to the intermediate coupling free ion states. The

moments of the various levels as a function of 6, the angle between the z-axis

(axis of symmetry) and the magnetic field, are calculated from
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M = {fiz)cos$ + {nx)sm9. (IV-3)

The expectation values are calculated using equations A-10 and A-12. When

averaged over all angles, as appropriate for polycrystalline samples, and when

Boltzmann weighting factors are applied to account for thermal population of

the levels, the hexagonal sites are calculated to have a moment of about 5.7 /xb

in an exchange field of 10^ gauss at a temperature of 16 K. A similar calcula

tion applied to the cubic site predicts a splitting between the lowest two

Kramer's doublets of about 10 cm'^ and a total splitting of the manifold of

about 200 cm'h The moment of the cubic site at 16 K with a 10^ gauss

exchange field would be 7.9/xb- This relatively simple-minded model of the

crystal field therefore predicts a reduction in the saturated moment of the

metal at 16 K from the maximum theoretical value of gjJ = 9.6 /xb down to

about 6.8/Xfl. The calculation is only intended to show that crystal field

splitting might account for the magnitude of the measured moment at 50

kilogauss and 16 K (see Figure IV-7). It cannot, however, account for the

reduction in moment at lower temperatures, because the moment of the lowest

level at both sites is greater than the moments of the nearby levels, and a

decrease in temperature would increase the moment.

Magnetic Ordering

The cooperative magnetic behavior of californium metal can be compared

with the behavior of the other known magnetic actinide metals (Cm and Bk)

as well as with the behavior of the lanthanide metals. Some details of the

ordered states of those metals are listed in Table IV-3.

In the lanthanide metals, the dominant magnetic interaction between the
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Table IV-3. Magnetic ordering in the lanthanide metals
and the heavy actinide metals.

No. of / Crystal Tn Tc Weiss

electrons structure (K) (K) const.a (K)

Lanthanidesb

Pr 2 dhcp
Nd 3 dhcp 19

Gd 7 hep — 293 317

Tb 8 hep 229 221 217

Dy 9 hep 179 85 145
Ho 10 hep 132 20 81

Actinides

Cmc 7 dhcp 64 180-259
Bkd 8 dhcp 34 84-208
Cf 9 dhcp GQe 52 41

^Polycrystalline average

J. Rhyne, in Magnetic Properties of Rare Earth Metals, edited by R. J. Elliot (Plenum,
London, 1972), p. 131.

^S. E. Nave and P. G. Huray, unpublished data (1980).

^S. E. Nave et ai, in Crystalline Electric Field and Structural Effects in f—Electron
Systems, edited by J. Crow et al. (Plenum, New York, 1980), p. 269

®P. G. Huray et al., in ISime Joumees des Actinides, 1983 (unpublished).

metal ions is the Ruderman-Kittel-Kasuya-Yosada (RKKY) interaction. The

RKKY interaction is a type of indirect exchange, in which the interaction

between metal ions is mediated by the spin polarization of conduction elec

trons. An effective Hamiltonian for this interaction can be written as

fî RKKY = /(Rij) (gJ-1)^ Ji'Jh

1>J

H. Liu, in Handbook on the Physics and Chemistry of Rare Earths, edited by K. A.
Geschneidner, Jr. and L. Eyring (North—Holland, Amsterdam, 1978), Vol. 1, p. 310.
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with /(R) (X [2kFRcos(2kFR^^^ sin(2kFR)]

kF is the Fermi wave number of the conduction electrons and will depend

upon the density of conduction electrons.12 ^(R) has a long range oscillatory

spatial dependence.

The contribution made by the RKKY interaction to the Weiss constant

can be written, for constant /(R), as^^

e? cc (gj-l)2/(/+l). (IV-5)

The DeGennes factor, (gj-1), projects the spin contribution out of the total

angular momentum J. The heavy lanthanide metals are all trivalent and have

the same crystal structure (hep), and the 6^ values follow the DeGennes

scaling very well, as shown in Figure IV-8. If the same scaling is applied to

Cm, Bk and Of, however, the fit to the experimental data is not nearly as

good. The values decrease from Cm to Cf, but the rate of decrease is

steeper than predicted by the DeGennes scaling. The uncertainties in the

values, especially for Cm and Bk, are quite large, however, and the comparison

is therefore very uncertain. Figure IV-8 and Table IV-3 also show that the

^p values and ordering temperatures of the heavy actinides are lower than

those of the heavy lanthanides. This indicates that the overall interaction

strengths in the heavy actinides are smaller than those in the heavy

lanthanides.

In the heavy lanthanide metals, the overall interaction strength is deter

mined primarily by the strength of the indirect exchange, but the magnetic

I2p. Erdos and J. M. Robinson, The Physics of Actinide Compounds (Plenum, New York,
1983), p. 125.

l^Liu, p. 314.
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and actinide metals. The theoretical curve for the lanthanides is scaled from
the Gd experimental data. The curve for the actinides is scaled from the Cf
data. For references, see Table IV-3.

structure is influenced greatly by the crystal field anisotropy and magneto-

elastic effects. In the light lanthanides, indirect exchange is smaller and closer

in magnitude to the crystal field effects. The light lanthanide systems with

the dhcp structure are further complicated by the existence of two non-equiva

lent metal sites. Neodymium has a very complicated field and temperature

dependent behavior. The metal ions at the hexagonal and cubic sites order

antiferromagnetically at different temperatures, 19 and 7.5 K, respectively. At

lower temperatures, ferromagnetic ordering occurs, with different ordered

moments at the two sites because of the different crystal fields at the two

C. Koehler, in Magnetic Properties of Rare Earth Metals, edited by R.J.Elliott
(Plenum, London, 1972), p. 117.

76



sites. Praseodymium has a singlet ground state and single-crystal samples in

zero magnetic field do not order, is

The behavior of californium metal indicates the occurrence of ferromag

netic ordering at about 52 K in magnetic fields of 5 kG and greater. Huray et

have reported observing antiferromagnetic ordering at about 60 K in fields

below 200 gauss. The occurrence of antiferromagnetic ordering at low fields

that changes to ferromagnetic ordering at higher magnetic fields and lower

temperatures is similar to the behavior of dysprosium metal. As shown in the

section on crystal fields, the reduction in the ordered moment from the theo

retical maximum of 9.6 //b to the measured value of about 6 /is (at 50 kG and

16 K) can in part be explained by crystal field splitting. A complicated

ordered structure could also contribute to the reduction in the measured

moment. The decrease in the measured moment below 16 K may be an

indication of a change in the ordered structure.

Comparison with the Results of Others

Other reports of magnetic measurements on californium metal samples

have been made by Fujita et and Huray et alA^ The samples that Fujita

et al. measured were apparently of the divalent fee form. They had effective

paramagnetic moments of 9.7 to 9.8//b and showed no magnetic ordering down

to 22 K. The small measured values of the Weiss constant (-3 to 3 K) indi

cate that if any magnetic ordering occurs, it would probably occur at

^^Ibid., p. 119.

G. Huray et al., in Proc. 13ime Journees des Actinides, 1983 (unpublished).

K. Fujita et al., in Transplutonium Elements 1975, edited by W. Miilier and
R. Lindner (North—Holland, Amsterdam, 1976), p. 173.
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temperatures well below 10 K. The measurements of Huray et al. were

performed on metal samples that were prepared at the same time as the metal

samples of this study. They were, however, studied only at fields of 1.6

kilogauss and less. Measurements in the paramagnetic region gave effective

moments of about 10.8/ib, because the magnetic impurities were not saturated

at the low fields. As previously mentioned, in magnetic fields below 200

gauss, an antiferromagnetic transition at a temperature about 10 K above the

ferromagnetic transition was also observed. The present studies did not

reexamine that behavior.
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CHAPTER V

CALIFORNIUM OXIDES

The lanthanides and the heavy actinides form sesquioxides in which the

metal ions are presumed to be in the trivalent state. Californium, like some

other heavy actinides (Cm) and lanthanides (Pr and Tb) that can occur in the

4+ charge state, also forms the dioxide and other oxides with oxygen to metal

ratios between 1.5 and 2.0.^'2 Magnetic measurements were performed on

members of this oxide series (Cf203, Cf70i2, and Cf02) to provide information

on the trends in paramagnetic behavior with changing charge state of the

californium. The tetravalent state of a number of lanthanides and actinides

has been shown to be exceptionally stable in the BaM^^Oa-type perovskite

compounds.3 BaCfOa therefore serves as another example of californium in the

4+ charge state.

In order to examine crystal field effects in the oxides more closely, a

sample of YaOa that was doped with californium was studied as well. The

nonmagnetic YaOa provides nearly the same crystalline environment as occurs

in the pure bcc CfaOa so that the crystal fields are nearly the same. The

dilution of the californium by the yttrium was intended to eliminate

californium-californium interactions, so that the effects of the crystal field on

the magnetic susceptibility could be studied without interference from the

effects of magnetic ordering.

^R. D. Baybarz tt al, J. Inorg. Nucl. Chem. 34, 557 (1972).

2j. B. MacChesney et al., J. Chem. Phys. 44, 596 (1966).

3r. G. Haire and J. Y. Bourges, in Proc. lOlme Journie des Actinides, edited by B.
Joheinnson and A. Rosengren, 1980 (unpublished), p. 19.
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Crystallography of the Oxides

The crystal structures of the pure oxides are closely related to one

another. Cf02 has the calcite fee structure. Rhombohedral Cf70i2 can be

derived from Cf02 by a rhombohedral distortion and removal of two oxygens

for each set of 14 californium ions. Cf70i2 has two non-equivalent californium

sites. The removal of an appropriate one-fourth of the oxygens from the Cf02

structure results in C-type bcc Cf203, which also has two non-equivalent

californium sites. B-type monoclinic Cf203 was also studied, and it has three

non-equivalent Of sites. BaCf03 has a perovskite structure that is very

nearly cubic. See Appendix B, Tables B-2 to B-5 (pages 148 to 152), for

additional details and references concerning the crystallography of the oxides.

Magnetic Measurements: Results and Interpretation

For all of the oxide measurements, sample temperatures were measured

with the copper-constantan thermocouple arrangement described in Chapter

IV. A few of the oxide measurements were performed using the rigidnrod

sample holder, but most were done with the wire suspension system. Descrip

tions of all the oxide samples that were studied are given in Table V-1. The

table also summarizes the results of the magnetic measurements that were

performed on each sample.

Bcc Cf203

The body-centered cubic form of the sesquioxide was studied both as a

pure substance and as a ten percent dilution in nonmagnetic Y2O3

(Y1.8Cfo.2O3). The inverse susceptibility curves for the two cases are shown in

Figure V-1. The effective paramagnetic moment of the pure form was
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Table V-1. Summary of the californium oxide samples.

Sample Crystal Mass of Cf /ieff» Tn
designation structure im) (/^b) (K) (K)

Cf203 #3 bcc 30.8 9.91 -120 22
Cf203 #1 monoclinic 10.6 10.1 -73 7

Cf203 #5 monoclinic 21.8 10.4 -92 7
Y1.8Cfo.2O3 bcc 40.0 10.19 -41 2.5

Cf70i2 #1 rhombohedral 100 9.45 -86 8

Cf70i2 #lb rhombohedral 41.9 9.22 -108 8
Cf70i2 #2 rhombohedral 24.5 9.41 -93 7

Cf02#l fee 6.0 9.80 -63 7

Cf(Bk)02 fee 53.0 9.17 — —

BaCf03 cubic perovskite 24.0 9.14 -180 7

^The applicable temperature ranges are shown on the inverse susceptibility plots for the
individual compounds.

40

Sample CfjO, #3 (bcc) at 39.7 kG
for 200 < T < 340 K:

M.ff - 9-91
30

-120 K

Sample Y,
for 200

M.f, -

gCfoaOj at 4.92 kG
' < f < 340 K:

'  10.19 Mb
-40.9 K

10

300100 150 200 250

Temperature (K)

350

Figure V-1. Inverse magnetic susceptibility of body-centered cubic Cf203 and
Y1.8Cfo.2O3. The solid line through the Y1.8Cfo.2O3 data corresponds to a
crystal field model with parameters six times bigger than the Dy203
parameters (see Table V-2) and a molecular field constant of 0.5 mol/emu.
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measured to be 9.9/ib while the /^eff of the dilute form was slightly higher at

10.2 /IB. The pure material has a maximum in the susceptibility at about 22 K

(see Figure V-2) that indicates the occurrence of antiferromagnetic ordering.

Although the diluted sample was not expected to exhibit any magnetic order

ing, a maximum in the susceptibility was observed at about 2.5 K. Therefore,

the effects of exchange were not completely eliminated, but they were substan

tially reduced. The Weiss constant for the pure substance is significantly

larger in magnitude than that for the dilution: -120 K vs. -40 K. The 80 K

difference is presumably the result of magnetic interactions. In terms of a

molecular field model (equation III-16), the shift in the inverse susceptibility

curve of the pure Cf203 relative to the diluted sample can be described by a

molecular field constant A of about 8 mol/emu. The 9p in the diluted sample

can be attributed primarily to the effects of the crystal field, with perhaps

0.15 1 1 1 1 1 1 1 1 , 1 r
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Figure V-2. Magnetic susceptibility of body-centered cubic Cf203 below 60 K.
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some small influence of exchange still present.

Since the crystal symmetry is the same for both samples, and the crystal

lattice parameters are not significantly different (10.83 A for Cf203 vs. 10.60 A

for Y2O3), the crystal field effects in the diluted material should be close to

those in the pure material. One of the two non-equivalent Cf sites in the bcc

crystal structure has C2 site symmetry and comprises three-fourths of the Cf

sites. The other site has €31 symmetry. To fully describe the effects of the

crystal field at the C2 sites using equation III-5 requires 9 different B^, five of

which are complex, resulting in 14 different parameters. At the €31 sites, 8

parameters are required. The crystal field parameters for lanthanides doped

into Y2O3 have been studied extensively using optical absorption

measurements,'^'^ and those results can be used as a basis for estimating the

parameters that apply to bcc Cf203.

The crystal field parameters that have been determined for bcc Dy203

are listed in Table V-2. The €31 site has axial symmetry and therefore the

contribution to the susceptibility from that site will have equal contributions

from Xx and Xy (when the z-axis is the symmetry axis). For the C2 site, Xx

and Xy are not equal and must be calculated separately. Xx is first calculated

from the matrix elements of fix using equation A-12. The coordinate system

in which the crystal field parameters are defined can then be rotated 90*

about the z-axis so that the new x-axis becomes the original y-axis. The

crystal field parameters in the new coordinate system are related to those in

the old by a multiplicative factor of ±1 or ±i, depending upon k and q. A

calculation of Xx in the new system thus gives Xy in the original coordinate

4n. C. Chang et al, J. Chem. Phys. 76, 3877 (1982).

5j. B. Gruber et al, J. Chem. Phys. 82, 5373 (1985).
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Table V-2. Crystal field parameters of C-type Dy203.

Parameters C2 sitea C3 site^
Re Im (cm*i) Re Im

B§ -278 0 1425 0

-669 0 0 0

B^ -1190 0 -629 0

b! -1409 -270 0 0

Bt 0 0 260 0

Bi 799 902 0 0

Be 58 0 107 0

Be 281 40 0 0

Be 0 0 298 -479

B| 385 319 0 0

Bg -97 7 595 164

NvC 3860 2690

aN. C. Chang et al, J. Chem. Phys. 76, 3877 (1982).

t'J. B. Gruber ei al., J. Chem. Phys. 82, 5373 (1985).

CAuzel scadar crystal field parameter, see equation III-6.

system. The total susceptibility of the bee sesquioxide is then determined by

adding together the polycrystalline susceptibilities of the two sites, weighted

by their relative occurrences in the structure.

In extrapolating from the Dy203 crystal field parameters to those that

apply to Cf203, it is reasonable to assume that all parameters of the same

order (having the same k) will maintain roughly the same relative magnitudes,

so that only the relative magnitudes of the sets of parameters of order 2, 4

and 6 need be considered. In addition, the susceptibility is relatively
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insensitive to variations as large as 50 percent in the relative magnitudes of

the resulting three sets of parameters. It is therefore sufficient to scale all of

the Dy203 parameters by the same factor to get a calculated susceptibility

that fits the diluted Cf203 sample reasonably well. The theoretical inverse

susceptibility curve in Figure V-1 is based on crystal field parameters that are

six times larger than the Dy203 parameters, plus a small shift in the curve

due to exchange, equivalent to a A of 0.5 mol/emu. This A corresponds to a

contribution of about -5K to the 9^ of -40 K of the diluted sample. The

energy levels at both californium sites are split into eight Kramer's doublets.

At the C2 site, the splitting between the ground state doublet and first excited

doublet, based on the crystal field model, is about 200 cm'^ and the total

splitting of the manifold is about 2000 cm'^ The corresponding energies for

the C3i site are 120 and 1200 cm'^

The magnetization of the diluted sample as a function of magnetic field

is shown in Figure V-3. The experimental data are fit very well by a

Brillouin function with 7=3 that saturates at 3.0/(b- This is not consistent,

however, with a ground state that is a well-isolated doublet, which should

have a 7= 1/2 behavior for its saturation curve. Also shown in the figure is

the magnetization curve calculated from the estimated crystal field parameters.

The curve represents the Boltzmann averaged moment value of the two levels

of the Zeeman split ground state for both sites. The moment at each site is

calculated from

5 ((/^x) + (/iy) + (V-1)

where the expectation values are calculated for the appropriate level. The

calculated curve rises much more rapidly (like a 7=1/2 Brillouin function)
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Figure V-3. Magnetization of Y1.8Cfo.2O3 as a function of applied mf^etic
field at 4.4 K. The parameters of the crystal field model are those of Dy203
scaled up by a factor of six.

than the experimental curve and saturates at a slightly higher moment.

Demagnetizing effects in the sample are small because of the dilution and

cannot explain the discrepancy. If, however, an antiferromagnetic exchange

field is assumed to be present that is consistent with the A = 0.5 mol/emu that

was estimated from the high temperature susceptibility, then there is reason

able agreement between the calculated magnetization and the experimental

data obtained at 4.4 K.

Monodinic Cf203

The magnetic susceptibility results for monodinic Cf203 are shown in

Figure V-4. The measured /leff is slightly higher than that in the bcc form

(10.2 fiB vs. 9.9 hb) and the Weiss constant is about -90 K. A maximum in

the susceptibility indicates that antiferromagnetic ordering occurs at about
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Figure V—4. Inverse magnetic susceptibility of monoclinic €£203. The mag
netic susceptibility below 20 K is shown in the inset plot.

7K, which is somewhat lower than the ordering temperature observed in bcc

€£203. These ordering temperatures can be compared with those observed in

the lanthanide sesquioxides. Dysprosium, the isoelectronic homologue of

californium, has a Tn of 1.2 K for its sesquioxide.® Tb203 has ordering tem

peratures of 7K and 2K for the two crystal structures, with the monoclinic

form ordering at the higher temperature.^

The existence of three non-eqivalent, low symmetry Cf sites in the

monoclinic structure precludes any detailed crystal field analysis. Curvature in

the inverse susceptibility curve does indicate, however, that the crystal field

splitting is large enough to affect the susceptibility at temperatures up to

150 K.

®H. Bonrath et al, Phys. Kondens. Mater. 4, 382 (1966).

^MacChesney et al.
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Cf70i2

The results of the magnetic susceptibility measurements on the Cf70i2

samples are shown in Figures V-6 and V-6. The measured effective moment

and Weiss constant are 9.4 /ib and -90 K, respectively. Antiferromagnetic

ordering was detected at about 8 K. This can be compared with Tb70i2 which

exhibits metamagnetic behavior with a Neel temperature at low magnetic fields

of about 7 K.8

The stoichiometry of Cf70i2 indicates that for each formula unit, there

should be on average three Cf ions in the 4+ charge state and four ions in the

3+ state. Cf70i2 has two non-equivalent californium sites, one which occurs

only once in each unit cell and has Cah site symmetry and the other which

occurs six times and has C3 symmetry. X-ray absorption spectroscopy mea

surements on Pr70i2 and Tb70i2 indicate that the 3+ and 4+ ions are located

at different sites.® That is, any particular ion has either a 3+ charge or a 4+

charge and the valence does not fluctuate between the two charge states. If

the same situation is true in Cf70i2, then one Cf®^ ion would be expected to

be located at the Cah site, and the other three Cf^^ and the three ions

would be distributed among the six C3 sites.

The effective paramagnetic moment that would be expected from this

system can be calculated based on the assumption that the total susceptibility

is the sum of the susceptibilities due to the 3+ and 4+ ions. The total

effective moment can then be calculated from

/liff(total) = ̂ (lifrfCf") + f (V-2)

^MacChesney et al.

®M. Gasgnier et al, J. Less-Gommon Met. 127, 367 (1987).
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Using the californium ion intermediate coupling effective moment values from

Table III-9 (page 56), equation V-2 gives an expected (total) of 9.8/ib-

This is slightly higher than the measured value.

ao2

The dioxide was studied as two samples that were originally Bk02 and

had radioactively decayed to Cf02. The half-life of is 320 days. Berke-

lium exhibits stronger tetravalent tendencies than does californium, and its

dioxide is more easily prepared. The two samples were of different ages; one

was about nine years old and contained less than one percent Bk, while the

other contained about seven percent Bk. Powder X-ray analysis of the

one-percent sample showed that the sample still had the fee structure, and an

analysis of the lattice parameter indicated an oxygen to Cf ratio of at least

1.95.10 The seven-percent sample was not analyzed in the same manner.

The measured effective paramagnetic moment of the seven-percent

sample was 9.1/le (see Figure V-7). If an intermediate coupling value of

7.6/ie is taken for Bk'^^ (calculated in the same manner as the Cf values) and

the contributions of the two ionic species to the total susceptibility are consid

ered additive, then the effective moment due to the can be calculated

from

/ilff(total) = 0.07 /iiff(Bk'^*) + 0.93 AKCf^*). (V-3)

This gives an effective moment of 9.2/le based on the seven-percent sample.

The effective moment measured for the one-percent sample was substantially

higher, at 9.8 The expected value of 9.3/to (see Table III-9, page 56) is

1®R. G. Haire, private communication.
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more consistent with the results of the seven-percent sample. The one-percent

sample was relatively small (about 6 micrograms) and the measurements for

that sample were more susceptible to errors in mass determination and sample

holder effects.

The seven-percent sample showed a great deal of structure in the suscep

tibility curve below 100 K, whereas, the one percent sample showed only an

antiferromagnetic transition at about 7 K (see Figure V-8). The presence of

Bk in the seven-percent sample apparently resulted in complex cooperative

magnetic effects. For comparison, Tb02 and Pr02 order antiferromagnetically

at about 3 K and 14 K, respectively.

Since the californium site in Cf02 has cubic (Oh) symmetry, the crystal

field can be parameterized in terms of just two parameters (see equation

^^MacChesney et al.
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III-7). The magnetic susceptibility data can therefore be fit to a model

involving three parameters: B^, Eg and the molecular field constant A. EPR12

and neutron diffraction measurements^3 of the light actinides can provide

guidance concerning the crystal field parameters that might be expected to

apply to Cf02. In general, for the light actinides, is negative and of the

order of 2000 to 5000 cm'^ and the ratio B^/B^ is roughly -0.2. These signs

and relative magnitudes are more or less consistent with a point charge model.

The parameters that result from a point charge calculation^^ of Cf02, including

contributions to the electric field from all ions in a cube consisting of 27 unit

cells, are B^ = -3000 cm"^ and B8 = 450 cm*^ Figure III-4(e) (page 52) shows

12W. Kolbe et ai, J. Chem. Phys. 60, 607 (1974).

Kern ei al, Phys. Rev. B 32, 3051 (1985).

^^Using the computer program LEGO, developed and furnished by G. Amorreti (University
of Parma) and A. Blaise (C. E. N. Grenoble).
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that the ground state for this crystal field is the non-magnetic doublet Tz and

that a Fs triplet lies about 20 cm"^ above it. Mixing of the two levels by an

exchange field would account for cooperative magnetic behavior. The suscep

tibility calculated from these parameters matches the measured susceptibility

of the one-percent sample reasonably well, if the measured data is scaled to

provide an effective paramagnetic moment of 9.3/^8 instead of the 9.8/xb that

was actually measured. A value for A of 4.8 mol/emu is consistent with these

crystal field parameters. The magnetic susceptibility is relatively insensitive

to changes in the crystal field parameters, but the actual values cannot be

significantly larger or smaller (perhaps within a factor of two) than the values

suggested by the point charge model. Larger values split the Fs level further

from the ground state and the susceptibility becomes temperature independent

at higher temperatures, and mixing with the ground level to allow magnetic

behavior becomes less likely. Smaller values for the parameters result in too

little curvature in the inverse susceptibility curve at temperatures below 100 K.

Therefore, the parameters suggested by a point charge model seem to fit the

data reasonably well, although this may be somewhat coincidental. The

crystal field by itself, in this model, contributes about -10 K to the total of

-65 K.

BaaOa

The results of the magnetic measurements on BaCfOa are shown in

Figure V-9. At temperatures above 200 K, the effective paramagnetic moment

is 9.1 fiB and the Weiss constant is -180 K. There is substantial deviation

from Curie-Weiss behavior below 150 K, a possible indication of large crystal
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Figure V-9. Inverse magnetic susceptibility of BaCfOa. The magnetic suscep
tibility below 20 K is shown in the inset plot.

field effects. A maximum in the susceptibility at 7 K indicates the occurrence

of antiferromagnetic ordering.

The symmetry of the californium site in BaCfOa, like that in CfOa, is

cubic (Oh), but a crystal field model has not been determined that can satis

factorily explain the magnetic susceptibility. The significant departure from

Curie-Weiss behavior up to temperatures above 200 K suggests that the

splitting between the ground state and the first excited state is relatively large

(perhaps at least several hundred cm'^). Since only the Ts levels are magnetic,

the isolated ground state must be a Fs. Figure 111-4 (page 51) suggests that

for |B8/B^| < 1.2, the ground state is never an isolated Fs level. The tables

and figures of Lea et al^'^ show, however, that if |B8| >> |B^| then a F5 level

can be an isolated ground state. The slope of the inverse susceptibility curve

R. Lea ei ai, J. Phys. Chem. Solids 23, 1400 (1962).

94



below 50 K is consistent with an isolated Fs ground state when compared with

the possible /leff values of the Fs level, calculated using equation III-14. An

extremely large value for B8 (about 10® cm'^) is required, however, to

reproduce the measured susceptibility because the magnitude of the splitting of

the crystal field levels is only very slightly dependent upon B§. The mixing of

®G terms with the term in the intermediate coupling ground state results in

a ten-fold decrease in the sensitivity to variations in B§ as compared with the

sensitivity of the pure Russell-Saunders ground state. Therefore, there

appears to be no set of credible crystal field parameters that can reproduce the

measured susceptibility. This may indicate that there is a problem with the

intermediate coupling model of the free ion wavefunctions that is used for

Cf^^. Alternatively, it may indicate that the curvature in the inverse

susceptibility curve may be due not to crystal fields but to cooperative

magnetic behavior at temperatures well above the observed antiferromagnetic

transition at 7 K.

Indeed, relatively high magnetic ordering temperatures have been

observed in some BaMOa compounds of the lanthanides and light actinides.

BaTbOa has been studied by magnetic susceptibility and neutron diffraction

measurements and orders antiferromagnetically at 37 The susceptibility

curves for BaTbOa are not useful as an indicator of crystal field strength,

however, since the ground state of Tb^* consists primarily of the term,

which is virtually unsplit by crystal fields. BaNpOa has been studied magnet

ically and appears to order ferromagnetically at 31 K.i7 The sudden increase in

susceptibility in BaNpOa near its transition temperature is much sharper than

16b. C. Tofield ei al, J. Phys. C 5, 2887 (1972).

l^B. Kanellakopulos ei al, Physica 102B, 221 (1980).
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the inaease observed in BaCfOa. Further detailed study of the field and

temperature dependences of the magnetization of BaCfOa at temperatures

below 100 K might indicate whether cooperative magnetic behavior does occur

in the neighborhood of 50 K.

Comparison with the Results of Others

Subsequent to the conclusion Of the magnetic work on the californium

oxides that is described in this chapter, Morss et reported the results of

measurements of the magnetic susceptibility of bcc Cf20a. They measmed an

effective paramagnetic moment of 9.7 ±0.2/^8 and a Weiss constant of

-80±10K. The /leff is consistent with the results of the present work, but

the is slightly smaller. Morss et al did not detect any signs of

antiferromagnetism at temperatures above 1.5 K. The samples they studied

had masses of between one and three milligrams, which is considerably larger

than the masses of the samples measured in this work. Radioactivity-induced

self-heating may have biased the temperature measurements of the large

samples and might account for the absence of the detection of

antiferromagnetic ordering. An alternative explanation for the discrepancy is

that the antiferromagnetic behavior is strongly influenced by the presence of

magnetic impurities, such as other actinides. Sample purity and

characterization problems have frequently led to discrepancies in the

measurements of low temperature magnetic ordering behavior of lanthanide

oxide materials.

1®L. R. Morss et al., J. Less-Common Met. 127, 251 (1987).

19l. Eyring, in Handbook on the Physics and Chemistry of Rare Earths, edited by K. A.
Gschneidner, Jr. and L. Eyring (North—Holland, Amsterdam, 1979), Vol. 3, p. 391.
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Summ^ of the Oxides

The numerical results of the susceptibility measurements on the califor

nium oxides are included in the summary table in Chapter VIII. In general,

the magnetic measurements indicate the following:

• The measured effective paramagnetic moments are reasonably consis

tent with the values predicted by the intermediate coupling calculations, when

charge states are based on the stoichiometry,

• Crystal field splittings in the californium oxides are larger than the

splittings in the lanthanide oxides. This would be expected from the greater

radial extension of the 5/ electrons compared to the 4/ electrons.

• All of the californium oxide materials exhibited antiferromagnetic

ordering at temperatures predominantly between 6 and 10 K (with bcc Cf203

ordering above 20 K). These temperatures are in general somewhat higher than

the N^l temperatures that have been reported for the lanthanide oxides. It is

expected that the greater radial extension of the 5/ electrons could lead to

larger exchange interactions and higher ordering temperatures in californium,

compared to the lanthanides.

• The observed antiferromagnetic ordering in bcc Cf203 is in conflict

with the results reported by others.
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CHAPTER VI

CALIFORNIUM MONOPNICTIDES

The actinides and the lanthanides form binary compounds with the

pnictogens (group VA elements) that have the NaCl-type fee crystal structure

(see Table B-6, page 153). The lanthanide and light actinide monopnictides

are known to have partially filled conduction electron bands and display

semi-metallic physical characteristics.b2 The monopnictides of californium and

the other heavy actinides are presumed to have similar characteristics. Since

the presence of conduction electrons can have a significant effect on

cooperative magnetic behavior, the magnetic properties of the monopnictides of

the lanthanides and light actinides have been extensively studied. Magnetic

measurements of the californium monopnictides indicate that their cooperative

magnetic behavior is more similar to the behavior of the monopnictides of the

lanthanides than to that of the light actinides.

Eiqierimental Details

Magnetic measurements were performed on samples of CfN, CfAs and

CfSb. The individual samples that were studied are described in Table VI-1.

The monoarsenide and monoantimonide samples were prepared approximately

six years prior to the taking of the magnetic data. X-ray analyses verified

that the sample lattice parameters had not changed significantly since the

^F. Hulliger, in Handbook on the Physics and Chemistry of Rare Earths, edited by K. A.
Gschneidner, Jr. and L. Eyring (North—Holland, Amsterdam, 1979), Vol. 4, p. 162.

^J.—M. Fournier emd R. Troc, in Handbook on the Physics and Chemistry of the Actinides,
edited by A. J. Freeman and G. H. Lander (North—Hollsmd, Amsterdam, 1985), Vol. 2,
p. 84.
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Table VI-1. Summary of the californium monopnictide samples.

Sample Mass of Of /^eff Tn
designation (Mg) m) (K) (K)

CfN #3a 10.3 10.06a ^4.la 25

CfAs #1 68.5 9.97a -19.8a 17
CfAs #2 35.4 10.05a -24.2a 17

CfSb #1 45.3 10.16b -14.0b 20

S'For the temperature range 80 < T < 340 K.

^Tor the temperature range 120 < T < 340 K.

preparation. The magnetic susceptibility of the antimonide sample was

strongly field dependent at room temperature, indicating that the sample was

much more heavily contaminated by a saturable magnetic material (probably

iron) than were the other samples. The susceptibility data for that sample

was taken at as high a magnetic field as possible (about 45 kilogauss). All of

the other monopnictide samples contained about as much magnetic contamina

tion as did the californium metal and oxide samples. The physical arrange

ment of the magnetic susceptometer was identical to the arrangement used for

the californium oxide measurements.

Magnetic Measurements: Results and Interpretation

Paramagnetic Behavior

The results of the magnetic susceptibility measurements are shown in

Figures VI-1 to VI-6 and are summarized in Table VI-1. All three of the

monopnictides that were studied exhibit Curie-Weiss behavior at temperatures

above about 100 K. The measured effective paramagnetic moments of the
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three compounds varied between 10.0/ib and 10.2/^3, which is consistent with

the assumption that the californium is in the 3+ charge state. Except for

some cerium compounds, all lanthanide monopnictides are trivalent compounds. 3

As noted previously, however, has approximately the same effective

paramagnetic moment as Cf^"^ and the effective paramagnetic moment does not

conclusively indicate the charge state.

Polarization of conduction electrons by the 5/ electrons has been

observed in metallic light actinide compounds, including the monopnictides. ̂ A

reduction in both the measured ordered moment and the effective

paramagnetic moment can result from the polarization. The paramagnetic

moments determined in these californium measurements are consistent with the

expected intermediate coupling value, within the experimental uncertainty, and

do not indicate a degree of polarization as great as may be present in

californium metal. The Weiss constants that were measured in the

mononitride, monoarsenide and monoantimonide are -45 ± 5, -22 ± 5 and

-15 ± 3 K, respectively.

Crystal Fields

Although the cubic (Oh) symmetry at the californium sites in the NaCl-

type crystal structure of the monopnictides simplifies the consideration of

crystal field effects, the magnetic susceptibility measurements are not suitable

for detailed crystal field analysis. Since magnetic ordering occurs at relatively

high temperatures, any effects the crystal field might have on the susceptibil

ities, other than a contribution to ^p, are masked. The inverse susceptibility

^Hulliger.

4p. Jena et al, Phys. Rev. B 18, 3562, 1978.
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curves axe reasonably linear, down to temperatures near the ordering tem

peratures and the ordering temperatures are not significantly different from the

Weiss constants. Both of these factors indicate that the crystal field effects

are smaller in the monopnictides than in the oxides.

Crystal field parameters have been measured or estimated for most of

the lanthanide monopnictides.5 Inelastic neutron scattering has proven useful

for measuring the splitting directly.® In general, both and B^ are positive

and B8 is about one-tenth as large as B^. For the lanthanide mononitrides,

B^ is roughly 1500 cm'^ while for the monoarsenides and monoantimonides B^

is typically about 500 cm"^ In contrast to the lanthanides, no well-defined

crystal field levels have been observed with neutron inelastic scattering in the

light actinide NaCl-type compounds.^ This is apparently due to insufficient

localization of the 5/ electrons in comparison to the 4/ electrons.

Assuming that the 5/ electrons in the monopnictides of californium are

well-localized and that well-defined crystal field split levels exist, the magni

tudes of the crystal field parameters can be estimated from the lanthanide

values. A modified point charge model that ignores the conduction electrons

has been shown to fit (although perhaps fortuitously) the lanthanide crystal

field data reasonably well,® and therefore an extrapolation to californium on the

basis of (r''> values may have merit. Based on the sizes of <r^> and <r®> for

Cf^"^ and Dy^* (see Table III-5, page 40), a reasonable guess for the arsenide

and antimonide crystal field parameters is B^= 1500 cm'^ and

®Hulliger, p. 172.

®R. J. Birgeneau et ai, Phys. Rev. B 8, 5345 (1973).

^M. B. Brodsky, Rep. Prog. Phys. 41, 1588 (1978).

®Birgeneau.
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B§ = 150 cm'^ Figures III-3(c) and 3(d) (page 49) indicate that for these

parameters the ground state would be a Fe doublet and that the first excited

state, a Fs quartet, would lie relatively close to the ground state. A detailed

calculation using these parameters shows that the Fg level would be about

25 cm'^ above the ground state Fg and that the total splitting of the manifold

would be about 350 cm'^ The contribution to by this crystal field would

be about -7K. This analysis supports the indication that the crystal field

splitting in the monopnictides is significantly smaller than that in the oxides.

The smaller lattice parameter of the mononitride results in larger crystal field

splittings. In fact, the nitrogen ion is so small that the Cf-Cf distance in the

nitride is not much greater than it is in the metal. If the parameters are a

factor of about three larger for californium mononitride, as occurs in the

lanthanides, then the total splitting of the manifold would be about 1000 cm"^

and the contribution to would be about -12 K.

Magnetic Ordering

All three of the monopnictides that were studied exhibit cooperative

magnetic behavior at temperatures below 50 K. The magnetic susceptibility of

the mononitride shows a somewhat complex field-dependent behavior below

about 30 K (see Figure VI-2). In applied magnetic fields of less than 10

kilogauss, antiferromagnetic ordering is indicated by a local maximum in the

susceptibility at about 25 K. The maximum is very broad and shifts to lower

temperatures in higher applied fields and may indicate a change in type of

magnetic ordering, or metamagnetism.

The monoarsenide exhibits (see Figure VI-4) a very sharp maximum in

the susceptibility at about 17 K that readily identifies antiferromagnetic
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ordering. The monoantimonide susceptibility has structure that begins at

about 50 K, with a relatively broad maximum occurring at about 20 K (Figure

VI-6). If the crystal field parameters are roughly the magnitude estimated in

the previous section, then the structure seen in the susceptibility measurements

is primarily due to cooperative magnetic effects and not to crystal field effects.

The monopnictides of both the light actinides and the lanthanides exhibit

a variety of cooperative magnetic behavior, and it is expected that the heavy

actinides would behave in a related manner. In the light actinides, as the

actinide-actinide distance increases with increasing pnictogen ion size [i.e.,

from nitrogen to bismuth), ordering temperatures vary in a systematic manner,

either monotonically increasing (U and Np) or increasing and then decreasing

(Pu).9 The types of magnetic structures also vary systematically with actinide

separation. Ordering temperatures are for the most part in the 100 to 300 K

range. The increase in magnetic coupling with increasing actinide-actinide

spacing is difficult to explain with direct exchange or superexchange, since

both decrease in strength exponentially with increasing separation. Grunzweig-

Gennossar et have proposed an exchange mechanism that includes the

RKKY-type interaction (see equation IV-4). The RKKY coupling has a very

long range compared with direct and superexchange coupling. It also has a

sinusoidal spatial behavior that can lead to the systematic variation in the

magnetic ordering temperatures and structures that are seen in the light

actinides as the distance between magnetic ions varies."

^D. J. Lam and A. T. Aldred, in The Actinides: Electronic Structure and Related
Properties, edited by A. J. Freeman and J. B. Darby, Jr. (Academic, New York, 1974)
Vol. I, p. 127.

Grunzweig—Genossar et al, Phys. Rev 173, 562 (1968).

"p. Erdds and J. M. Robinson, The Physics of Actinide Compounds (Plenum, New York,
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The lanthanide monopnictides order magnetically at temperatures that

are generally well below 50 K and which are therefore much lower than the

ordering temperatures of the light actinide monopnictides. Weaker exchange

coupling is expected in the lanthanides due to the more limited radial extent

of 4/ wavefunctions compared to 5/ wavefunctions. The RKKY coupling is

also weaker in the lanthanides.12 The dependence of ordering temperature on

lanthanide-lanthanide distance is shown for several lanthanides in Figure

VI-7(a). Most of the lanthanide mononitrides order ferromagnetically while

the other monopnictides usually exhibit some form of antiferromagnetism or

metamagnetism. The minimum ordering temperature usually occurs for the

phosphide or arsenide. At the close lanthanide-lanthanide spacing of the

nitrides, direct exchange apparently predominates over superexchange.^^

The results of the californium monopnictide measurements and measure

ments on other heavy actinide monopnictides are shown in Figure VI-7(b).

The behavior of the californium monopnictides is very similar to the behavior

of the lanthanide monopnictides, indicating that the relative strengths of the

various magnetic ordering mechanisms in californium may be similar to those

in the heavy lanthanides. The curium monopnictides, in contrast, exhibit

significantly higher transition temperatures than the californium monopnictides,

and those temperatures vary substantially with actinide-actinide spacing. This

behavior is more similar to the light actinide behavior. The limited data

available for berkelium (only the mononitride has been studied) make it

impossible to determine its behavior, but it is likely to fall between that of

1983) p. 125.

l^Grunzweig—Genossar ei al.

l^HuUiger, p. 193.
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K. A. Gschneidner, Jr. and L. Eyring (North-Holland, Amsterdam, 1979), Vol. 4, p. 191.
bS. E. Nave et al, in Lawrence Berkeley Laboratory Report No. LBL—12441, 1981
(unpublished), p. 144.

CB. KanellsJcopuloe et al., in Transplutoninm Elements 1975, edited by W. Muller eind
R. Lindner (North—Holland, Amsterdam, 1976), p. 181.

dS. E. Nave et al, Physica 107B, 253 (1981).

Figure VI-7. Variation of the magnetic ordering teiriperatures of some heavy
lanthanide and actinide monopnictides with the distance between the metal
ions. The filled and open symbols indicate ferromagnetic and antiferro-
magnetic ordering, respectively.
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Cm and Cf. The reduction in ordering temperatures for the californium

monopnictides relative to the curirnn monopnictides is greater than the

reduction predicted by DeGennes scaling (equation IV-5). This may indicate

a smaller RKKY interaction for the californium monopnictides, due perhaps to

a  smaller conduction electron density. It may also indicate a smaller

contribution of direct exchange and superexchange to the ordering behavior.
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CHAPTER Vn

CALIFORNnJM TmCHLORTOE

The two crystal structures of CfCla are the UCls-type hexagonal struc

ture and the PuBra-type orthorhombic structure. Details of the structures are

given in Table B-7 (page 154) of Appendix B. Polycrystalline samples of both

structures were studied as well as single-crystal samples of the hexagonal

form.

A considerable amount of optical absorption work has been performed on

the trichlorides of the lanthanides^ and actinides^ in the hexagonal UCla-type

crystal structure. In most of this work, the lanthanide or actinide was diluted

in LaCla, which provides the UCla-type environment. Since californium

trichloride crystallizes in the hexagonal structure, the studies on it have used

the pure substance. Because of the relatively high site symmetry (Cah) at the

metal site in the UCla-type structure, the splitting of the electronic levels due

to the crystal field has been successfully parameterized. Data from the

trichlorides has also been important in the development of ab initio methods

for calculating the effects of the crystal field.3 The optical absorption spectrum

of hexagonal CfCla has been well characterized both at room temperature'^ and

at low temperatures and crystal field parameters have been

^S. Hiifner, Optical Spectra of Transparent Rare Earth Compounds (Academic, New York,
1978), p. 56.

2W. T. Carnall and H. M. Crosswhite, Argonne National Laboratory Report No. ANL-84-
90, 1985 (unpublished), p. 30.

3d. J. Newman and B. Ng, J. Phys. C 19, 389 (1986).

^J. R. Peterson et ai, Inorg. Chem. 25, 3779 (1986).
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determined.5 The results from the optical studies can be compared with the

present results from the magnetic measurements.

Experimental Details

The physical arrangement of the magnetic susceptometer for the CfCla

measurements was the same as described in Chapter 11. Details of the prepa

ration of the CfCla samples are given in Appendix C. The relatively low

melting point of CfCla (545* C) allows preparation of the trichloride, conver

sion of the polycrystalline material between structural forms, and growth of a

single crystal all to be carried out on one sample of material in a sealed

quartz capillary. This method of processing reduces the possibility of sample

contamination and changes in impurity content. Repeated heating of the

samples can, however, lead to chemical reactions with the capillary walls.

The polycrystalline samples are described in Table VII-1. Two different

preparations of polycrystalline material (designated 1 and 2) were studied in

both crystal forms. It was possible to convert the same material back and

forth several times between the two crystal structures. The initially prepared

hexagonal materials were determined from powder X-ray analyses to be

microcrystalline, while the samples after melting were macrocrystalline.

Attempts were made to obtain samples of LaCls containing about 10 percent

Cf in order to eliminate cooperative magnetic behavior. These preparations

led to multiphase samples, however, possibly because of the differences in

melting points of CfCla and LaCla (545* C vs. 862* C) and possibly because of

chemical reactions with the walls of the quartz capillary.

^Carnall and Crosswhite.
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Table VII-1. Summary of the polycrystalline CfCls samples.

Sample
designation

Crystal
structure

Mass of Cf Uaff (un) On fK)
(//g) (100 < T < 340 K)

Tn
(K)

1-1 hex 12.3 9.9 -11.0 8

1-2 ortho 12.3 10.1 -47.4 11

1-3 hex 12.3 10.1 -20.5 7

2-1 hex 19.5 10.2 -10.7 a

2-2 ortho 19.5 10.3 -25.8 13

2-3 hex 19.5 10.3 -13.1 8

2-4 ortho 19.5 10.4 -35.2 a

3'Not determined.

The single-crystal hexagonal samples are described in Table VII-2.

Three preparations of material (designated A, B, and C) were measured at

various orientations to the applied magnetic field. Two different methods were

used to provide different orientations of the c-axis of the samples with respect

to the magnetic field. Preparation A was measured initially in polycrystalline

form as preparation 2. A single crystal was then grown and measured in the

capillary in its as-grown orientation (sample A-1). The axis of the sample

capillary is always parallel to the direction of the magnetic field in the suscep-

tometer. The crystal was then broken out of the capillary (with some loss of

material) and encapsulated in polyethylene to allow measuring the crystal at

angles closer to the perpendicular (sample A-2) or parallel (sample A-3)

orientation. The encapsulated material degraded, however, and only the

measurements on A-2 were usable. The degradation was probably due to the

absorption of water through a break in the polyethylene coating.

All measurements on preparations B and C were performed while the
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Table VII-2. Summary of the hexagonal single-<:rystal CfCla samples.

Sample Mass of Cf Orientation^ Mounting
designation (^g) method

A-lb 19.5 27.5* capillary
A-2C 14.0 82.3* polyethylene
A-3C 14.0 12.8* polyethylene

B-1 221 14.2* capillary

C-1 17.5 67.5* capillary
C-2 17.5 8.4*, 16.7* d capillary

^•Angle between c—axis and magnetic field.

^Measured as polycrystalline preparation 1 before being converted to a single crystal.

•^Same crystal as A—1, but removed from its quartz capillary and encapsulated in poly
ethylene.

dSample consisted of two separate crystals.

materials were in their capillaries. After measuring crystal C-1, it was possi

ble to remelt the material and grow another single-crystal sample (C-2) with

a different orientation relative to the capillary. Sample C-2 was, however,

composed of two separate crystals with the orientations of the c-axes differing

by about 8* and with an average orientation of about 12*. Since the angular

dependence of the susceptibility is very slight for near-parallel orientations (see

equation III-IO), the spread in the angular orientation of sample C-2 does not

significantly affect its susceptibility. All crystals grown from preparation B

had the same orientation relative to the capillary.

Although single crystals with the orthorhombic structure have been

grown,® none were prepared for this study. Interpretation of the magnetic

®J. H. Bums c< o/., J. Inorg. Nucl. Chem. 35, 1171 (1973).
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measurements on single crystals of the orthorhombic form would be difficult

because of the low crystal symmetry and lack of spectroscopically-determined

crystal field splitting information.

Results of the Magnetic Measurements

Polycrystalline Samples

Inverse magnetic susceptibility curves for the polycrystalline samples are

shown in Figure VII-1. A summary of the results of the measurements on all

the samples is given in Table VII-1. As determined from a linear fit of the

data to the Curie-Weiss law in the temperature range from 100 to 340 K, both

the hexagonal and orthorhombic crystal forms have the same effective para

magnetic moment, 10.2 ± 0.2/ib- The Weiss constants for this temperature

range are -13 ± 5 K for the hexagonal form and -37 ± 10 K for the orthorhombic

form. The relatively large variation in the 9^ values from sample to sample

may be due to a preferred crystal orientation in the macrocrystalline samples,

combined with the anisotropy of the susceptibility.

The magnetic susceptibility curves for the polycrystalline samples below

20 K are shown in Figure VII-2. They indicate that both crystal structures

undergo antiferromagnetic ordering. The ordering temperatures are 7 ± 1 K and

13 ± 2 K for the hexagonal and orthorhombic forms, respectively. The suscep

tibility curves and the magnetization curves at 4.4 K (Figure VII-3) indicate

that both forms exhibit metamagnetic behavior. The antiferromagnetic order

ing disappears at magnetic fields above about 10 kilogauss for the hexagonal

form and about 20 kilogauss for the orthorhombic form. At 4.4 K, the mag

netization of the hexagonal form approaches a saturation moment of about

6.5 /IB per atom at magnetic fields well below 50 kG. The magnetization
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curve for the orthorhombic form, however, is still increasing at 50 kG, and

appears to saturate at a somewhat lower moment value than does the hexago

nal form. Demagnetizing effects in the samples are relatively small. If the

polycrystalline samples are assumed to be roughly spherical, with D =1/3,

then the internal field is reduced by about 2 kilogauss at magnetizations

equivalent to 6/xb per atom.

Single-Crystal Samples

The results of the magnetic measurements on the hexagonal single

crystals are shown in Figures VII^ to VII-6. The inverse susceptibility

curves clearly show anisotropy in the susceptibility. As noted in Chapter III,

the axial symmetry of the hexagonal structure allows the orientation depen

dence of the susceptibility to be expressed in terms of susceptibilities parallel

(Xh) and perpendicular (xi) to the c-axis. For preparation A, Xii and Xi were
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determined from the measured polycrystalline susceptibility, xP) and the

single-crystal susceptibility at one angle 6, The susceptibilities were calcu

lated using

which are derived from equations III-9 and III-IO. The solid lines of Figure

Vll-4(a) show the results of the calculation. Similarly for preparation C, x»

and Xi were calculated from two crystal orientations 0 and 0' from

_  sin2g Xfl' - sin2g' xe
cos2^' sin26^ - sin'-^f'' cos26'

_  C0S2g Xfl' - C0S2^ xe /'VTT_9\

The results of the calculation for preparation C are shown in Figure VII-4(b).

The Xi determined in this manner for preparations A and C are in good

agreement and are consistent with the nearly-perpendicular measurement of

sample A-2. There is, however, considerable discrepancy in the parallel

susceptibilities determined from preparations A and C. The results of mea

surements of preparation B are more in line with the results of A than with

those of C. This discrepancy may be an indication of the presence in the

samples of undetected crystal inclusions or of impurities due to chemical

reactions with the quartz capillary walls.

Magnetization curves for the single-crystal samples at 4.4 K in magnetic

fields up to 50 kilogauss are shown in Figure VII-5. The metamagnetic

behavior is clearly evident, with the antiferromagnetic ordering disappearing at

fields above about 10 kilogauss. There is little variation of the saturation

moment with crystal orientation, although orientations closer to the parallel
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orientation saturate at slightly lower magnetic fields. The single-crystal

samples were conical in shape with the base diameter about equal to the

height and were oriented with the cone axis parallel to the magnetic field.

With this geometry and orientation, the demagnetization factor D is estimated

to be about 1/2, or slightly greater than that of a sphere. At sample magne

tizations equivalent to 6/13 per atom, the internal field is reduced by approxi

mately 3 kilogauss when D= 1/2.

The indication of antiferromagnetic ordering by the presence of a maxi

mum in the magnetic susceptibility was not as pronounced in the single-

crystal samples as it was in the polycrystalline samples (see Figure VII-6).

Only one sample (Sample A-1 with a 27.5* orientation) exhibited a maximum

above 4.4 K at 5 kilogauss. The other samples, with orientation angles both

smaller and larger than that of A-1, either had no maximum above 4.4 K or

had a maximum only at fields below 0.5 kilogauss. These results indicate that

the field and temperature dependencies of the antiferromagnetic ordering may

be quite sensitive to subtle variations from sample to sample such as stress,

crystallinity and impurity content. From the two measurements on prepara

tion C at 12' and 67.5*, where there should be little impurity change, the

indication is that the antiferromagnetic ordering is weaker at larger orientation

angles. At 67.5*, no maximum was observed above 4.4 K at any magnetic

field, whereas at 12*, a maximum was evident at about 6 K and 0.5 kilogauss.

Interpretation of the Magnetic Measurements

Polycrystalline Samples

The effective paramagnetic moments measured for the polycrystalline

samples of both crystal structures of CfCla are in excellent agreement with the

120



intermediate coupling value. The values of the Weiss constant, ^p, for the

polycrystalline samples reflect the influence of both cooperative magnetic

effects and crystal field splitting. For the orthorhombic form, deviation from

the high temperature Curie-Weiss behavior occurs with decreasing temperature

at about 100 K, whereas for the hexagonal structure the deviation begins at a

temperature of about 60 K. This indicates that the crystal field splitting in

the orthorhombic form may be somewhat greater than that in the hexagonal

form. The broadening of the major optical absorption envelopes in the room

temperature spectrum of the orthorhombic form relative to the hexagonal form^

may also indicate a greater total crystal field splitting in the former.

Therefore, the larger magnitude of the value for the orthorhombic structure

is consistent with the observed higher antiferromagnetic transition temperature

and the possibility of greater crystal field splitting.

Crystal Field Anisotropy

The symmetry of the californium ion sites in hexagonal CfCla is Cah, and

the five crystal field parameters required are B8, B^, B8, Re(B§) and Im(B§).

The symmetry is so close to Dah, for which B§ is real, that the imaginary part

of B^ is usually ignored in this crystal structure. From optical absorption

measurements, Carnall and Crosswhite^ have determined the crystal field

parameters listed in Table VII-3. The splitting of the J = 15/2 ground state

manifold into eight Kramer's doublets by the crystal field is shown in Figure

VII-7, and the symmetry of the wavefunctions of these levels is shown in

Table III-8, page 45. The crystal field can mix different J values up to

^Peterson ei ai

®Carnall and Crosswhite.
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Table Vn-3. Crystal field parameters of hexagonal CfCla.

Source of
parameters

b8 Bg
(cm"i)

Bg Nya Ab

(mol/emu)

Magnetic
susceptibility®

510

±100

-1020

±200

-610 1460

±400 ±1000

2600

±1300

-1.1

±0.4

Optical
absorption*!

476

±36

-1108

±73

-1367

±79

963

±63

2430

±150

-1.2

±0.3®

Dy3+ in LaClaf 182 -311 -371 271 650 —

(absorption)

^■Auzel scalar crystal field parameter (see equation III—6).

^Moleculsu' field constant.

^Average for preparations A amd C.

^W. T. Carnall and H. M. Crosswhite, Argonne National Laboratory Report No. ANL-84-
90, 1985 (unpublished), p. 30.

^Determined by calculating the magnetic susceptibility from the optical absorption crystal
field parameters and comparing with the measured susceptibility.

fj. D. Axe amd G. H. Dieke, J. Chem. Phys. 37, 2364 (1962).
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A/= 6, but since the magnitude of the crystal field splitting is relatively

small, J mixing is not important for the ground state of CfCla. That is,

inclusion of J mixing changes the total splitting of the ground state manifold

by.only 10 cm"^ out of 360 cm'^ Furthermore, the contribution to the ground

state wavefunctions by the mixed J states is less than one percent.

If a molecular field model (see equation III-16) is used to account for

the influence of cooperative magnetic effects on the magnetic susceptibility of

the hexagonal crystal form of CfCla above the ordering temperature, then the

experimental magnetic susceptibility data can be fit with five parameters: B§,

B^, BS, B§ and A. The results of parametric fits of the magnetic susceptibility

data for temperatures greater then 50 K, allowing all five parameters to vary

during the fitting process, are summarized in Table VII-3 and Figure VII-8.

The resulting crystal field parameters are in reasonable agreement with the

parameters determined from the analysis of optical absorption spectra. The

uncertainties in the magnetically-determined parameters are, however, quite

large, especially for the sixth order parameters, and are due primarily to

variations in the results from sample to sample. If the four crystal field

parameters are fixed at the spectroscopically-determined values, then the

molecular field constant, as determined from a fit to the susceptibility data, is

-1.2 ±0.3 mol/emu. In Figure VII-7 the crystal field splitting in CfCla is

compared with the splitting of dysprosium doped into LaCla (pure DyCla is

monoclinic). The scalar crystal field parameters listed in Table VII-3 show

that the crystal field in CfCla is approximately 3.5 times greater than that in

DyCla. This is roughly in line with the larger (r'') values of Cf^"^ relative to

those of Dy'^ (see Table III-5, page 40).
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The angular dependence of the magnetization at 4.4 K can be compared

with the magnetization calculated from the ground state crystal field wave-

functions. The moment per atom as a function of 9, the angle between the

c-axis and the magnetic field, is calculated as in equation IV-3. At 4.4 K and

50 kilogauss, only the ground state is significantly populated thermally and

therefore only its moment need be considered. A comparison of the measured

moments at 4.4 K and 50 kilogauss with the values calculated using the opti

cally-determined crystal field parameters is shown in Figure VII-9. At zero

magnetic field, the ground state is a Fg (see Figure VII-7) that is made up

97% by the Jz = ±9/2 state, and the first excited level consists principally of

125



8.0

a

E
o

7.0

« 6.0

c

E

i 5.0

4.0

1  1 1 1 1 1  1

_

4.4 Kelvin 50 kilogauss

-

h-+H •

-

T
•

1

Ho—1

Experimental Data

_• * + : Sample A-l -

o : Sample C-1

-

• : Sample C-2

1  1 1 1 1 1  1

n/8 n/4 3n/8

Angle between magnetic field and c-axis

n/2

Figure Vn-9. Magnetic moment per atom of caiifomium at 50 kilogauss and
4.4 K as a function of the orientation of the hexagonal CfCls single-crystal
with respect to the magnetic field. The dotted lines indicate the moments
that are predicted by the optical absorption crystal field parameters. The two
lines show the uncertainties in the moment values due to uncertainties in the
crystal field parameters.

the 7z = ±ll/2 state. For nonparallel orientations, the magnetic field can mix

these states, resulting in first an increase, and then a decrease in the moment

of the ground state as 0 increases. For these calculations, J mixing has a

noticeable effect on the composition of the ground state wavefunctions and was

therefore included. The moment values shown in Figure VII-9 were calculated

assuming no molecular field. If a molecular field is considered, the experimen

tal data fit the calculated curves reasonably well for values of the molecular

field constant between -0.5 and +0.1 mol/emu.

Magnetic Ordering

The magnetic ordering of hexagonal CfCla can be compared to the

ordering that is observed in the light lanthanide trichlorides (cerium through
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gadolinium) which also exist in the UCla-type hexagonal form. GdCla orders

ferromagnetically at 2.2 K while the other trichlorides exhibit complex ordering

behavior at even lower temperatures.^ A number of different magnetic

structures have been proposed for the lanthanide trichlorides based on analyses

considering dipole-dipole interactions and nearest- and next-nearest-neighbor

exchange interactions. xhe antiferromagnetic ordering temperature for CfCla,

in comparison, is somewhat higher at about 7K. This is consistent with the

possibilities for larger exchange interactions due to the greater radial extension

of the californium wavefunctions and for larger dipole-dipole interactions due

to the greater moment of californium. The antiferromagnetic coupling in

CfCla at this temperature, however, seems to be relatively weak since it is

destroyed by modest magnetic fields.

9j. C. Eisenstein et al. Phys. Rev. 137, 1886 (1965).

10a. T. Skjeltorp, J. Appl. Phys. 49, 1567 (1978).

llR. A. Hunt, J. Phys. C 4, 2572 (1971).
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CHAPTER Vm

SUMMARY AND CONCLUSIONS

The results of all the magnetic measurements on californium metal and

compounds are summarized in Table VIII-1. In those cases where the

strength of the crystal field could be estimated from the magnetic measure

ments or could be extrapolated from lanthanide or light actinide values, the

Auzel crystal field strength is also listed.

The following general conclusions can be drawn from these measurements

of californium's magnetic properties:

• All of the materials studied exhibit Curie-Weiss behavior at suffi

ciently high temperatures (generally above about 100 K). The effective para

magnetic moments are consistent with an intermediate coupling model of the

californium ground state for which the total angular momentum J is a good

quantum number.

• The crystal fields in californium compounds are in general several

times greater than the crystal fields in the corresponding lanthanide

compounds. This is consistent with the greater radial extension of 5/ electrons

compared to the radial extension of 4/ electrons.

• The magnetic ordering temperature of Cf metal (like Cm and Bk

metal) is lower than the ordering temperature of its lanthanide homologue, Dy

metal. The strength of the indirect exchange interaction is therefore

apparently weaker in the heavy actinides than in the heavy lanthanides.

• The antiferromagnetic ordering temperatures of the californium oxides

and the trichloride are in general slightly higher than the ordering

temperatures of the corresponding compounds of the lanthanides. Larger
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exchange effects are to be expected because of the greater radial extension of

the 5/ electrons.

• Magnetic ordering in the semi-metallic californium monopnictides is

similar, in terms of ordering temperatures and variation with the metal-to—

metal distance, to the magnetic ordering in the lanthanide monopnictides.

This may indicate that the relative strengths of the various exchange

interactions (RXKY, superexchange and direct exchange) are similar in the

californium monopnictides and lanthanide monopnictides.

All of the experimental results of this work can certainly be improved

upon by additional, more detailed magnetic measurements. There are a

number of unresolved points, however, that warrant special attention and

additional study:

• The magnetic susceptibility of bcc CfaOa should be measured again to

resolve the question of the existence of antiferromagnetic ordering at 22 K.

• Additional magnetic studies of californium doped into Y2O3 should be

performed along with optical absorption studies of the same material to pro

vide more details about the crystal field.

• A reexamination of BaCfOa may resolve the question of whether the

behavior of the magnetic susceptibility in the temperature range below 100 K

is due to crystal fields or to cooperative magnetic effects.

• More detailed magnetization measurements on the californium mono

pnictides should be carried out to more completely map out the temperature

and magnetic field dependencies of the magnetic ordering.

• The determination of the magnetic structure of californium metal

would be very useful in assessing the relative importance of the various types

of magnetic interactions in the metal. Sufficient quantities of the metal to
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allow neutron diffraction studies will probably not be available in the near (or

distant) future, however. Single-crystal curium metal will eventually be

studied in detail by neutron diffraction, and those results will shed some light

on all of the dhcp heavy actinide metals.
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APPENDIX A

CALCULATION OF MATRIX ELEMENTS

The calculation of the electronic energy levels and magnetic proper

ties of an atom involves the evaluation of matrix elements of the Hamil—

tonian of the atom. The important contributions to the Hamiltonian are

the electron-electron coulomb interaction energy (^^es), spin-orbit energy

(c^so), crystalline electric field energy {Jifci), and the energy of interaction

with an external magnetic field (c^). The methods used to calculate the

matrix elements of these terms of the Hamiltonian within the basis of LS

coupled atomic states are described in this appendix.

Coulomb Interaction

The matrix elements of <^es for an /° configuration can be written

3

(aIS|<^es|a'i'S'> = (A-1)

k=0

The ek angular parts of the matrix elements can be calculated in a

step-wise manner using an expression of Racah,i

aa'iS

X ek(r-^aa'L5) (r-^a'Z5|}/»;a'L5). (A-2)

The (/°;aZ/5{|/°'^;aZ5) are coefficients of fractional parentage. The

coefficients of fractional parentage are used to construct the correctly

anti-«ymmetrized LS coupled states of the configuration from product

iG.Racah, Phys. Rev. 76, 1352 (1949).
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states of single—electron wavefunctions and states of the configuration.

The coefficients of fractional parentage used in the calculations of this

work are those tabulated by Nielson and Koster.2 The ek's for the to

configurations are calculated using equation A-2, starting with values

for p given by Nielson and Koster.3 The matrix elements for the

conjugate configuration are identical to those for the /° configuration

except for an additive constant.

Spin-Orbit Interaction

The spin-orbit matrix elements can be written as^

{fiaLSJMlJUoW-.a'L'SJM) = ( (-l)-"'''' { 5. 5 j }
N

« (/'■,aLSlJ^(s;-W;a'L'S-), (A-^)
i = l

where ( is the spin-orbit parameter. The term with six arguments in

curly brackets is a 6-j symbol. The matrix element on the right-hand

side of the equation can be expressed in terms of the reduced matrix

element of a double irreducible tensor operator

N

1=1

The reduced matrix elements of V" are evaluated with the aid of

2c. W. Nielson and G. F. Koster, Speciroscopic Coefficients for the p", d", and /"
Configurations (M.I.T., Cambridge MA, 1963), pp. 6—52.
^Ibid., p. 54.

4B. G. Wybourne, Spectroscopic Properties of Rare Earths (Interscience, New York,
1965) p. 38.
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coefficients of fractional parentage,5

= n H)^ [(2I+1)(2L'+1)(25+1)(25'+1)]^

{3 3, 1 } { i ^ 1 }
oLS

X  (/°;aZ.5{l/°-^aZ5) (f''-^;aLSl}f'';a'L'S'). (A-5)

The reduced matrix elements for the conjugate configuration are

identical to those for the /" configuration except for a change in sign.

Crystal Field Interaction

If the crystal field interaction is expressed in the form

•^ef BS Y6, (A-6)
k,q

then the matrix elements can be written in terms of the matrix elements

of U^, an irreducible tensor operator,®

(f°;aLS,JM\c^cflf'';a'L'S',fM') =

S®" [ 0 0 0 ] (A-7)

The term with six arguments in straight brackets is a 3-j symbol. The

matrix elements of Uq are calculated from the reduced matrix elements of

US

®R. D. Cowan, The Theory of Atomic Structure and Spectra (Univ. of Calif.,
Berkeley, 1981), p. 320.

®S.—K. Chan and D. J. Lam, in The Actinides: Electronic Structure and Related
Properties, edited by A. J. Freeman and J. B. Darby, Jr. (Academic, New York, 1974),
Vol. I, p. 16.
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{P;aLS,JM\\J^\f'';a'L'S',fM') =

[(2J+l)(2/+l)]» { j. k }

-  [ -M q if] (A^)
The reduced matrix elements are calculated from

</°;aL5|U''|r;a'L'5'>= 6s,s' [{2L+1){2L'+1)]^

X  {P;aLS{\r\aLS) {r-^-,aLS\}f^-,a'VS')

alS

«  I 3^ £ £ j. (A-9)

The matrix elements of conjugate configurations have opposite signs for

even k.

Zeeman Interaction

Matrix elements of the interaction between the applied magnetic field

and the magnetic moment of the atom are required for susceptibility

calculations. Since the energy of interaction is H*;*, the matrix elements

of n are needed. If the magnetic field is applied along the z-direction,

then Xz or Xa is calculated from the matrix elements of Hz which are

evaluated from^

(aLS,JM\fiz\aLS,JM) = Mg{LSJ)

and {aLS,JM\nz\QLS,{J-l)M) = f{LSJ)l2, (A-10)

where g{LSJ) and i{LSJ) are defined as

^Chan and Ljun, p. 47.

144



g(iSJ) = 1 +

and f{LSJ) = [ (^+^+J+l)(^f+^J+|j|^+^y^)(^+'^-^ ]*. (A-11)

For crystals with axial symmetry, Xi is calculated from the matrix ele

ments of iix which are evaluated using

{aLS,JM\fix\aLS,J{Mil)) = [{J±M+1){JtM)]^ g{LSJ)/2

and (aLS,JM\tix\aLS,{J-l)M) = ± [(JtA/-1)( f(L5J)/4.

(A-12)
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APPENDIX B

CRYSTALLOGRAPHIC DATA

The crystallographic data for californium metal and for the californium

compounds studied in this work are summarized in the tables of this appendix.

The stereographic views of the crystal structures are to be viewed using the

"crossed-eyes" method: the left image is viewed with the right eye and the

right image is viewed with the left eye.

Table B-1. Crystallography of californium metal.a

Double hexagonal close-packed structure

Space group: D^h (Pba/mmc)
Californium atoms per unit cell: 4

Lattice parameters:
0 = 4.00 A (divalent). 3.38 A (trivalent)
c = 12.80 A (divalent), 11.04 A (trivalent)

Two non-equivalent californium sites -
(1) B and C layers, Dsh site symmetry.
(2) A layers. Dad site symmetry.

Cf-Cf distance:
4.00 A (divalent), 3.38 A (trivalent)

fl'Til
4

A-B-A-C sequence of close-packed layers
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Table B-1. (continued)

Face-centered cubic close-packed structure

Space group: 0^ (Fm3m)
Californium atoms per unit cell: 4

Lattice parameter:
0 = 5.74 A (divalent)
a = 4.78 A (trivalent)

Oh site syimnetry.

Cf-Cf distance:
4.06 A (divalent), 3.38 A (trivalent)

A-B-C sequence of close-packed layers

^■R. G. Hedre in Chemistry of the Actinide Elements, edited by J. J. Katz et a/. (Chapman
and HaU, New York, 1986), Vol. 2, p. 1036.
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Table B-2. Crystallography of Cf02.^

Face-centered cubic (CaF2-type) structure

Space group: 0^ (Fm3m)

Formula units per unit cell: 4

Lattice parameter:
a = 5.31 A

Coordination number = 8, Oh site symmetry.
Eight o^wgens located at comers of a cube at a distance
of 2.30 A from the californium.

Cf-Cf distance: 3.76 A

Cf : 0

S'R. P. Turcotte eind R. G. Haire, xa Transplutonium Elements 1975, edited by W. Miiller
cuid R. Lindner (North—Holland, Amsterdam, 1976), p. 267.
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Table B-3. Crystallography of Cf70i2.^

Rhombohedral (Tb70i2-type) structure

Space group: C§i (R3)
Formula units per unit cell: 1

Lattice parameters:
a = 6.60 A
a = 99.4*

Two non-equivalent californium sites -
(1) Six locations - coordination number = 7, C3 site symmetry.

Oxygens at corners of distorted cube at average distance
of 2.33 A from californium.

(2) One location - coordination number = 6, Cah site symmetry.
Six oxygens at corners of distorted cube at average
distance of 2.33 A from californium. Two oxygens
missing from body diagonal of cube.

Cf-Cf distance: 3.81 A

a

# : Of O • 0

The relationship to the Cf02 structure is shown by the inset cube.

P. Turcotte and R. G. Haire, in Transplutonium Elements 1975, edited by W. Miiller
and R. Lindner (North—Holland, Amsterdam, 1976), p. 267.
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Table B-4. Crystallography of Cf203.a

Body-centered cubic (C-type rare earth sesquioxide) structure

Space group: (Ia3)

Formula units per cell: 16

Lattice parameter:
a = 10.83 A

Two non-equivalent californium sites -
(1) 24 locations - coordination number = 6, C2 site symmetry.

Six oxygens at corners of slightly distorted cube at
average distance of 2.35 A from californium. Two
oxygens missing from face diagonal of cube.

(2) 8 locations - coordination number = 6, Cai site symmetrv.
Six oxygens at corners of cube at distance of 2.35 A
from californium. Two oxygens missing from body
diagonal of cube.

Cf-Cf distance: 3.83 A

c

Q

Qf)

» : Cf o ; 0

The relationship to the Cf02 structure is shown by the inset cube.
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Table B-4. (continued)

Monoclinic (B-Type rare earth sesquioxide) structure

Space group: C^h (C2/m)

Formula units per unit cell: 6

Lattice parameters:
a = 14.10 A
b = 3.59 A
c= 8.80 A
= 100.2*

Three non-equivalent californium sites -
(1) 4 locations - coordination number = 7, C3 site symmetry.

Six oxygens octahedrally located at average distance of
2.36 A from californium. Seventh oxygen at 3.10 A

(2) 4 locations - coordination number = 7, Cih site symmetry.
Six oxygens at corners of tripnal prism at average
distance of 2.38 A from californium. Seventh oxygen at
2.78 A.

(3) 4 locations - coordination number = 7, Cih site symmetry.
Six oxygens at corners of trigonal prism at average
distance of 2.34 A from californium. Seventh oxygen at
2.74 A.

Average Cf-Cf distance: 3.77 A

• : Cf O : 0

^R. P. Turcotte and R. G. Haire, in Transplntonium Elements 1975, edited by W. Miiller
and R. Lindner (North—Holland, Amsterdam, 1976), p. 267.
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Table B-5. Crystallography of BaCfOa-^

Pseudo-cubic perovskite-type structure

Space group: Oi (Pm3m)
Formula units per unit cell: 1

Lattice parameter:
a = 4.3 to 4.4 A

Coordination number = 6, Oh site symmetry.
Six oxygens octahedrally located at 2.2 A from
californium.

Cf-Cf distance: 4.3 to 4.4 A

: Cf : 0 : Ba

^R. G. Haire, private communication.
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Table B-6. Crystallography of the californium monopnictides.

Face-centered cubic (NaCl-type) structure

Space group: Oi (Fm3m)
Formula units per unit cell: 4

Lattice parameter (o) -
nitride: 4.9 to 5.0 A®
arsenide: 5.81
antimonide: 6.17 Ab

Coordination number = 6, Oh site synunetry.
Pnictogens located octahedrally around californium at
following distances -

nitride: 2.5 A
arsenide: 2.90 A
antimonide: 3.08 A

Cf-Cf distances - „
nitride: 3.5 A
arsenide: 4.11 A
antimonide: 4.36 A

*

: Cf : pnictogen

^R. G. Haire, private communication.

bD. A. Damien ti ai, Inorg. Nucl. Cham. Lett. 16, 537 (1980).
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Table B-7. Crystallography of CfCla.a

Hexagonal (UCla-type) structure

Space group: C?h (PSs/m)
Formula units per unit cell: 2

Lattice parameters:
0 = 7.38 A
c = 4.09 A

Coordination number = 9, Cah site symmetry.
Six chlorines in equilateral prism at 2.82 A from
californium. Two chlorines in Cf equatorial plane at
2.92 A.

Cf-Cf distance: 4.09 A

Cf C1
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Table B-7. (continued)

Orthorhombic (PuBra-type) structure

Space group: DJS (Cmcm)
Formula units per unit cell: 4

Lattice parameters:
a= 3.87 A
b = 11.75 A
c= 8.56 A

Coordination number = 8, Cav site symmetry.
Six chlorines in isosceles trigonal prism - two at 2.94 A
and four at 2.81 A from californium. Two chlorines in
Of equatorial plane at 2.69 A.

Cf-Cf distance: 3.87 A

: Of : 01

^•J. H. Burns ei ai, J. Inorg. Nucl. Chem. 35, 1171 (1973).
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APPENDIX C

SAMPLE PREPARATION

The californium-249 that was used in the samples studied in this work

was obtained from the beta-decay of berkelium-249, which has a half-life of

320 days. The berkelium was synthesized in the High Flux Isotope Reactor

and chemically separated in the Transuranium Processing Plant facilities at

the Oak Ridge National Laboratory (ORNL). The final chemical preparation

of the samples was performed in the facilities of the Transuranium Research

Laboratory at ORNL by University of Tennessee and ORNL personnel. The

preparation and characterization methods are briefly described in this

appendix. The special techniques that are required due to the small size and

radioactivity of the samples are described in detail in the references. All

samples except the CfCla samples were sealed in quartz (fused silica) capil

laries under vacuum or helium gas. The CfCla samples were sealed under HCl

gas. X-ray, optical absorption and magnetic analyses can all be performed

with the samples in quartz capillaries. All of the polycrystalline samples were

analyzed by powder X-ray diffraction to confirm crystal structures and lattice

parameters.

Californium metal^ is obtained by reducing californium sesquioxide with

lanthanum metal. The californium metal is then distilled and condensed on a

tantalum surface from which it is scraped.

The starting material for making the californium oxides2 is californium

iR. G. Haire, in Actinides in Perspective, edited by N. M. Edelstein (Pergamon, New York,
1982), p. 334.

2R. p. Turcotte and R. G. Hadre, in Transpluionium Elements 1975, edited by W. Miiller
and R. Lindner (North—HoUamd, Amsterdam, 1976), p. 267.
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oxalate. The body-centered cubic €£203 is made by calcining the oxalate and

then reducing it at 900-950* C in hydrogen, carbon monoxide or in a vacuum.

Heating to 1100-1400* C produces the monoclinic form which is retained at

lower temperatures. Cf70i2 is formed by heating californium oxalate in

oxygen. BaCfOa is prepared by calcining mixed nitrate salts of barium and

californium, followed by treatment in oxygen. The californium dioxide samples

that were measured in this work were originally prepared as BkOa and had

radioactively decayed to Cf02.

The californium monopnictides^ are formed by heating californium metal

with excess pnictogen in a quartz capillary. The excess pnictogen in the

antimonide and arsenide samples is sublimed from the sample and condensed

in another part of the capillary.

Californium trichloride'^ is obtained by the hydrochlorination of small

solid chunks of Cf02-x- The crystal structure can be determined either from

powder X-ray diffraction measurements or from optical absorption

measurements. The orthorhombic crystal structure is obtained by rapidly

quenching the CfCla from the melt (melting point = 545* C). Annealing the

material at just below the melting point converts it to the hexagonal

structure. Single crystals with the hexagonal structure can be grown using a

modified Bridgeman method. The CfCla sample is melted in the end of a

quartz capillary in a furnace with a shallow temperature gradient. Starting

with an unmelted seed in the tip of the capillary, the furnace is slowly cooled

and the crystal grows as the liquid-solid interface slowly traverses the sample.

Small orthorhombic crystals can be prepared by rapid quenching from the

^D. A. Damien ei al, Inorg. Nucl. Chem. Lett. 16, 537 (1980).

'^J. P. Young et al, J. Radioanal. Chem. 43, 479 (1978).
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melt, but none were studied in this work. Precession X-ray camera techniques

are used to determine the orientation of the single crystals.

The following persons are acknowledged for their work in the preparation

of the samples used in this study:

• R. G. Haire (ORNL) for the preparation of all the raw californium

materials that were used in all samples, and for the final preparation and

X-ray characterization of the metal and oxide samples;

• D. A. Damien (currently at CEA, Bruykes le Ch§.tel, France) and

J. R. Peterson (University of Tennessee) for the preparation and X-ray

characterization of the pnictide samples;

• J. R. Peterson and W. R. Wilmarth (U. of Tenn.) for the preparation

and characterization by X-rays and optical absorption of the polycrystalline

californium trichloride samples.

• R. C. Hart (U. of Tenn.) and S. E. Nave (U. of Tenn.) for the growth

and X-ray characterization of the single-crystal samples of hexagonal califor

nium trichloride.
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