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Magnetic susceptibility measurements have been made on a well
characterized sample of 249 Bk metal using a SQUID micromagnetic
susceptometerl which has been specifically designed for small volume
samples. The sample had ̂ 12% Cf impurity at the time of measurement
and was in the pure dhcp crystal structure. The only previous mag-
netic measurements on berkelium metal were on samples of mixed crys-
tal structure or with higher concentrations of californium daughter
and were made with a mechanical balance susceptometer.2

The magnetic susceptibility was determined by measuring the flux
produced by a sample through a set of superconducting pick-up coils.
The sample was magnetized in a uniform applied field and a fraction
of its resulting flux through the pick-up coils was coupled to the
SQUID sensor using a superconducting flux-transformer arrangement.
Calibration of the susceptometer was achieved using several super-
conducting lead spheres at 4.2 K with masses in the range 50-100
micrograms. A second variable temperature calibration was achieved
by using the Curie-Weiss behavior of ̂ 60 micrograms of Gd2O3 powder.
The absolute D.C. susceptibility of the sample was determined at each
temperature and field by moving it from one coil to another (wound
in the opposite sense) and thereby removing any contribution to the
susceptibility from the temperature dependence of surrounding
materials,

The sample mass was determined by a difference weighing using
a microbalance to an accuracy of 0.3 microgram. The sample was then
cemented with GE 7031 varnish into a hole (0.25 mm diameter, 0.25 mm
deep) drilled in the side of a .5 mm diameter gold wire as shown in
Fig. 1. The wire was then inserted into a closed end quartz tube
and sealed at the other end with the varnish. This tube served to

DISCLAIMER

This book w » prepared Man account ot wo>V soon so red by an agency o ' the United Siatel Government,
Nuithef the Unttwf States Govern rrcm nor any agency :r«reof rvtr a*)y o ' the-r wnoloveei. "Mfces <K)y
wjr f jn ty , c»urew or implied, of aisumcs any tpj j l tiab^itv a ' Tcsocrij'&ility tor \he accuracy,
corn£;t«tcnes5. o f usefij'ncss ot jny inforrnaiion, 0DD3fdtus. product, or crocesi disc'os^O. or
f<i;'eienis thai i t i use would not infringe D'ivdiely own«j rights. Rc'i.ief*« herein to any suec>i>c
tornrnefciat uroduct, WC-* * ct service by tratfe narne. Iraaerruik. manulotTufer, or othefw^se, daci
not nece«jri'v fAinjtitut.1 or imalv its endo'iemerit, »ecommentation, cr tjhxjrihg bv the United
Siatw Govcinmcnt » any agency thereof. The views and ocinic-'.s oi authO'» «»cre«ed herein do not

itate or reflect those ot the United Stales Gewivneni or any »jency tltcteof,



ORNL-DWG 79-12176

G. E. 7031
VARNISH

GOLD WIRE
(0.5 mm 0. D,

QUARTZ CAPILLARY
(1.4 mm 0. D.
0.75 mm I. D.)

O

15 mm 15 mm

Gd2°3 249Bk

Ol)

2 mm

Pb

Fig. 1. Sample holder configuration for micro-magnetic susceptometer.
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insulate the warm wire from the 4.2 K walls of the evacuated coil-
holder chamber and provided a centering mechanism. The exposed end
of the gold wire was held in a copper chuck which was thermally*
connected to a manganin wire heater and a calibrated copper-constan-
tan thermocouple for temperature measurement. The Gd2C>3 sample
served as a second thermometer in the temperature range 15 K - 100 K,
and both it and the lead were used as susceptibility calibration
standards.

Several multimicrogram samples of 249 Bk metal were prepared by
reducing purified BkF3 with lithium vapor in a tantalum crucible.^
At the time of our first susceptibility measurement approximately
12 atomic percent of 2t*9Cf was present. An attempt was made to
reduce the Cf content from one sample by making use of the higher
vapor pressure of Cf as compared to Bk. The sample was heated to
850° C (well below the melting point of the berkelium metal) for a
period of eight minutes. By comparing counts from the 388 keV
21+9Cf y-ray emission of an isopure 2l+9Cf that M.2 atomic percent of
21+9Cf was still present in the heat treated sample.

X-ray analysis of the Bk metal indicated that after heat treat-
ment the sampje was in the pure dhcp phase with lattice constants of
ao = 3.425(2)A and CQ = 11.084(14)A. The sample was a thin, square
chip with a textured, but shiny surface and its mass was determined
to be 21.0 ± .3 micrograms.

A second 19.0 ± .3 microgram sample, approximately ellipsoidal
in shape and having a smooth metallic surface was also measured.
At the time of measurement it had M 6 atomic percent 2<+9Cf daughter.
X-ray analysis revea.sd this sample to be mainly dhcp but with one
extra line that could be attributable to the fee form of the metal.

A typical plot of the dimensionless susceptibility, \> versus
temperature, T, in the range 4.2 K to 250 K and with an applied
field of 406.3 G for the first 2l+9Bk sample is shown in Fig. 2.
At ^34 K there is an antiferromagnetic transition. Above about 70 K
a paramagnetic region is observed, as can be seen in Fig. 3, where
1/x is plotted versus T for various applied fields. In this region
the volume susceptibility is assumed to follow a Curie-Weiss law
of the form:

X = 3kB(T+6)

where N is the atomic density, veff is the effective magnetic moment
per atom, kg is Boltzman's constant, and 6 is the Weiss temperature.
It is seen from this figure that the susceptibility is field
dependent but has reached an asymptotic or "saturation" value with-
in the experimental error for fields above 800 G. Often one
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Fig. 2. Magnetic Susceptibility of 2U9Bk.
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attributes field dependence of the observed susceptibility to a
ferromagnetic impurity in the sample that is saturated at all fields
and thus gives a constant contribution to the moment. If this-is
true the susceptibility at a fixed temperature should be proportional
to 1/H. One generally corrects for this contribution by plotting
X versus 1/H and extrapolating to infinite fields. In our measure-
ments x is not proportional to 1/H suggesting that either the
"impurity moment" is not saturated at low fields or that the Bk
susceptibility is itself field dependent at low fields, as observed
for some rare earth metals. This effect is negligible at higher
fields. At "saturation" we obtain a Veff of 9.69 uB and 6 of 101.6 K
from a least-squares fit straight line through the data points.

The second sample with possibly a small amount of the fee form
had a significantly different behavior. For this sample the suscep-
tibility was much less field dependent. Again an antiferromagnetic
transition was observed at ^34 K, but there was an indication of a
second transition of small amplitude at M 2 K which had a hysteric
behavior with temperature. This sample was also paramagnetic in
the region above 70 K with an effective moment of 8.82 yB a"d a
Weiss temperature of 84.4 K.

Both samples exhibited a minimum in the susceptibility and a
considerable hystersis with temperature below the antiferromagnetic
transition (see Fig. 2 for T ^25 K). It is our opinion that Veff and
6 obtained for the heat-treated sample are more representative of
the corresponding values for Bk metal since it contained only a
moderate amount of Cf and was clearly in the pure dhep form. Our
lower value for Peff from the second sample is in reasonable agree-
ment with Fujita's results^ also obtained for a possibly mixed phase
sample. If it is assumed that the susceptibilities of Cf in Bk are
additive for the pure phase sample a value of 9.57 v«g is obtained for

of Bk metal (assuming the theoretical free-ion value of 10.6 for
'Cf31* as calculated from Hund's rules for an f^ configuration).

This may be compared with the corresponding theoretical value of
9.72 for Bk3+ based on a 5f8 configuration. It is expected that a
j-j coupling model will provide a perturbation for the latter
actinides that will slightly lower the theoretical value based on
L-S coupling. The large value of Peff supports the hypothesis that
the metals in the last half of the actinide series are rare-earth
like with localized electronic wave functions,
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