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" MAGNETIC PROPERTIES OF CURIUM METAL AND ITS.COMPOUNDS

‘Sayed A. Marei ,
. Department of Chemistry and ILawrence Radiation Laboratory
University of California
Berkeley, California

May 18, 1965

ABSTRACT

The magnetlc susceptibility of curium metal has been measured
from -28% to ESOOC. The metal followed Curie-Weiss law above liﬁuid
nitrogen temperature up to the temperature studied. The‘effectiﬁe
magnetic moment fog the metal was found to be 7.99+0.15 indicating .
the presence of 5f( éonfiguration in the metal..  No magnetic trangition
was observed in the temperature range studied. »

The magnetic susceptibility of Cmﬁ'3 in curium trifluoride,
curium oxychloride, and. 5.6 mole percent curium trifluoride diluted
with lanthanum trifluoride has been measured. The effective moment
for Cm'™> was found to be 7.65*0.1 Bohr magneton, giving a Landé g
factor of 1.93%0.03, pointing toward an appreciable departure
from Russell-Saunders coupling. The molecular field constant &
was found to be small and decreasing.with increasing magnetic

dilution. The following A values were found for curium compounds.

Compound o0
CmOCL 23%3
, ; .
CmFg .1/2 B0 ‘ >
' 53

556% Csz’3
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T. TINTRODUCTION

Extensive studies are being made to elucidate the nature of
the metallic bond in the heavy-element fegién,‘ In comparison with
the more common metals, the heavy metals-uranium, neptunium, and
plutonium-all exhibit anomalous physical properties. For example
they have quite complex room temperature crystal structures instead
of the simple ones (hexagonal close-packed, face-centered cubic, or
body-centered .cubic) found in most metals.: They'have anomalous
magnetic and electrical properties. Americium metal was prepared
énd investigatedl’2 by McWhan. It was found to be a rare-carth-
like metal. ‘

Until very recently almost no work was reported about curium

3

metal. Cunningham and Wallmann” prepared curium metal using methods
similar to those used for preparing americium metal. They reported

the crystal structure of curium metal as double hexagonal close-
packed, dhcp (a=3.496 & 0.0034°, ¢ = 11.331 & 0.0054°) similar

to that of americium- and the early members of the rare-earth series.
The melting point of the metal was observed to be 1340 % MOOC. No
magnétic measurements were reported in the literature about curium
metal. The only magnetic measurements reported about curium are
thoseaof?CraneTetxal,ARB,. They meagured the magnetic .gusc¢eptibility

of curium trifluoride and reported. the molar susceptibility of 22,500 %
000 ¢ .g.5. at 295°K and 58,000 % 6000 c.g.s. at 77 K. They also
measured the molar magnetic susceptibility of solid CmF5 in 10 mo%g
percent in solid LaF5 and found the value to be 26,000 % 700 x 10 |
c.g.8. units at 296OK. The experimental error in Crane's measurements

J
e for these measurements; therefore, the

was rather great. He used Cm?
temperature of the samples was probably significantly higher than that
‘of the environment, because of the self-heating caused by the radio-
activity of the isotope Cmgug (half-life = 16% days with specific
activity of 3.7 x 109 o/p/m/ugf assumingv50% geomelry) .

In the following work the methods for preparing pure, well
crystallized metal aré discussed in detail. The maghetic suscgptibility
of the metal has been measured from -196 to 55000. The description of &~
new apparatus (for extending the measurements to ligquid hydrogen and liquid

helium temperatires) is given,
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The magnetic susceptibility of Cm*i

was measured in several curium
N .

compounds, over a ride range of temperature. The results found are

discussed in the light of the properties of the other actinide and rare

carth elements.

IT. MAGNETIC SUSCEPTIBILITY MEASUREMENTS
Cunningham6 has described an apparatus used to measure the
magnetic susceptlibility of submicrogram quantities éf the plus three
ions of berkelium and californium. This apparatus was modified? to
measure the susceptibility of americium metal, curium metal, and ﬁheir

compounds.

A. Principle of the Apparatus

The susceptibility is ﬁeasured by a modified Faraday method in
which the sample, suspended on a long quartz fiber, is exposed to an
inhomogeneous magnetic field. The principle of this apparatus is
sketched in Fig. 1. The fiber is of uniform cross-section and is
assumed to be infinitely flexible. The sample is suspended midway
between the pole faces of the_magnet, which are shaped in such a way
that the field gradient‘in the vicinity of the sample is large in the
xy 7plane and negligible in the vz direction. The sample experiences a

force F, in the x direction and a gravitional force F2, normal to Fl'

1 ,
An additional force F5, acts on the center of mass of the suspension fiber,
(The magnetic force on the fiber is too small to be considered.)

At equilibrium, the sum of the moments of force acting about the

pivot P is zero. So at equilibrium the following relatlon is valid,

F, a + FB a/e = F, L Cos6 (1)

where d 1s the linear displacement of the sample due to the magnetic
force and L 1s the length of the fiber, F2
sample, and g is the acceleration of gravity; F5 = Mg where mfmass of

= m.g where m, mags of the

the fiber. Fl

= m, ng H OH/dx where ng is the gram susceptibility of the
sample, H is the magnetic field at the sample and H OH/Ox is the field
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Fig. 1. Principle of magnetic sugceptibility apparatus.
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gradient(in the x direction. (The pole pieces are shaped to produce
ag large a volume of uniform HBH/GX about the sample as possible,
but in practice it is difficult to secure satisfactory constancy
even in a volume as small as one mmB. Hence it is customary to restore
the sample with the magnet current on to the same position in space
that 1t occupied with the current off, by a micro meter-controlled
compensating shift of the suspension point P.) Substituting for Fl’
F2, F5’ their corresponding values gives _

| (ms + mf) gd = m, ng H’%E’L Cos® o (2)
If O 1s small, as is usually the case experlﬁentally s0 that Cogf

may be taken as unity (for the maximum deflection obtained in these

measurements 0:was 0.33° for which Cosd = 0.99998) then,

(ms + mf/g) g d=m, ng u %% L ' - (3)
d=m ng H Bi L/ (mS + mf/g) g (4)

equation (4) may be rearranged to give _ ,

. ngi: (mS + mf/2> dg/ m, H ai L (5)
since the susceptibility of the sample is the quattity of experimental
interest. Unfortunately, it is almost impossible to evaluate H OH/dx
independently.

For a glven magnet current and susbension fiber; it is customary,
therefore, to lump the cqnsténts g, L, Hraﬂ/ax into a ‘single apparatus
constant K = g/L H BH/ax, so that Eq. (5) can be written in the form

Xy = (s * e /) K a (6)
. ms

A special case of eq. (6)¢is that when the mass of the fiber is .-
negligible with respect to the mass of the sample., In this case

XS'g=K d | (6)
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Tn other words the deflection will be completely independent of the mass
of the sample.

From Eq. (6) it is clear that in order to measure the mag-
netic susceptibility, two quantities have to be determined. These

are the apparatus constant X and the mass of the fiber m The mass

of the fiber can be calculated fairly accuratély:from‘th§‘measurement '
length and diameter of the fiber, using the known density of fused silica.
The apparatus congtant K can be evaluated by observing the deflection
of a sample of known susceptibility. There are, hovever, several
factors which complicate this evaluation.

(1) The standard sample of known mass and known susceptibility
is containéd in a tube of known mass but unknown susceptlibility.
(Although the t@bé usually consists of fused silica, for which an
accurate value fbr the susceptibility may be found in the literature,
commercially availlable silica'seéms to show considerable'variation in
Xg’ Sometimes tubes made of the same silica stock give different
susceptibilities depending on the way of heating ‘during attachment of
the supporting hook). Since Xg in Eqs. (6) and (6)% is the mean
susceptibility of the combination sample-plus-tube, generally it i1s
not accurately knoﬁn, A

(2) I is not strictly a constant because of the elastic and
thermal properties of gilica, nor even necessarily the same for Fl
and. Fg’ since for the latter it refers to the center of mass of the
sample-plus-tube combination, which will vary according to the depth
of filling of the tube with the sample, while for the former it refers
to the center of suscep%ibilitj which may or may not be coincident with
the center of masé. ' | v

.Two méasurements, however, with a sample of known éusceptibility~

‘confined to approximately the same position in the same sample tﬁbe,
lead to an evaluation of the apparatus constant suffiliclently accurate

for most purposes.
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B. Apparatus Calibration

The following procedure 1lg used for calibrating the apparatus:

(l) A sample tube, welghing a few milligrams is prepared from
clean, thin walled silica tubing. A fine hook is fused to the tube,
and the tube with the hook is boiled in 6M gel for a few times to get
~rid of any ferromagnetic impuriﬁies;‘ The tube is dried and weighed to -
* 5 ygm on an:essay balance.

{(2) The mass of the hook from which the sample tube is sus-
pended i1s estimated from its length and‘diameter and added to the‘mass
determined in (1) above to 'give the effective mass of the tube, Mo'
(Since tube and hook are both made of fused silica they are assumed
to have the same susceptibility). v

= (3) The tube is suspended in the susceptibility apparatus, and
its position with reference to the filar micrometer hairline and scale
in the telescope is noted and recorded. ’

(&) The reading of the drum of the precision micrometer located
on the head of the suéceptibility apparatus 1s noted and recorded. ’

(5) The magnet current 1s successively adjusted to the selected
values of 0.5, 1.0, 1.25, 1.75, 2.00 amps. '

" (6) The image of the sample in the filar micrometer eye pileces
is restored to that position noted in {3) by turning the drum of the
precision micrometer, and the new reading recorded for the various
magnet current settings. . ‘ . A

| (7) The deflection of the tube, d_, 1s taken as the difference
of the readings (4) and (6); three readings of this deflection are
usually taken and averaged. If, when the\magnet current is turned onm,
the sample undergoes a rotation in the field, the threaded screw which
supports the quartz n@b to which the suspension fiberkis attached ig
rotated until no rotation of the sample is induced by the magnetic field.

(8) Deflection measurements are made at room temperature and at
ligquid-nitrogeén tempefature. The deflectlon should be independent'of
temperature within the experimental error of % 1%. This would indicate

that the tube is free of paramagnetic and ferromagrnetic impurities,
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since the dilamagnetic susceptibility of the tube is independent of
tempefature. If the deflection at liquid nitrogen is much less than
'that at room temperature, the tube is unloaded and boiled again in
6 M HCI.

(9) A known mass, m , of a paramagnetic substance of known
’ susceptibility, ng, i1s added to the tube. This mass which 1s normally
of the order of 100 ugm. is weighed on the sub-microgram balance within
t 0.1 ugnm. DNew deflection measurements al; and de are made at two
known temperatures-~usually room temperature Tl and liguid nitrogen

temperature T,. Nickelous Ammonium sulphate Ni <NH4)2(SOM)2° 68,0

2
is used as a reliable standard for susceptibility measurements.
Nickelous Ammonium sulphate crystals from Baker and Adamson lot No. 7

were vapor equilibriated with a saturated solution of Ni (NHA)Q(SOA)Q

6H20° Its susceptibility 1s assumed to be given by the relation8

. L 317k -6
xg (Wi (NHu)E(SOh)2.6H20) = (61575 - 0.3) x10 “C.g.s.

C. Calculation‘df Parameters:

Taking the deflection of the empty tube to be d_, and inde-
pendent of temperature, its mass (including the hook) to be Mo{ its
susceptibility to be XO, the mass of the calibrating substance to be
Ms’ 1ts susceptibility at temperature Tl to be Xsl and at Te to be XSQ’
and the deflection with the standard in the tube to be dland dgat
temperatures Tl and T2 regpectively, the following two equations can

be written:

(Mf/2 M+ MS) g d; =A(MOXO + MSXSl) H gg; L (7
<Mf/2 rM, Ms) g dy = (Moxo t M Xse) i gg L (8)
Put (Mf/2 + M MS) = MT (i.e total mass) and

e/t %g I = K as in equation (6)



Mp Kdy = MK = Mgy (9)
M, K dy - M X = MX A , (10)

Solving Egqs. (9) and (10) simultaneously

Msxsl, ~-Mo
MX |
s 82 M
i . = - X
K = ° Mg %o = P :
2 | (1)
MT 1 , -MO MT, d2 - dl
Mp Ao ",
. . (0]
MT dl MsxslW
X = Mo % A MSX52 ’ =M iy dl/d? - X
° : ' 2 5. 82 sl
MT a ) k B . (12)
1 M M, . 1- a1/ 40
Mp 4y —
: o)

So by measuring the deflection of a given sample at two different
temperatures and using Bqs. (11) and (12) both K and X, can be
determined.

A different value of K will be obtained for each different
cu‘rrent‘setting° . If a new sample position is chosen, it 1s necessary
to redetermine K for each: current at that new pogition. According - -
to Eg. (6), for the same given sample at two different positions,

K, d, =K d‘, where K., d. are the apparatus constant and de-

1 71 2 2 17 7L
flection at position (1) and K,, and d; those.at position (2). So the

apparatus constants at various positiois can be determined from the
apparatus constant at one specified position and the ratio of the de-
: flections at that specified position and other positions. XO ig
determined at different current settings and the average is takén as
the susceptibility of the tube.

Once K has been evaluated, the approximate value of Mf may

"be checked

f-x,ﬁ } .
M, =M o ,-l) (13)



Calculating the susceptibility of the blank tube Ffrom Eg. (12)
~ 1s susceptible to an error because of the small denominator. A small
experimental error in the determination of the ratio dl/de will
contribute to an appreciable error in‘XQ, Therefore the value of XO
can be checked using Fg. (6) and the determined K Values. TFor

-

any tube of mass Mé and deflection d (independent of temperature)
%= KA (M +Mf/2 /M

For a known welght of sample Mx of unknown susceptibiliﬁy,

run in a tube of mass M;)and susceptibility of Xo’ giving deflection 4

P (Mo +‘Mf/2 +”Mx> Kd - Moxo
X Wi : e (1h)
M., :
. x X

The apparatus used for measurements down to 77OK ig sketched
in Fig. 2. Samples are suspended in a quartz tube inside a quartz
dewar by a very fine fiber of fused silica of about Uli-cm in length.

v | The tube and dewar assembly, which constitute a single unit,
are suspended from a heavy dural ring which is supported by a metal frame
attached to the‘électromagnet. ‘

The dural ring contains an inner, removable brass ring which
serves as a support for the fiber asttachment. The bfass ring ié
mounted on a micrometer which allows the deflections to be measured
by a null method, in which the sample is always restored to the éame
position in the magnetic field. In this way possible errors resulting
from variations in HOH/Ox with sample position are minimized. The
suspension fiber can also be rotated to bring an asymmetric Sampie to
a position of zero rotational torque in the magnetic field resulting
from its asymmetry. The hole in the ring ig closed with a quartz
plate. The deflection suffered by the sample under the action of an
inhomogeneous magnetic field is observed through the quartz plate by
means of a mirror and telescope arrangement. The image of the sample

is restored to its initial position with reference to a hair line in
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Fig. 2. Magnetic susceptibility apparatus.
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the fiiaf micrometer by adjusting the micrometer attached to the fiber
guspension. The{poéitioning micrometer can be read to an estimated #*

- 0.5 microns., The magnetio field is produced by an electromagnet with
pole faces shaped to give an inhomogeneous magnetic field. All ex-
perimental susceptibilities were determined at five different current
settings if possible with HOH/Ox varying from 9.5 x 107 to ha Lo x 109
gaussg/cm, This enabled a correction to be made for any ferromagnetic
impurities present in the sample and also made it possible to detect
any transitions from paramagnetic to ferro or anti-ferromagnetic in
the sample. All measurements were made under 1/% atmosphere of helium,
to asgsist in the rapid attainment of thermal equilibrium.

The following temperature baths were used:

Ice - HéO o 0 273
Freon 22(monochlorodifluoro methane) -10.8 .232.2
Alcohol - dry ice T 198
Freon 14(Carbon tetrafluoride) -128 145
Liquid nitrogen- ' -196 77

- For temperatures between room temperature and_lOOOC warm.wéter is
passed through a brass’ U tube which is immersed in the water-filled
dewar. - The warm.watér ig obtailned by péssing tap water through-a brass
coil placed in boiling water. Cold water is allowed to enter from the
free end of the coll and exit’from the free end of the U tube. ‘
The wéter of the dewar ig stirred gently. By adjusting the‘rate of
flow of water, different femperatures cah be reached.
In order to make high temperature measurements the sample was
.suspended in a quartz. tube which was surrounded by an oven oonsisting
of a copper block heated by a platiﬁum*winding;
The major problem in the“measurement of tﬁe magnetic susceptibility ~ 
of microgram samples is the contamlnation of the sample with trace amounts .

of ferromagnetic impurities. Care must be taken to handle the tubes

and samples only with gold tipped forceps. Even with these precaqtions

several of the samples apparently contained ferromagnetic impurities
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since the susceptibllity was found o bg_slightly'field dependent.
In presence of thege impurities the,suséeptibility of the sample
was determined by extrapolating the apparent suséeptibility againsgt
the reciprocal of the current to 1/1 = 0. This is equivalent to -
extrapolating to infinite magnetic field where the ferromagnetic
impurity ls sabturated and does not contribute tovthe meagured

susceptibility.

TTT. OPERATION OF MAGNETTC SUSCEPTIBILITY APPARATUS

The érinciple of the apparatus and the method of calibration
have already been described in the preceding section.
What is intended here is a description of the practical aspects

of susceptibility,meaéurements.

,,AgﬂjPrepaf&tioﬁ?éf;Suspension Fibers

Suspension fibers are prepared as follows:

(1) A 3-7 cm length of quartz rod of diameter 0.4 to 0.8 mm
is selected and several mm of one end are cémented'td a glass slide
‘with glass aplezon wax as shown in Fig. 3 (1)

(2) The attached rod is wiped with Kleenex to remove dust
particles. ' , |

(3) A hook ig formed at the free end by heating with a micro
torch as shown in Fig. 3 (2) ‘ ' ‘ ‘
V ‘ (W) The slide is supported by means of a clamp so that the fiber
projects 2-3 inches beyond the bench top. Fig. 3 (3)

A (5) A platinum weight, made from 1-2 em of 10-30 mil platinum
wire bent in the form of a hook is sﬁsﬁendedvfrom«the bottom of the
fiber. | ' v

(6) The rod is heated to softening with a micro torch at a point
one cm above the hook, and the torch is held in place until the
hook has dropped about %0 em producing a fiber of 3-20 microns in

diameter. Fig. 3 ()
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No amount of description can provide a sure guide to success
in this operation. The diameter of the original quartz rod, the mass
of the weight, and the size and temperature of the flame all affect the
result, which often amounts to breakage ér melting of the fine fiber
before the pulling is completed. A few practice tries, however,
usually give sufficient experience 1o insure a reasonable probability
of success. It was found that a fairly large hot flame seems to give
the best results.

(7) Once the fiber has been made, it is necessary to mount it
in a manner convenient for subséquent use. A satisfactory method consists
of sticking the upper and the lqwer ends to a flat backing, using a
small square of sticking fape. ‘

(8) A flat sheet of dural is wrapped crosswise with scotch tape,
such that the distance between outer edges is the correct length of
the fiber to be used in the susceptibility apparatus. The taped
dural is sprayed with black paint, to render the fine fiber more
readily visible. ' |

 The painted shéet‘is placed in back of the fiber and the upper
- end taped down as shown in Fig. % (k). The fiber is cut with scissors
above the tape. The loﬁer end is then taped in pléce and the fiber
cut Below the tape. , , )

(9) A quartz hook for the lower end of‘thé fiber is prepared
from about Gmm of 50-100 micron dlameter fiber. A large hook is
first formed and then cut to a short v shape of about 3 mm height
by scratching with a carboron&um (silicon carbide) chip and breaking
with a forceps. 4

-(10) The end of the fiber is‘placed under a binocular micro-
scope, with thé backing plate properly supported. One arm of the hook‘
moistened with freghly prepared araldite adhesive and, holding the
other arm in forceps, the sticking arm is touched to the mounted fiber
just beyond the edge of thé cross tape as shown in Fig. 3 (5). .Here
i a short sectlon of ﬁhe fiber is raised up out of contact with the
backing. The epon will hold the hook firmly to the fiber, and

normally it is left overnight to form a permanent bond.
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Fig. 5. Preparation of the fiber.
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- Great care must be exefcised in this step in order not to cement
either the fiber or the hook to the backing plate. This can be
achieved by railsing the cemented part of the fiber and the hock
slightly above the backing plat. (For high temperature measurements
fused juhctions are used in place of epoxy seals. This 1s done as
follows: The hock is placed on the edge of a glass plate with the end to
be fused projecting over the edge. Using.a very fine quartz rod, the
end of the fiber is ralsed up and placed on the projected end of the
hook. With a micro torch the fiber 1s heated gently at first, then
strongly with a falrly hot flame to fuse it to the fiber. The
flame must not be so strong as to bend the hook. Under the microscope,
however, one can see when the fiber is fused and it does not take
much time to choose the right flame;)

(11) After the araldite e@oxy is set, or the hook is fused to
the filber, the opposite end of the fiber is fastened to the threaded
brass supporfing nub,‘at a distance of 43.6 cm from thé bottom of
the hook. ' This is done as follows: .

A few chips of black aplezon are dropped into the hole at the end

of the brass supporting nub. A short length of quartz rod which

fits into the hole, and which has been drawn to a fine, coaxial tip
is pushed into the hole and the nub is heated until the apiezon melts.,
A small amount of araldite adhesive 1s placed on the tip.

' The other end of the finé‘fiber is how cut to the appropriate
length, and the cut end is laid on the araldite'coated tip of the quartz
rod,.and left overnight to form a permanent bond. The excess fiber
bélow_the hook is cut off, by pressing the edge with a ‘silicone carbide
crystal‘fastened in a glass rod. ‘ ;

Before attempting‘to move the fibér a quartz tube or other light
weight is hooked to the lower endltelkeep it vertical otherwise room
alr currents may literally tie 1t in knots. The brass supporting
ring which is screwed to the brass nub is raised'éo that the fiber
is 1in a vertical position. | ‘ A

The ring is screwed onto the end of the loading rod, and the

fiber 1s withdrawn into the loading tube. Before withdrawing the
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fiber 1t can be cleaned of any dust particles or tiny fine fibers which
may have come onto it during preparation. This can be done by carefully

passing a fine quartz rod along the fiber for several times.

B. " Preparation of Sample Tubes

Sample containers should’be light, strong, and of low -temperature
independent susceptibility. They should have chemical resistance
to 4-6 M HCI, and to organic solvents like alcohol and acetone, to
permit easy cleaning. - Containers madé of fused silica or of any of
a number of organic polymers satisfy thesé requirements. Silica
tﬁbés have been used throughout the work described here. They are
from 0.5-1 mm in diameter and 5-10 mm in length. Lafger slzes should
be ayoided because of the»relativély sharp magnetic field gradients.

The. tubes are,prepared‘from thin wall silica tubing of appropriate
diameter, previously prepared by hard pulling from clean, light‘wall
tubing of about 1 cm diameter. Before pulling the large tubing it
should be cleaned with detergent and distilled water, rinsed with
alcohol and air dried. ]

The large tube is rotated in the flame before pulling in order
to produce small diameter tubing of clrcular cross section, since this
will minimize the problem of rotation in the magnetic field;

The prepared semigapillary is cut into lengths of about 10 cm
by écratching with a silicon cafbide crystal, and stored in a closed
container. Tubes are prepared from the semicapillary as Ffollows:

(1) A section of the thin wall tubing is grasped near one end
with cork-tipped fbrceps While the other end is held in the right hand.

(2) The tube is heated with a micro torch about one em from the
forceps-held end, which is merely supported while the tube is rotated
with the fingers of the right hand. .

(3) After a section of the tubing has been heated uniformly to
softness a quick push with the forceps and a Simultaneous pull with the

right hand wiil draw the heated section to fiber thinness.
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(4) The fiber is scratched close to the left hand constriction
and broken off. Any hole remaining is sealed by heating the bottom
of the “tube with thé micro torch. In thisvway the bottom closure will
be thin and axially symmetric. Sometimes, however, it is considerably
distorted. It-can be rounded by closing the open end with apiezon wax
and heating the closed end with a micro torch. The increase in pressure
inside the tube due to the heating will suffice to expand the bottom
into a hemispherical form. The apiezon is then dissolved in CClh.

(5) A hook for the tube is prepared from a quartz rod of 60-100
micron in diameter. About 10 cm in length of that fine quartz rod
is bent into a hook. The hook is now broken off in such a manner that
one arm is a little longer than the other.

(6) The hook is attached to the tube as follows: |

For low temperature measurements araldite adhesive 1s satisfactory.
The end of the longer arm of the hook ig covered with araldite. Holding
the other arm with férceps, the araldite coated énd is touched to the
‘tube near the open end. The~hoék will stick to the tube and it .can
be adJusted torthe required position. It is left overnight where it
will form a permanent bond. » '

For high temperature measurements the hook is fused to the tube.
This is dbne as follows: ‘ |
The tube is placed on a glass plate iﬁ such a manner that ébout 2 mm from
its open end it is projecting over the edge of the plate. About 10 cm of
the fine quartz rod is‘placeden another plate, which will be parallel to
the first plate and about one.cm apart. The Quartz rod is moved until
1t touches. the bottom of the tube about one mm from the open end.
The quartz rod is heated, gently at first, then strongly till it fuses
to the tube. :
The tube i1s held in cork-tipped forceps, and the quartz rod is bent
in a form of a hook at distance of about 0.3-0.5 cm from the open
end. The free end of the quartz rod is broken at a distance of

0.2-0.4 em from the bent place, leaving the tube with the required hook.
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After preparing several tubes, they are cleaned by boiling in-
several changes of 6M HCl. Finally the tubes are boiled in conductivity
water and allowed. to cool° After drying they are stored in a small screw
capped vial, The majority of tubes prepared in this way are free of

para or ferromagnetic impurities.

Filling sample containers. A pilece of lucite of about 2-3 em in

lengﬁh'and 1-2 cm in width, is prepared with several holes of different
sizes. The lucite block is cleaned by wéshing wifh concentrated HC1l and
then water.

The sample contalner is placed in one of the holes, which will
keep it in a vertical position. '

‘  For filling'with non radiocactive samples like nickelous ammonium
sulphate and neodymium 6kide; a mlcro spatula made of platinum is used.
The transfer usually is not quantitative since some of the powder stays
on the top of the opening of the tube. This is removed by shaking the
. tube and brushing with a small clean brush.

The cleaned tube is weighed on the submicro balance to determine
the weight of the material within #0.1 microgram. After weighing,
the tube is placed in a clean hole in the lucite block to be ready for
loading in the apparatus. o ' |

For radioactive sam@les the following method is used:
The lucite block isvstuck firmiy in an ice-cream carton 1lit using double
face tape. The sample tube 1is placed in a closely-fitting hole in the
lucite block. The carton lid.is covered and introduced in the
glove box. The carton is then opened, and placed under a microscope
located on top of the glove box. The microscope is adjusted so that
the tube opening is clearly seen. Thévsample is picked up with gold
tipped forceps. Normally the sample will stay on one arm of the forceps,
when the Jaws are relegsed. The tip of the Jjaw holding the sample l1s '
introduced into the tube, and touched to the tube. The sample will fall
into the tube and settle in the bottom. Care must be taken not to

touch the tube from the outside at ali.
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A The 1id containing the lucite 1s covered and transfered to the

loading box to be ready for loading.

C... Loading the Apparatus

The loading tube is shown in Fig. k. It conslists of an outer lucite
tube of about 62 cm in length and about 9 em in diameter, and an

inner concentric tube of about 52 cm in length and % cm in diameter.
The lucite tubes are sealed together with two lucite plates, one at
the top and the other at the bottom. A brass rod of about 56 cm
length, which is threaded at the bottom to fit the brass ring of the
apparatus, can gd in and out the inner tube. '

' For loading a cold sample the brass rod is lowered until the
hook of the fiber reaches a positioh which can be easily reached. The
lﬁcité block which holds the sample tube is brought underneath
‘the hook of the suspension fiber and the sample tube is hooked to
| the fiber. The lucite block 1s pulled down slowly, leaving the sample
tube hooked to the fiber. The. fiber 1s withdrawn inside the tube and
the door of the loading tube is closed.

‘ The loading tube is transferred to thé-apparatus where it will
be placed on a flat lucite plate with an opening in the center. The
lucite plate serves to keep the loading tube stable duriﬁg loadiﬁg.
The fiber is lowered slowly until the brass ring settles in place in
the dural ring. The brass rod is unscrewed from the brass ring and
~pulled into the loading tube; The two screws which hold the brass
ring inplace are tightened, the lucite plate is removed and the
apparatus opening is covered. ‘

For loading an active‘sample, the same procedure is followed:
except that the loading is done in a specially designed glove box.
The only thing of importance here 1s that a blank tube or other weighﬁ
" must be hung on the Tiber before introducing into the box, to prevent
blowing of the fiber and sticking to the box. The normal high

velocity air flow in the box is interrupted during loading.
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. D. Observing the Sample and Adjusing Tts Position

The mirror is adjusted on the top of the apparatus opening, and
the sodium lamp which illuminates the sample from the bottom, is switched
on. Ey looking in the telescope the image of the sample tube can be seen.
The telescope is moved until the best focus is achieved. The fiber | ‘
micrometer is adjusted and the zero point chosen.

While looking in the teleséope the current is turned on, and the
deflection of the sample is obsefved. If-there is any rotation then
the position of the sample is changed by rotating_tﬁe nub which supports .
the fiber in a direction opposite to that of the'sample rotation.

After adjusting‘for rotation, the cover of the apparatus bpening is
placed firmly on the opening and the apparatus 1s evacuated. The
evacuation must proceed slowly in order not to disturb the sample. The

~apparatus ié flushed with helium and evacuated again. This process is
repeated twice. After flushing with helium the apparatus is filled with
about one third atmosphere of helium. Now everything is ready for taking

the measurements. .

S BE. Making Deflection Measurements
The deflection is measured by the null method. The micrometer

reading with the current off is taken three times. The current is then
turned on and the image of the sample tube is brought to the same

position 1t occupled with the current off. The new reading of the
micrometer is takén, and is’répeated three times and éveraged; The differ-
ence between the average reading with the current on and the average
reading with the current off is the aeflectibn at this current sefﬁing.
These measurements are carried out for the current settings (1.0, 1.25,
1.75, é,O amps). After all the measurements at all current settings

are taken, the whole process is repeated three times, and the deflections

_are averaged for each current and temperature setting.

..'F. Unloading the Semple
After all measurements at different temperatures are taken the

sample is unloaded. The unloading process is almost the reverse order
of the loading. The active samples are stored in the loading box for

- further measurements.
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IV. PREPARATION OF MATERTATS

A. Preparation of Curium Metal

‘The:preparation of pure, well crystallized lanthanide and.
actinide metals has proved a formidable task. The heat of formation
of their compounds is very high, and, conSequently,véttempts to
make the metals by classical techniques have falled. An excellent
review of the history of the rare earth metals has been wiitten by
Trombe.9 He points out that the metals are very reactive and that
it is even difficult to find materials from which to make crucibles.
‘During the second world war exhaustive studies were made on the
preparation of plutonium metal. The methods deviged in the Metaluri-
gilcal Laboratory have been summarized by Fried et alalo They
centered around the reduction of an actinide fluoride with an alkali or
alkaline earth metal. The reductlons were carried out in a double
crucible system made of a refractory oxide such as beryllia or thoria,
and the crucible system was heated in vacuum by resistance heating.

Curium metal (using Cmgug) was first‘prepared on the micro

gramme scale byywallmann, Crane, and Cunninghamll by reduction of
CmF5

a high vacuum system similar to that described by Fried and

with barium vapour at 127500. A double crucible system in

Davidsoal2 was used. The quantities'prepared were rather small, ranging
from about 0.0l to L ug. The'metal preparéd.was silvery in appearance
and about as malleable as plutonium prepared under the same conditions.
The metal retalned its bright apbearance in the dry box for some hours
but gradually tarnished, and on standing for about 2k hours was rather
badly corroded. Under the -same conditions, samples of other actinide
metals, such as americium or plutonium, have shown less evidence of
reaction. The greater reactivity of curium may be attributable to
self heating by radioactiye decay of the isotope Cmeu’2 (equivalent to a
power output of 1.2X10w4 watts per ug). A sample of Cmeu2 metal, even
though it 1s only partially isolated from its environment may reach
high temperatures, which would account for the rapid corrosion rate.
Wallmann and Cunningham indicate that in their work these
methods were seldom more than 50 percent successful, because the

product often soaks into the refractory oxide crucible‘l3 As
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a result of their experiments, they suggest using an all-tantalum
double crucible system and.a wet precipated fluoride. The forher ‘
leads to more reproducible reduction conditions, and the latter is
easier to handle on the microgram scale than fluoride prepared by
hydrofluorination. They also found it more convenient to use
induction heating. 4 _

McWhan, Cunningham, andvW'allmannl’2 described 1in detaill the
preparation of americium metal. They used an all~ténta1um double
crucible'system for preparimg‘americium’metal from dry americium
trifluoride and barium metal. - v

‘ Cunningham and W‘allman3 prepared curium métal for their cryst-
" allographic studies using barium metal as a reductaht'for curium
trifluoride.

Curium.metai used for the magnetic measurements is prepared
following the same procedure.as in- the last reference. However,
the discussion of the variables which wili affect the preparation of
good metal will be useful. These variables that will be considered
are:

- (1) choilce of reductant'metal,,‘

(2) physical form and treatment of starting materials,

(3) type of crucible system,

(&) reduction temperature and duration of reduction,

(5) method of heating.

1. Reductant Metal

The reaction uged to prepared curium metal is the following

CmF5+3/xM = Om + 3/x MF_

From the reaction, 1t i1s clear that the choice of the reductant

{

metal is limited by two factors:
(a) The AF for the reaction must be thermodynamically

favorable.



(b) the vapour pressure of the reductant metal must be
sufficiently high to permit vaporization of the excess in a reasonable
time without a substantial loss of curium.

Table I lists some reductant metals thalt satisfy these criteria in

the case of americium metal. v

Lithium, calciﬁm, barium are possible reductants, and the choice among
them is somewhat arbitrary. If lithium is used, the lithium

fluoride formed in the reaction vaporizes along with excess lithium |
more readily than the other cases leaving curium metal only as the
product. However, if barium or calcium is used; the barium fluoride
or calcium fluoride slag provides a protective coating against surface
reactions with the residual gases in the system, and tends to igolate
the product from the crucible, making removal of the product easler.

© Moreover, even a small weight percent of light elements may constitute a
high mole percent impurity (0.01 wt.%Li = 0.34 mole %, 0.1 wt.% Ba =
0.17 mole % in curium). As the purity of the metal ig of major
importéncej barium is used preferentially ag the reductant metal

through all preperations.

2. Physical Form and Treatment of Starting Materials

' The first problem of preparing curium metal is that of assuring
ite freedom from éatiomic impurities. Because of the scale on which '
the work had to be done, ordinary reagents were not pure enough.
The Cmghu uged in this'study was obtained from neutron irradiated
Pu259 and was contaminated with rare earths and other decay and
figslion products.

Curium, as Cm.{]j was separated from other actinides and rare
earths by ion exchange.lu The curium solution was plcked up in the
least volume of 0.1 M HCl and transferred to Dowex - 50 column. The
column wag washed with 0.1 M HCL. This was followed by washing with
2 M HCL until the curium band had moved almost to the bottom of the
column. Then the column was washedlwith 6 M HCL to elute the curium

in a minimumvolume of eluant. The curium obtained from this process

was free of common impurites such as Al, Fe, Ca, and Mg.
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The solution obtained from the Hel column was sorbed on
Dowex~50 catlon exchange resin followed by desorption with ammonium
Q--hydroxy ilsobutyrate at a temperature of BYOCa This process
separéted curium from the other actinide elements. The solution
from the butyrate elution was passed again through a clean-up column
to get rid of any impurities that may have been introduced during the
last process

The purity of the regulting stock solution 1s limited by that
of the reagents. It has been found that it is rather troublesome
to obtain highly pure acids and bases. Pyrex containers cannot be
uged, as they introduce Slgnlficant amounts of calclum, aluminum, and
magnesium, D Consequently, all work was done in quartz or polyethylene
containers which had been leached with concentrated hydrochloric acid.
Only water distilled in quartz apparatus was used, and the hydrochlorie
acid solutions were prepared by distillation in quartz apparatus.

The hydrochloric acid was handled in quartz pipettes. The hydrochloric
acld prepared in this way was very pure and its spectrographic analysis
ig shown in Table II. In this way very pure solutions of curium
- were obtained. ’
All other reagents used in this work werevchecked for purity.
It should be noted that commercial hydrogen fluoride solutions often
contain congiderable quantities of aluminum; therefofe, hydrofluoric
acid solutions were made by vapor eguilibration of commercial concentrated
HF solutions with quartz-distilled water in polyethylene éontaineru,

It 1g highly desirable that the fluoride be obtained 1n the form
of compact chunks rather than in the form of powder: first, because
powdered material will not yield a single glbbulé of product metal at
ordinary reduction temperature; andﬁ second} to maintain ease of loading
in the crucible systema‘

The wet precipitated CmFB has the disadvantage that swall amounts
of oxygen may be ilncorporated in the final Torm of the metal. However,
the wet CmFjj is much easier to handle and therefore, reduces the
possgibility of contamination with ferromagnetic lmpurities which is of

major importance in the magnetic measurements.
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‘Table IT. Purity of HC1 ugm. per 500 Y HCL

Element ug. detected Element ug. detected
Al . 0.01 Mg < Q.01
Ca 0.02 Na < 0.01
Cr < 0.01 . i < 0.01
Te _ 0.1 , 81 - < 0,01

K < 5 T <:0.01
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Therefore, curium trifluoride was precipitated frém curium
hydrochloric acld solution by the addition of excess aqueous hydrofluoric
acid to make the final solution approxiﬁately 2 M in HF. The precipitation
was carried oul in a polystyrene centrifuge cone. After centrifuging
the precipitate was washed two times with about 40 times its volume
of redistilled water (if washed more than two or three times the
fluoride peptizes, making quantitative recovery difficult) and two times
with similar amounts of absolute ethyl alcohol, centrifuged repeatedly,
and the supernatant was drawn off. It was then allowed to gir-dry by
leaving the cone open to the gbtmosphere. Upon drying, the trifluoride
compacted Into a few small pieces of hard translucent material of
porcelain - like appearance. This materiallpresumably is hydrated,
gince air-dried a@ueous precipitates of PuF5 have been shownl to
contain chemically bound water.

This material was transferred to a platinum container and placed.
in a desgiccator over phOSphordus pentoxide. This material was used both
for preparing the metal and for measuring the magnetic susceptibility

of cn'™ in oni, -

5. Type of Crucible System

Ideally, the crucible sygtem should fulfill the folloﬁing
requirements: (a) De unreacfive; (o) yield reproducible effusion
conditions; (c) keep solid reductant metal from contacting the
fluoride; (d) be easy to load; (f) permit'easy removal of the product.
As mentioned previously, double crucible systems made elther from
refractory oxides or tantalum have been used in metal preparation.
Refraétory oxide systems have several disadvantages. They must be
fired at 1600 to 18OOOC for several hours in order to harden and
degas them, The effusion area 1s not reproducible, and it is difficult
to estimate the rate of effusion of the excess reductant and
consequently the reduction time. The porosity of the refraétory inner
crucible is variable. The metal often soaks into the crucible. - As a
result of these difficulties, tantalum crucibles have been usged in the
majority of the reduction.

Tantalum has the disadvantage that it is wet by curium metal,
and molten curium dissolves appreciable amounts of tantalum. Therefore,

at the beginning, the inner crucible has been made in the form of a basket
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of %3 mil tantalum wire in order to minimize the tantalum surface
exposed. This form of the crucible system is sketched in Fig. 5.

The basket holds ﬁhe fludride securely. Tn the event the curium wets
the basket, the tantalum can be cut away from the pfoduct without
éppreciable losg. In the measurements made on the metal the presence
of tantalum is not of major disadvantage, since its welght can be
estimated and its magnetic susceptibility is known,17

The inner crucible assembly could be loaded quickly and easily

thus cutting to a minimum the exposure of the fluoride and reductant
metél to the nitrogen atmosphere of the box. (The dry bbx,reven when - -
flushed with dried nitrogen, 18 not free of oxygen and water because’

of diffusion of gases through the gloves.) The size of the hole |
drilled in the cap of the crucible can be adjusted to fit the desired
duration éf reduction at the chosen reductioh temperature. The rate

of effusion from a crucible can be estimated from Knudsen conditions

by the equation
2 -2
R (moles/min./ mn%.) = 3.5 x 10 Pmm/ M T

where : : v
R is the rate of effusion of a gas from the orifice in moles per mm?

of orifice area, P 1s the vapor pressure of the curium or barium, M
is the molecular welght, T is the absolute temperature. = As the system
does not match ideal conditions for Knudsen effusion, the actual effusibn
will be slower than the above estiméte, An effusion hole of 1/3 --1/2 mm
1s convenient for most reductions. , |

As mentioned earlier molten curium dissolves an appreciable
amount of Ta5. Therefore the inner crﬁcible was modified so that
the plece of trifluoride was inserted between two parallel tungsten
wires held in the tantalum frame, which was then inserted into the
crucible. The disadvantage of this technique is the difficulty of
inserting the fluoride plece between the two wires and keeping 1t
firmly between them. However, no tungsten was detected by spectrog-

raphic emission analysis of sampies of curium made by this method
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and used for melting point determinations. (analysis and burity of
materials are given in Table IV). In addition it is easy té get
the metal free or with very small length of tungsten wire.

In later preparations a tungsten spiral was used. The spiral
was hooked to the cap of the crucible and the trifluoride piece held
firmly in the spiral loops. '

L. Reduction Temperature and Duration of Reduction

The reduction temperature is critical., If it is too low, the
resulting metal is impurej if 1t 1s too high, the metal vaporizes.
Reductions carried out far below the melting point of curium (lBhOOC)
contained about 2 mole perceﬁt of barium.

The reduction time is dependent on . the temperafure, size of the
crucible orifice, and amount and nature of excess reductant. A
significant amount of time is needed for the crucible system to
reach the reduction femperature. This can be reduced by initially
setting the heater to a kilovolt reéding corresponding to a much
higher temperature’and then cutting back. to the desired temperaturé.
In a typical reduction of curium trifluoride, metal of good appearance
was obtained in high yield by maintaining a reduction temperatufe of
from 1315 to 157500 for two minutes. Additibnal heating for three
minutes at 125500‘served to remove excess barium as well as barium
fluoride slag. No detectable loss of curium from the crucible system
was observed under these conditions. The curium prepared in this way
exhibited a silvery appearance and Bé was not detected in most of

the samples.

5. Method of Heating
Three methods of heating can be used with varying degrees of

success: (a) electron bombardment; (b)  resistance heating; (c¢) induc-

tion heating. The choice among them ig mainly one of convenience and re-
producibility. Electron bombardment is the most efficient, but the
measurement of the temperature with an optical pyrometer is uncertain

because of the reflection from the filament and the emissivety correction

{
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that has to be made. Far more important is the difficulty of controlling
the temperaﬁuré because of the arcing that occurs when the excess barium
effuses from the crucible. |
Resistance heating is inefficient, but it provides good temp-
erature control from the reduction temperature to room temperature.
As with electron bombardment, the effusion of excesg barium can be followed
by its green glow. This method has twovdisadvantages, First, the coil
is fraglle, and second, the tantalum crucible has to be insulated from
the heater. '
The induction heater provides accurate temperature control,
permits accurate temperature measurements and 1s easy to use. In a
Ctypical experiment, the blank crucible system is assembled and
heated to 1000°C to vaporize the copper resulting from spot-welding
the tantalﬁm.assembly, ’Th$s step ig necessary since otherwise the copper‘
condenses on the walls of the vacuum system during temperature cali-
bration and would lead to an error in the measurement of the temperature
if not removed beforehand. TFor temperature calibration a clean pyrex
bulb is put on the line and the temperature of the crucible system,
observed under blackwbody conditions through a hole in the induction
shield with an optical pyrometer, is ﬁeasured and plotted against
various Kilovolt séttings on the powér supply. After cooling, the
crucibie system is loaded with the fluoride and barium, and then
reductlon is carried out as.described above. '
Some of the experimental results showing the characteristics
of the'samples used in the'magnetic measurements described in the

following sectlons are shownyin Table IIT.

Purity of curium metal. Samplés of é@rium.were analyzed by épectro—
graphlic emission ahalysis, using copper spark excitatione The
spectrographic results for three samplés of the metal are shown in

Table TV. ALl quantities are in micrograms. The blanks have been corrected
to a volume equivalent to the sample volume. The impurifies detected

are listedkin'the'tOP of the téble} and limits of detection are listed

in the bottom of the table.
3

Analysis of one sample of metal for oxygen, using “He activationlB

showed the presence of = 4000 p.p.m.
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Purity of Curium Métal.

‘Table IV.
Sample’ . Cm Al Ba Ca . Mg Total Mole%Cm
1., Sample 18.4 0.01 e 0.05 0.02
Blank ~== 0.0l 0.2 0.03  +.0.02
Mole% = === - 1.81 0.65 ——— 97.54
2. Sample - 57.8 <0.05 <1 0.02 0.01
Blank wem o <0.0L <1 0.01 0.0l
Mole% e e . .1 0.17 99.73
z, Sample 125  <0.01L  <0.01 0.02 0.01
Blank = --- . <0.01 ——— 0.02 0.02
Mole% - ——— ——— ——— -—— 100
Limits of detection by Cu spark method
Ag  <0.01 . Eu <0.01 <Lu <0.05
As  <0.05 Fe <0.01 <Mn <0.01
Av 0.5 " Ga 0.1 < <0.1
Be <0.01 o <0,05 Tm <0.05
Bi  <0.05 ce <0.05 U <0.1
ca  <0.5 ©oHf <0.1 v <0.0%
ce  <0.1 -~ Ho <0.05 W <0.1
cm <l o In <0.05 b <0.01
co <0.05 Ir <0.05 Y <0.01
cr  <0.01L K <1 7n <0.L:
Dy  <0.05 ‘ Ia . <0.01 Zr <0.01
Br  <0.05 o Q
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‘Mass analysis showed the isotopic composition of curium used

.okl i ]
in this work to be: Cm" = 96.59%; Cm245, 1.59%; Cm2%6, 1.82%.

B, Preparation of Curium Trifluoride

The fluoride used for the magnetilc susceptibllity measurements
was & portion of the same material used for the metai~preparation.

The procedure for the,fluoride preparation'was described in Sec. ‘A,

‘.. Preparation of Curium Oxychloride

The curium solution which was used for these preparations had
.1k '
been purifiled as usual.lp\ The solution was stored for a long time

before use and therefore had a relativély high percentage of plutonium,
U i p f;f f)} l B

resulting from the decay (jmgmL @TS_PH?*Q

plutonium by anion exchange. - Two to three drops of concentrated nitric

It waé purified from

acid were added to the curium solution in 6 M HCL so that the final
hydrogenAion concentration is around 7 - 8 molar. The solution was

heated for 20 - %0 minutes to insure the presence’df plutonium in Pu¢ .
The golution ﬁbich now céntaines plutonium as Pu4 complex was transferred
to the top of anion exchange column (Ag.1x8, 200-400 mesh size). The

column was washed with 6 M HCL where curium was washed and collected in

"o a quartz cone while plutonium was held by the column. Plutonium can be

recovered by eluting the column with Q.1 M HC:L’,

The solution of curium obtained is evaporatedfto dryness,*picked
up in 0.1 M HCL and run on a clean-up column to get rid of any
impurities introduced by using concentrated hitric acld.

Mass analysis of the curium solutich showed less than'dal% of
plutonium. Spectrographlc analysis‘of the solution is shown in Table V
(Limits of detection are those given in Table IV).

This curlum solution was‘used to prepafe curium oxychloride.
First curium hydroxide was precipitated by passing ammonia. gas through
the solﬁtion until complete precipiﬁatibn was achieved. The supernatént

was drawn off and the precipitate was washed twice with condﬁctivity )
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Table V.. Purity of curium solution

ugm. of impurity per 50 ugm of curium.

Al
Anm
Ca

Cr _

BEu
Fe

&

< 0.01 Mn
0.1 i
< 0.01 Pb
< 0.01 Pu
< 0.01 si
< 0.01 Ti
< 0.05 To
< 0.01 Y
< 0.01 Zr

NN N NN NN NN
o O O O O ¥ O O O

.01
05

01
.01
.01
.01
.OL.




-39.-

water and centrifuged repeatedly. The water appearing on the surface
of the precipitate.resulting from centrifuging was drawn off. The
precipitate was then centrifuged for six hours during which it dried
'Compietely and broke intd small bhard chunks.

The_hydrbxide pleces were put in a capillary drawn at the end
of quartz ground jointo< The joint was connected to the apparatus
‘shown in Mg. 5, Fixed conceﬁﬁrations of HCl(g) and H20<g) (given
at the end of Table VI) carried by a stream of nitrogen From 28% HCL
solution were passed over the samplé which was heated to 55OOC iiOC,
The composition of the HCL - HQO mixture was suggested by the data of
C. W. Kochl9, who measured the equilibrium constants of transformation
of americium tri¢hloridé to americium-oxychloride. The values of
the equilibrium constants at different temperatures are shown in Table VI.
From the table it appears that the composition of-H01 - HEO mixture.
at a given temperature is ériticals If the wvalue éf chl/PHEO exceeded
the value of the equilibrium constant the reaction will go to the
trichloride rathér‘than the oxychloride. The stream of gases was
passed over the sample for ‘two hours. Niﬁrogen was substituted for
HCl~HQO,mixtdre while the sample was étill,hot.. This helped in removing
the HCl«HEO mixture before cooling the sample (otherwise trichloride
will be formed at the lower temperature). The temperature was then lowered
slowly while nitrogen'was still passing tﬁrough the‘apparatuse After the
sampie reached room temperature the groﬁnd joint was taken away, the capi -
llary - cracked off and the Samplelstored in a disiccator over magnesium
perchlorate. |

. The curium oxychloride was identified by its X=ray diffraction

.‘patﬁerno No lines ﬁere'dbtained frcm:the sample after about six days
from,itsvpreparation, prQbablyvbecause of radiation damage of the
amorphods material. A.feW'microgramS‘were sealed in a quartz capillaxry,
heated to about,éOOOC'for annealing and then cooled. The x-ray diffraction
pattern was taken on the same day»Qf annealing. A few lines were obtained,

'ccmparéble £o those of ~AmOCL: No trichloride lines were observed.
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Fig. 6. Apparatus for preparing CmOCL.
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Table VI. Equilibfium.Consﬁants for the Reactioh

Am@};(g) f Hy0 () = BmOCL  y + 2Hel

T v.p. HCL v.p. B0  Kmax AFexpt AFeale Dev.

% (m)  (m) © K,  Keal  Keal  Keal
%00 igf_ A %?2 2@2 6.95 6.9 -0.03
. | ggg iié?( 323 5.8 571 40,01
TR B a0
9 Sig ' _'ifﬁé o ig:g do7 0 418 -0um
o igg . ‘223% ii:g -3.89 3.0 -0.00
B BE R  ew s em
B se BB e ks w00
o g3 & Tl -0.91 -0.87  +0.0k

Average Deviation 0.0l

Partial Vepour Pressure of HCL at 850020

PHCIL. v.peHéO(mm)‘ v.p. HC1(mm)
28 - ' 7.05 - .8.75
30 - e 15.10 * CT.52
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D: Preparation of Curium Trifluoride in Lanthanum Trifluoride Matrix

Tanthanum oxide (code-529 lot No. 1371l) was used as starting
métérial. Ten milligrams of lanthanum oxide were dissolved in
guartz distilled hydrochloric acid. About 500 micrograms Of curium
in 6 M HCL ﬁere added'and the solution stirred thoroughly. This
solution was added to an excess of aqueous hydrofluoric acid to make
“the final solution approximately 2 M in HF. The supernatant was
drawn off, the precipitate was centrifuged for three hours. The
mixture dried completely and broke into small hard chunks. The
mixture wés,then heated under vacuum at a temperature of EOOOC for
dehydration. ’

A sample of lanthanum trifluoride was prepared under the same
conditions. The magnetic susceptibility of this lanthanum trifluoride
was measured and the value obtained was used for correcting for the
diamagnetism of lanthamum trifluoride in the mixture.

The purity of the ﬁaterials used in preparing the mixture was
checked by spectrographic analysis. The Spectrographic analysis results
for the curium solutions used and for the quartz distilled
hydrochloric acid have already been given in Tables II and V,
respectively. The anélysis results of the la samples are shown

in Table VII.
A small sample of the mixturé was dissolved and asgsayed to

205

détermine the mole percentage of curium trifivoride. Thé results

showed 5.6% (mole %) of curium trifluoride in the mixture.
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Table VIT. Purity of.Ta O

o 3—Ugm per =500 ugm of Ia

- Element : ug detected Element ‘ ug detected
A < 0.01 Mo < 0.05
BL . <005 M <o0.1
ca : 0.02 Ni . <o.01
cd | < 0.5 Pr < 0.1
o < 0.05 sc < 0.01

. Cr o < 0.01 si < 0.01
B | <.0.05 Sm < 0.05
Eu ' < 0,01 Ta <0.1
Fe . <6.01 U < 0.1
cd <.0.05 v < 0.01

< 0,01 b < 0,01
Mn < 0.01 ¥ < 0.01
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V.. RESULTS

A. "Curium Metal

The mégnetic sugceptibility of five samples of curium metal
have been investigated, and the results are listed in the following
tables. The - purity of the samﬁles and the experimental conditions
of preparation have already been given in Tables III . and IV. of
Sec. IV. The sample numbers refer to. the preparations lisﬁed in Teble TIIT.
Sample 2 showed field dependence which is attributed to contamination
with some ferromagnetic impurities due to much handling of the sample.
Therefbre, the measured susceptibility was corrected for ferromagnetic
impurities by plotting the measured susceptibility vs. l/i and
extrapolation to l/i #.0 to get the correct value as shown in Fig. 7.
The relation between the magnetic field and the current is estimated -
to be dn/di & 5000 2000 gauss/amp.

Sample I was sealed in a quartz capillary and the susceptibility
of quartz was assumed to be'equai -0.5 x lO~6 c.g.s The apparatus
constant used in calculation was estimated from the known susceptibility
of quartz and the measured deflection of the quartz tube. In the case
of the other four samples both the a?paratus constant and the
susceptibility of quartz were determined experimentally by calibrating
the apparatué with nickelous ammoniumvsulphate° The error in the
apparatué constants varied from 3.0 tok2{2% depending on the current
setting.A The absolute error in ihé suscéptibility of the standard
materials used in the standardization was assumed to be 2%, and this
assumption accounts for most of the error in the apparatus constants.

‘ Tables VIIL =»XII give the gram susceptibility of different
samples of curium metal at different tamperatures. Table XTI gives the
susceptibility of sample 2 at different fields together with the
corrected sugceptibility which is gilven in the last columh,of the
table (X;). The deflection in sample five was very small especially

at low temperature so that the experimental error was quite large.
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Fig. 7. Correction for ferromagnetic ilmpurities.
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Table VITT. Susceptibility of Curium Metal (Sample 1)

b

, )
¢ % % 10 1/% % 10
b 196 15»93 :}: O°5 ' . . Qe62rr
-5 . 10.12 * 0.2 . 0.988
- k0.8 : 9.21 * 0.2 - 1.085
-0 _ 8.32 * 0,2 1.202
25 c . 8.08 20,15 1.237
n .95 k0,15 1,258
A= 238°
u

eff = 9.27% 0,4 Bum.
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Table X. Susceptibility of curium metal (sample L)

¢ | % x 10° 1% % 107"
-.196 126.02 * 2.5 0,794
- 75 ‘ Th,55 & 1.4 _ 1.341
- L0.8 68.40 £ 0.7 1.h62
0 ? o 6.1 + 1,2 1.602
25 s , " 59.53%3 % 0.8 | 1.680
52 57.0% % 0.9 1,754
69 55.42 + 0,7 1.80k
100 ’ 50,44 % 0.9 1.907

A = 2040

Yerf = 7,85 + 0.1




Table XI. Susceptibility of curium metal (sample 5)

»

A = %h8°

Yeff = 7.96 % 0.1

¢ - % x 100 1% x 107"
196 88.4% + 1.0 C1.13
-128 65.79 * 1.0 1.52
- 75 58.37 + 1.0 c1.713
- 40.8 55,12 % 1.0 1.81k

0 51ai8 1.0 1,954

25 50.29 # 1.0 1.988

50 48.0% * 1.0 2.082
100 L 8l 1,0 2.230

32 18.69 % 1.0 - 2.054
B2 h7.65 £ 1.0 2.099

5 46. 3% £ 1,0 2,158
150 ho. 1k + 1.0 2,37%
253 37.2% £ 1.0 2.686
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Table XIT. Susceptibility of curiwm metal (sample 7)

Yeff = 8,01 + 0.1

-

¢ X x 100 1/% 107"
- 196 217.%32 * 4.0 0.460
- 128 86.28 * 1.5 1.159
-5 | 70.52 * 1.5 1.418
- 40.8 62.81 % 1.0 1.592
0 56,94 ® 1,0 1.756
25 sho7 % 1.0 1.819
T2 45,60 £ 1.5 1.965
155 42.60 % 2.0 - 2.19%
202 hp.62 E 1.k 2.346
278 39,4l % 3,0 2.535

A = 286°




5L

The plots of the inverse'of the gram susceptibility of different
samples vs. the absolute temperature are shown in Figs. & - 12. Fig. 7
shows the plot of the gram susceptibility of sample 2 vs. l/i. This
is the only sample which showed field dependence and the only sample
for which such a correction was applied.

From the plots it 1s clear that the metal follows Curie-Weiss
law in the temperature range from 300°C to -128°C. This law can

be represented in the form
- + A
Xy ¢/ (m )

*where?%vI ~1s the molar susceptibillity, T the absolute temperature,
A is the molecular Tield congtant or Weiss constant, and C.is a
constant. The molecular fileld constant was calculated for the

different samples from the plot of 1/X vs T using the formula

where 8 1s the glope of the best straight line passing through the
points. .

The A values found for different samples range from 155-348°,
The value for each samplé is gilven at the end of the corresponding
rtablee This big change'in the A values can be attributed to two
factors: First, the sensitivity of that value to the slight change
in the experimental points on the line; however, this can attribute
only to a small factor of the change (% 109);. Second, the possibility
of the presence of stacking faults in the lattice of the metal. This
change in the A value is a real one gince there is no actual change
of this value for the same sample taken at different times, while
the difference is quite large from one preparation to the other.

The effective moments (in Bohr magneton) were calculated for
the different samples fromrthe megsured susceptlbility and the

calculated & value using the relationgl
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Fig. 8. ZL/Xg vs (%K) for curium metal. (Sample 1)
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Fig. 10. l/Xg vs T(°K) for curium metal. (Sample k)
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3k X, (T 4+ 4)
ueff :l M
NP

[
= 2.8h~fX, (T + 4)
where k is Boltzmann constant, and T/ ’the absolute temperature, N
Avogadros number, and B the Bohr magneton, the magnitude os which

is given by
i -20
B=eh/Lkmme=0.917 x 10 erg/gauss.

The values obtéined from different samplés give aeff = 7.99 £ 0.1
for curium metal. The values of the effective moment agreed fairly
well. from one sample to the other. The effective moment of each
sample is given at the end of the corresponding table. The first
sample gave a relatively high efféctive moment of 9.2. The
susceptibility of this sample was calculated using the estimated
apparatus constant which is a little higher than the determined one.

The effective moment found for the metal agrees very well
with the theoretical value of 7,94 calculated for the configuration
of 5£' '
with the recently determined value of gadolinium metal of 8.07 £ 0.05
with A value of -310°.7%

These results indlcate that curium metal consists of tripositive

using Russell --Saunders coupling. This value agrees also

ions and that the Ruséellf« Saunders coupling is still predominatly
effective in this range. However, due to the large A values found and
used in the calculation of the effective moment, no final word about
the exact coupiing obeyed in the case of the metal can be sald.

It is clear from all the graphs that the metal deviates from
Curie - Welss law at liquid nitrogen temperature. This deviation is a
real one because 1t 1s consistent in all the samples measured in spite
of difference in preparation. The deviation is far beyond any
expefimental error possible.  This behavior indicated the possibility
of magnetic transition at that temperature. Therefore, magnetic

measurements at lower temperatures seemed very useful.
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An attempt to measure sample no. 4 at liquid hydrogen temper-
ature (20° X) was carried out. The dewar was shielded by a plastic

shield which has a tygpn tubing going to the exhaust line. Liquid
hydrogén was introduced to 'the dewar and the reading was taken after
one minute from introducing‘the hydrogen. This point is shown marked
with an open circle in Fig. 1l. Five minutes later the reading was
taken again and the deflection was almost equal to that at liquid
nitrogen temperature. When liquid hydrogen was introduced again

i@to the dewar the plastic shield cracked and the experiment was in-
terrupted. Another attempt to keep liquid hydrogen in the dewar
failed. N ,

Theréfore, the decision to build a new dewar for low temperature

measUrements was taken. Bullding of a new dewar led to building of

a new apparatus for low temperature measurements. The description

of this new apparatus and some preliminary measurements will be glven

in the following few pages.

Low Temperature Measurements

a. The apparatus. The principle of the low temperature

apparatus 1s the same as the one described in the first section. There
are some changes in the assembling of the appératus. The picture of fhe
apbaratus 1s shown in Tig. 13. The main changes in this apparatus will
be described below. »

(1) The magnet system. The magnet used here is Varian four-
inch electromagnet, Models V 400k, V 2300 A, V 2301 A. It consists

of Model V 400k electromagnet with an air gap which can be adjusted
to any value from zero inches to four inches, Model~V 2300 A power
.supply which provides infiltered d.c power for deriving the magnet,
and‘Model V 2301 A current regulator to provide a stable current during
the measurements. The current here can be adjusted much better than
in the old apparatus.

(2) The dewar. Up-to liguid nitrogen temperature it was
~ vpéssible to use a simple two wall dewar with a quartz window at the

bottom for passing the light. Below liguid nitrogen temperature it
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ig quite hard to use the same arrangement. Therefore, a three wall
dewar25 was.uséd. The dewar bottom is the so-called three wall

dewar, actually two walled_with a copper finger acting as the third
wall. This copper finger helps in cooling the lower part of the dewaf
to liquid nitrogen temperature when liquid nitrogen is added to the
upper part. This will help in reducing the temperature gradient
between the outer and inner dewar when the latter is filled with
liquid hydrogen or helium. . Hydrogen or helium is introduced into the
v,inner dewar through a sealed, evacuated metal tube which goes about -
two inéhes inside the inner dewar. The whole assembly is connected
o a brass head which has an opening serving as an outlet for fhe
extra hydrogen or helium in the inner dewar. In this dewar arrange-
ment, there is no quartz window af the bottom of the dewar. AL first
a dewar with a quartz window was tried at liquid helium temperature.
It was very hard for light to pass through and therefore, it was very
hard to see an image in the telescope. This was attributed to two
factors, first, formation of a frost on the window and therefore,
obstructing the light pass, second,’ vigorous boiling of the liquid due
to the heat resulting from the light. Therefore, the present dewar
without a window 1Is used and the optical system wés changed as will be
seen below. |

(3) Optical system. The optical system consists mainly of a

telescope an@ a perigcope. The Questar {a high resolution telescope
available commercially) is used as a telescope. The minimum distance
between the Questar and the object must be séven feet. The periscope

was designed to maintain that digténce at about nine feet. The

periscope 1s made of aluminum tubes. The aluminum tubes are shaped in a
form of a rectangle one side of which is railsed to face the front surface
mirror on which the light falls. The aluminum tubes are equipped with front
surface mirrors to direct the light into the desifedApath. The light path
starts from an ordinary microscope lamp, then through the inner tube by the
aid of a front surface mirror, and then it is reflected from the bottom of
the tube by the use of a gold reflector placed at the bottom. A tantalum
reflector was tried first, buﬁ the image of the sample tube and the rest

of the field
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in the telescope were of the same color so that it was very hard to
focus on the sample image.  The focus and magnification are one of
the major problems in this apparatus, making the magnitude of the /
experimental error higher than in the old apparatus.

(#) The inner tube. The quartz inner tube is not sealed to

the dewar as in the other apparatus, but it is movable. It can be.taken
out of the inner dewar and put back easily. At the top of the inner
tube is screwed a dural head which has a micrometer and a vacuum
connection. The micrometer is uged for measuring the deflection by

the null method, and the vacuum connection for evacuating the inner

tube. The whole inner tube assembly is screwed to the apparatus top.

2. Low temperature results.

The apparatus was calibrated as before using nickelous
ammonium sulphatef The apparatué constants were calculated from ﬁhe
- deflection at liquid nitrogen and liguid hydrbgen temperatures.

' The magnetic’measurements were made on two old samples of curium
‘metal (sample 3 and 6 in Table III). The measurements were carried out
down to liquid hydrogen temperature. - Some higher temperatures were '
tried to construct the 1/X vs T curve. The deflection obtained
h wiﬁh the first sample was very small (within the eXperimental error,
even smaller than -the ekperimental error at most of the temperatures)
due fo the small weight of the sample and the small magnification
-of the new apparatus. The plot of l/X vs. T for the second sample
is shown in Fig. 1. The general behavior of ﬁhe metal at high
temperature is still clear from the straight line. However, due
to the large éxperimental error it will be hard to calculate an
accurate effective moment from this graph. The behavior of the metal
at liguid nitrogen témperature is consistent with the results found
already with the old apparatus. The result at liquid hydrogen temper-
ature gives a magnetic susceptibility only slightly higher than’at
liguid nitrogen temﬁerature, Perhaps a transition tovan antiferromagnetic

state occurs in this region.
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With the present measurements"it 1ls very hard torreach any
conclusion about the behavior of the metal at low temperature due
to the large experimental error in the results. More accurate
measurements at small temperature dintervals are needed to detect any

magnetic transition at low temperature.

B. Curium Trifluoride

The magnetlc susceptibllity of the rare earth metals is very
‘similar to that of the +% ions. Also the susceptibility calculated
for a configuration of equivalent Mf’electrons in the Russell - Saunders
limit agrees quite well with these experimental results. TFor these
reasons it is of interest to compare the sugceptibility of curium metal
with that of Cm TIIL. Only one determination of the susceptibility
of Cm+5}1ésAbeen reported in the literature. Crane et gl. measured
the susceptibility‘of curium trifluoride gt tﬁd te]nn.]peratu:res.br Their
results (corrected for diamagnetism of fluoride) are

6

X, 22,500 * L000 x 107" cgs

298° ~

X770K = 58,000 * 6000 x 10*6 cgs

The limits of error in these measurements were rather large
becéuse of a combination of the use of small samples-and the uncertainty
of the temperature of the sample (due to the short half life of C gug‘u»
which was uéed in those measurements), '

In the work reported here the susceptibility of Cm 3 was
determined in different curium compounds. The first of these conpounds
is curium trifluoride. Curium trifluoride was chosen because, first it
is non-hygroscopic and therefore it 1s easy to handle, second, it is
the material used to prepare the metal and therefore, it will be good
for comparison between the metal and the +3 ions.

~ The susceptibility of three samples of curium trifluoride was
measured. Those samples are from different preparations used for

‘ producing the metal. Fluoride from these precipitations had been used
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in successful preparations of pure metals; the success indicated
that there were no gross impurities present.

Measurements of the susceptibility were carried out in the
temperature range of 77—5OOOK. The results of these measurements are
given in tables 13%3-15. The reciprocal of the susceptibility was
plotted vs the absolute temperature and the results are shown in
Figs. 15-17. The susceptibility follows Curle-Welss law over the
whole range of temperature investigated. The A values calculated using
an IBM 7094 computer least square fit program, are smaller than those
of the metal. This is expected because the fluoride is much more

.magnetically dilute than the metal. Cadolinium has the same behavior
as found in curium. The A values calculated for different saﬁples
range from 4—70.

The effective moment calculated from different samples (using ‘

the molecular weight of Cm F3,>l/2 HQO) was found to be 7.7l £ 0.1.

From the effective moment the g value can be calculated using the

formula
ue]’;’f = gﬁ\/‘IJ (J+l)

The calculated g value was found to be 1.94% * 0.0%. This indicates

that we do not have pure Russell-Saunders coupling.

C. Curium Oxychloride

Curium oxychloride was chosen to calculate the susceptibility
of‘Cm+5 from another compound in which the surroundings of Cm+5
are different. The curium oxychloride used for measurements 1s
presumably pure, since all the. materials used in its preparation were
checked for impurities. Tﬁe curium oxychloride itself was identified
by X-ray diffracﬁion pattern.

The results of the measurements on CmOCL" are shown in Tables
XVIanQ XVII. The plots of the reciprocal of the susceptibility vs the
absolute temperature are shown in Figs. 18 and 19. The susceptibility

follows Curie-Welss law over the range of temperature measured. The

A values calculated for the two samples varies from 21 to QMO, The
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Table XITI. Suscéptibility of curium trifluoride (sample 1)

. . ) ’ }4- ‘
TC i X x 10

© 1/% 107
- 1% 28%.,2 £ 1.0 0.35%
=15 ’ : 110.5 % 1.0 ‘ 0.905
- h0.8 , 9.75 + 1.0 1.03h

0. 8%.25 £ 1.0 1.201
25 - 76.5 * 1.0 1.307
o}

A=
U pp = 7.62 £ 0.1

g = 1.9 % 0.02
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Table XIV. Susceptibility of curium trifluoride (sample 2)

7 ¢ ] | % x 107 1/% 207"
- 196 . ©299.26 £ 1.0 0.%3l
- 128 16%. 17 ¥ 1.0 | 0.613
- 75 o 124,01 % 1.0 f 0.806
- 40.8° ©105.13% £ 1.0 0.951

o . 88.21 % 1.0 o 1.13k

25 81.87 * 1.0 , 1.221

o]

= 4 ’ = ' o o o = P i‘ °
A=5 _ U pp 7.87 £ 0.1 g = 1.98 £ 0.02
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Table XV. Susceptibility of curium trifluoride (sample 3)

e X ox 100 1/x 107
- 196 | 279.51 * 1.0 0.%58
- 128 155.58 £ 1.0 0.643
- 75 . 117.23 & 1,0 : 0.853
- 0.8 | 98.66 £1.0 o 1.014
o . | 81,90 £ 1.0 ~ 1.001
25 TT A 1.0 1.201

:’h‘ | = : RN 7 = » "
A | U pp = 7.63 4 0.1 g = 1.92 % 0,02
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effective moment calculated was found to be 7.58 & 0.1 B.m. giving g
value 1.91 % 0.03. This value agrees within the experimental error

with that obtained from the curium trifluoride.

D. Curium-lanthanum mixture

Delta, or the molecular field constant, may arise from three
sources. First, A may appear as an emplrical constant from the fact
that the multiplet intervals are neither very large nor very small
compared with kT. In this case the Curie constant, C, will itself‘
change with temperature, and A will have no real significance and
probably will not femain constant over a very large temperature interval.
Gadolinium and presumably curiﬁm iong are in the S state and therefore,
we are not bothered with multiplet structure.

The second source of the molecular-field constant is the effect
of inhomogeneous electric fields produced by neighboring lons or oriented
solvent dipoles on the orbital moment of the Lf electrons.

The third, and final source of A lies in the Helsenberg exchange
interaction. When magnetic atoms or lons are very close together, this
interaction has the»effect of introducing a very strong coupling between
- the respective- spins.

For gadolinium there 1s no mulbtiplet structure so that A must
herevbe‘due solely bto exchange forces. Therefore, A will decrease with
increase of magnetic dilution. The following table shows this behavior

. 21
for some of gadolinium compounds

Compound : &OC
4
Qd205 18 £ 2
Gd’C‘l5 A . 1k
= ‘ >
Gdg(uoh)g 8 H,0 2 (or zero)

The order of compounds written down is almost cerﬁainly the order

5

of increasing magnetic dilutlon, that is, the Gd+ ions are getting farther
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Table XVI. Susceptibility of curium oxychloride (sam@le 1).

m°¢ SERNETS 1/% 207"
~196 | ol1.19 + 1.0 0.415
-128 , 142,75 £ 1.0 0,761
; 1b) - 109.19 * 1.0 0.916
- 40.8 9%.16 + 1.0 1.07%
0 8013 £ 1.0 , 1.245
05 | . 7WI%6 £ 100 , 1.345

= 01° = - - +
AN 21 ueff T.5% 0.1 g 1.90 0,02




Table XVII. Susceptibility of curium oxychloride (sample 2).

| 6 ' o

¢ X % 10 1/ 10

-196 235,53 £ 1.0 0.2l

- 75 110,59 + 1,0 0.90h

- 10.8 95,78 £ 1.0 1.0Lh

0 80.82 % 1.0 1.237
25 5.1 % 1,0 1.331

A = 24° o= 7462 % 0.1 g = 1.92 £ 0,02
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apart. It is therefore gratifying to see A decreasing until, in the
octé hydrated sulphate, the exchange forces are presumably negligible.

With this in mind and due to the fact that curium presumably
occupies the same place in the actinide series as gadolinium does in the
lanthanides the diluted curium trifluoride with lanthanum matrix was
measured. The measurements of two samples_of'5ﬂ6 mole% curium in lantha-
num matrix were carried out. - The results obtained are shown in Tables
XVIIT and XIX. The values in the tables were corrected for the diamag-
netism of lanthanum trifluoride which was determined experimentally in a
separate experiment. The plot of the reciprocal of the susceptibility vs
the absolute temperature are shown in Figs. 20 and 21. The A wvalues
obtained are quite small reaching the value of uo, showing that the mole-
cular field constant arises mainly from the magnetic interaction as in the
case of gadolium. The A wvalue obtained here is very close to that
obtained in case of pure CmF.5°

The effective moments calculated for the two samples give
U pe = 772 £ 0.15. This gives g = 1.94 £ 0,0k,
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Table XVIII. Susceptilibity of curium trifluoride in lanthenum trifluoride
matrix (sample 2).

L

¢ o X % 10° 1/% 10
~196 301,15 + 4.0 - 0.322
- 75 11437 * 4.0 0.874
- 40.8 99.75 + 14,0 1.002
0 85,18 * L,0 117k
25 ' 81.61 * 4.0 1.205
A= 7.5 u = T.66 % 0.15 g = 1.9%5 + 0,0k
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Table XIX. Susceptibility of curium trifluoride in lanthanum trifluoride
matrix (sample 2). '

°c « X x 10° 1/x 107"
=196 309.82 £ 2.5 10,316
-5 ieh;95 2,5 0.841
- 40.8 o 105.7h 2 2.5 0.966

0 88.92 + 2.5 1.166 .
25 . 8Lh.26 * 2.5 1.184

A= 1° U oo = 778 % 0.15 g = 1.9 * 0.0h
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| VI. DISCUSSION
The magnétic susceptibility of curium metal presented above is

markedly different from those of the preceding elements in the actinide
series. This ig true too with respect to the other physical properties
known of curium. For example the melting point of curium is 5N5O higher
than that of americium the preceding element in the actinide series.
Curium has a close=-packed structure5 similar to that of americium and the
early members of the rare-earth series. Plutonium has more allotropic
Torms and some of the phases have very complex structure, as do some of
the phases of the two preceding elements, neptunium and uranium. The
abrupt change in crystal structure of the actinides at americium and

- curium is illustrated in Fig. 22. The comparison of the magnetic pro-
perties of curium metal with the other actinide elements is shown in Fig.
23,
‘ In the same figure the magnetic properties of the actinide metals;fg
are compared with those of the lanthanides and the second and third tranw 

22,2k,25,26 The atomic volumes and -the melting

sition series eleméntsa
pdints of the actinide metals are compared with those of the lanthanides
and the second and third transition series2’25’26 in Fig. 24, These
graphs show that actinium, americium, and curium are very similar to the
rare-earth elements but that thorium, protactinium, uranium, neptunium,
and plutonium have proﬁerties which are intermediate between those of the
lanthanide and d transition series. The unusual crystal structure and
magnetic propéfties of these eléments indicate that they are really unique
in the periodlc table and there is little justifiéat10n4 in classifying
them simply as f dr d transition elements.

The susceptiblility change of-curium metal with temperature above
77°K is very similar to-that of gadolinium above room temperature. The
metal follows Curie-Weiss law over the entire temperature range above YTOK,
with a large A value (348° compared to -310° for ¢d). Although the A
value is large, and consequently the meaning of Curie-Weiss law is not '
very clear, the effective moment found is remarkably close to the theore~

1

tical value of the gasedus ilons of 5f  electrons. ' The value of the
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’éffective moment of 7.99 * 0.15 is alsgo in a Very good agreement with
the value of 8.07 * O,OSIfound~recently'for gadolinium.22

One other striking feature between curium and gadolinium is the
large value of A in the metal and the decrease of this value with
increasing dilution of the magnetic ilons in the compound. This can be
shown by comparing the results presented for curium with some of the

“results found about gadolinium.

Compound A Compound A

Gd205 18 £ 2 CmoClL - 2h £ 3
GdCl5 1h CmF?.%HQO . 5 %3
Gd(SOu)5.8H20 2 (or zero) (Cm~La)F5 5%53

The order of the compounds written is almost certainly the order

+
5 or Cm € are getting farther

of increasing "magnetic dilution"” that is ca”
apart. Gadolinium is the only element in which this value appfoaches

zero because A arises solely from the Heisenberg exchange interaction
due to the presence of gadolinium in the 8 state. The same tfend is
very clear in curium indicating that the ground state of curium .is mainly
‘an 8§ state. ‘ | )

, The behaviocur of curium metal at lower temperature is rather
strange. However, extensive studies at low temperatures are needed
before reaching any conclusion about the state of the metal at these low
temperatures. Possibly there is a phase transition or a structure change
at low temperature. The absence of'ferrdmagnetism in double hexagonal
curium at the temperature range studied is conéistent with its absence in
all the rare-earth metals which crystallize in this same structure. The
departure of the metal from Curie-Weiss law at 77OK and its deviation
toward ferromagnetism is very clear in all the measurements. However,
the crystal structure of the metal at this temperature is very important
to decide about the exact behaviour of the metal.

The work presented here indicates thaﬁ’curium metal is similar to
the rare-earth metals in its properties. Americium metal was found before

to be a rare-earth-like metal.l
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Qualitatively, therefore, the complex nature of the early acti-
nide metals can be understood by considering the electroniec configuration

of the gaseous atoms of the actinides and lanthanides as determined by
2
! (The

atomic beam resonance studies. These are presented in Table XX. ‘
configurations show the electrons above the radon and xenon cores reg-—
pectively.) The 6d electrons are bound more tightly than the 5f electrons,
'and, as a.result of this, there is a d electron in the gaseous atoms up
to plutonium. The relative binding energies of the last competing elec-
tron in the lanthanides and the actinides are presented in Fig. 25 (taken
from CabezasgB). In the lanthanide elements the f band is lower in
energy and more internal thus leading to normal physical properties and
simple crystal structures. In the actinideg the d and f bands are
very close in energy‘and probably overlap, glving rise to a much more
complicated electronic structure which is the cause of the abnormal éhysim
cal properties and the complex crystal structures observed between
protactinium and plutonium. This also leads to more than the "normal"
three bonding electrons which probably accounts for the smaller atomic
volumes and high heats of vaporization in this region of the periodic
table.

The results presented here about curium ion in various curium
compounds supfort the actinide concept and show the departure from Russell-
Saunders coupling in the actinide elements. In the rare-earth region the

susceptibility calculated from the Van Vleck formula29

for a configuration
of equivalent Wf electrons in Russell~8aundérs‘Coupling agrees very well
with the experimental results. There are three cases, however, to be
considered: | '

(a) Multiplet intervals large compared to kT

2 2
: N g~ 8~ J(J+1)
Xy = S + Nex




Table XX.
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Electronic configuration of the gaseous atoms of the actinide

and lanthenide elements (Ref. 27).
Actinide Configuration Lanthanide Configuration
elements elements ‘
Ac 6d732 La 5d682
Th’ _6d27s2' Ce (uf5d6se)
Pa 5f26d782 Pr Mf?652
U 5f56d7s2 Nd hfu6sg
Np 566a7s” Pn hp26s”
Pu 5f67s2 Sm hf66s2
Am » 5f7782 Bu bt (65°
Cm 5f76d7s2 Gd hf75d6se
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~wWhere

g ='Landéisplitting factor

g(g+1) + J(J+l) - L(L+l)
2J(J+1)

= 1 +

J is the vector sum of S and L (the resultant spin and orbital angu=-
lar momentum of the atom respectively). N is the high frequencyvterm,

or temperature independent term due to second order Zeeman effect.

N B> T(J+1) Pl ]
. 6(2J+1) nv (J+L3d) hv(J 30 =1 }

v ' 7T , )y
F(J) ::% ks + Lo+ 1)2‘~ Jgé éJg w8 - L)QJ

(b) Multiplet intervals small compared to kT: In this case the
high frequency term is absent (neglecting the diamagnetic term). The
susceptlblllty arises solely from the low frequency vart. ‘Therefore the

susceptlolllty can be.expressed by the formula

‘ 2 r :
N - ]
XM,'“ T L&s(s+1) + L(L+l)j

(c) Multiplet intervals comparable to kT: This is the general
case from which the previous two limiting cages can be derived easily. It
involves the summation of the contribution of atoms with different values

of J. The number NJ, is determined by Boltzmann temperature factor:
‘ ' LS

, - .
N E:i:il 2 8% J(a+1) /3 kT + oy (2J+l) e”wJ/kT
. L*@ .

XM =

g (27+1) o /T
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The function g, end O, (with the same definition as in (a))are derived

from the matrix elements (JM LZ + ESZ!J’M'>. The spin=-orbit coupling
which splits the LS terms into J levels also couples together states of

the same J but different § and L, causing departure from Russell-

Z
Saunders couplinge)o

The gaseous lons of most of the rare-ecarth elements follow the
equation of (a) above where the multiplet intervals are large compared
to kT. In the case of gadolinium (and pfeéumably curium) which has a
8S7/2 ground state and where there is no multiplet structure the high
frequency term of the equation of (a) will be equal to zero (because

S-L = J and therefore F(J) = 0). The formula in (a) will take the form

N gz SE’J(J+1)

LY KT

For a ground state 887/?'in Russell-Saunders approximation the g value
will be equal 2.0. The gspin-orbit coupling parameters of the actinides
are approximately twice. as large, and the electrostatic parameters w0

51

thirds as large, as those of the‘corresponding lanthanides.” As a result,
the energy level structures of the actinides exhibit considerable departure
from Russell~Sauriders coupling. Consequently, due to "the mixing of the
ground sﬁafe with the statés Qf the same J wvalues because of the large
spin~-orbit coupling constant, the g. value in curium is expected to be
smaller than that in gadolinium. The value of g found here for the
curium ion in different curium compounds is equal to 1.9% * 0.03. This
value is in good agreement with the value found by Marvin Abraham et al.

+5

by measuring the paramagnetic resonance spectrum of Cm substituted in
small amounts for La+5 in lanthanum ethyl sulphate and lanthanum~tri*'
chloride crystals.52 "The wvalue found here ig higher than that calculated
by‘Wyboufne3l by assuming 5 hydrogénic ratios for the Slater integrals
Fg,‘Fu, and T,. The best Fit to the solution spectra of o™ in 1.0 M
HC10) was obtained with Ix| = g/F2 = 10,6 and F, = 28o-cm"l, where ¢

is the spin-orbit coupling constant. The agreement, however, was not very

good. Conway5j has calculated the eigen values, the eigen vectors, and
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the g wvalues corresponding to different values of the parameter ]X .
From the graph of g vs |X| constructed from Conway's calculation the
value of g presented here would correspond to |X| of 11l. This |X| value
would correspond to an eigen vector of the ground state of curium ion of

the form
0,921.j8s> + o.5659!6P> - o.,o6716D> + 0-015516F>‘

TFor comparison the ground-state eigen wvector of gadolinium lon was found
to beﬁl ' '
0;981+14<[88) + 0.1736]6P> - OellLO]6D) .

The results presented here together with those obtained from paras
magnetic resonance on single crystals show that there is a considerable
departure from Russell-Saunders coupling ﬁith a pronounced tendency toward
JJ coupling in'the actinide region. The actual coupling will be inter-
mediate between the two.

From the results presented above about the magnetic susceptibility
of curium lon in several curium compounds 1t 1s clear that curium has the
same configuration as gadéliniums This would be supported by the compari-
son of the magnétic suscepbibility of the actinide ions with those of the
lanthanide ions. This comparison is shown in Fige 26.2’3u

The qualitative similarity of the actinide curve to the lanthanide
can be interpreted as evidence for 5fn electron configuration for the
magnetic electrons in the actinide series. The fact that thé experimental
magnétic moments are generally Llower than the theoretical values can be
"interpreted as regulting from a Stark effect produced by electric fields
of anions or water dipoles in case of golutions. This effect will be more
pronounced in.the case of 5f than in the Uf because there is less
electrostatic shielding by outer electrons of 5f +than ULf electrons.
Partial failure of the Russell-Saunders approximation could also account
for some of the discrepancy. This was clearly discussed in the case of

curium with the results presented in this work.
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Selwoodgl hasg challengéd the conclugion about the similarity of
the actinide and lanthanide curves. He has pointed out that by select-
ing certain magnetic susceptibility data and excluding others a curve
showing two maxima can be constructed for several elements of the first
transition series which resembles that shown in Fig. 26 for actinide and
lanthanide elements. Since no f electrons are present in the first
transition series, this challenges the valldity of the analogy between
lanthanide and actinide elements derived from Figg 26. The construction
of this Selwood curve is, however, extremely enlightening, for it shows
that even by selecting anomalous cases and special conditions, preéumably
~in order to make it resemble as much as possible Fig. 26, the bagic dif-
Terence in the magnetic behaviour of d and f electrons cannot be
erased. For example, the susceptibility of Fe IIIL in dilute aqueous solu-
tion at pH 2 is R6600 x 1Oﬁ6 c.g.s., units. This value is close to the
spin only value for 5 unpaired electrons and shows that the magnetic
electrons in Fe IIIvare‘Sd electrons. The susceptibility of Pu IIT and

Sm IIT on the other hand are quite small (®1000 x 10”7 c.g.5.) and can only
be interpreted on the basis of 5 unpaired f electrons. S8imilarly,
Crane, Wallmenn, and Cunninghamu and later McWhan? made magnetic measure~
ments of’AmF5 and’obtéined for the molar susceptibility 566 x lOm6 and

8L8 % l0“6ceg,se at 295 and 77OK, respectively. Here also the values
obtained are much smaller'than’for the first transition series.

For ions with 5 and 6 unpaired electrons the multipleﬁ intervals
are not large compared to kT, and the general formula in Sec. (¢) must be
used to calculate the susceptibilities. This calculation was done by
Van Vieck and Frank55 in the case of samarium and europium and the dis-
crepancy between the theoretical and experimental values was resolved.

In thé cage of plutonium ITIT and americium IITL McWhan2 calculated the
susce@tibilities using the general formula in Sec. (c¢) and taking into
account the departure from Russell-Saunders coupling. He obtained values
agreeing with the experimental results. From Van Vleck's calculations,
the susceptilibity of samarium should pass through a‘témperaﬁure minimum

in the neighborhood of MOOOK; guch a minimum hag in fact been observed
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experimentally. Elliott and Lewis™ made measurements on PuF5 an%7
PuQ(CQOu)5.9HQO from T6 to BOQOKe Dawson, Mendleberg, ind Davies
extended measurements on PuF5 and'PuClg up to about 600K and found 2
minimum in the suscepbibility~temperature curve at about 500 to 555 ke

This is a good qualitative evidence that plutonium IIT has the eiectronic

5

configuration 5I7.
Susceptibility measurements have been made on a large number of
uranium (IV) éompoundsyby many authors.58"52 The results lie in the
range of 3200 to 3800 x 10“6 c.g.s. units (at room temperature) which is
closer to the 6d2 SPin only.value of 3333 than to the limiting 5f2 value
of 5%90, although a number of these investigators have interpreted their
experimental results in terms of ng configuration. However, paramagnetic
exchange interaction (A) may be the reason for the low values. This is

%8

supported by the results of Hutchinson and Elliott ‘where the Weiss con-
stant for uranium sulphate, oxalate and acetyl acetonate are found to be
1150, 1680, and lOlo, respectively. The measurements of P. Handler and

25

C. A. Hutchinson, Jr. on uranium trichloride diluted with isomorphous
diamagnetic lanthanum trichloride also support this conclusion. It was
found that the wvalues for uranium trichloride at infinite dilution are

very similar to those éf Nd(CQH5SOu)5°9HQO, Davwsom5lL also made measure=
ments on plutonium tetrafluoride and plutonium dioxide diluted with the
iéostructural diamagnetic compounds thorium tetrafluoride and thorium
dioxide, respectively. The magnetic susceptibilities were found to increase
with dilution,'and‘the extrapolated values at Infinite dilution for room
temperature (3020 x lOwéc,ges. units) correspond essentially to the value
predicted (3010 x lO_GC.ges. units) for the configuratiog 5fuo

25=60

Several measurements and theoretical analyses have been made -
+2 :
2

presence of one f  and two f electrons, respectively.

on compounds containing NpO and Npogwl ions. The results confirm the

From the results presented above, and the survey of the magnetic
measurements made on the actinides, the indicated number of 5f electrons

are present in the following ions

mP(5e7), an®P (560, puP (507, PuIV(Sfu) , Wpo,", Pu02+2

2 Lo+, L
(5£7), M0, " (5¢7),
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U02(5fo), y" (515), and U+”§5f2), The magnetic data obtained by
Cunningham on Bk+5 and Cf+j indicate that the electronic configurations
are 5f8 and 5f9, regpectively. For Th+5 and Th+2 the evidénce stroﬁgly
favors a 64 assignment,2 ,

These conclusibns are consistent with many of the conclusiong
reached about the physical and chemical properties of the actinides,
which also indicate that the 6d and 5f levels are of nearly equivalent
energy in the first few elements of the series; The 5f electron lévels_
lie lower once these elements are passed and the'rareﬂearthwlike proper-

ties predominate.
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