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ABSTRACT

Magnetic susceptibilities of the isostructural compounds UCls,
UBrz, NpClz, a-NpBr3, and PuClz were measured from 3 to 100°K
(nominal), with a vibrating-sample magnetometer at applied fields
up to 12 000 Oe. U3*, Np3*, and Pu3* have Cz}, site symmetry in
these compounds. Antiferromagnetic transitions were observed in
UClz, TN=22.0 #1.0°K; in UBrz, Ty=20.0%1.0°K; and in PuCl3,
TN=4.5%0.5°K. Temperature-independent paramagnetism was observed
in NpClz below 50°K, and in a-NpBrz below 30°K. Each of the com-
pounds exhibited Curie-Weiss behavior at higher temperatures, with
effective moments closely approximating the free-ion moments. For
PuClz, the experimental susceptibility from 10 to 100°K is in
excellent agreement with values calculated from known crystal-field

energy levels and wavefunctions.
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INTRODUCTION

Magnetic susceptibility studies of a number of anhydrous
actinide halide compounds have been reported,!”® mostly for tem-
peratures above 77°K. As part of a study of the magnetic properties

of actinide halides at lower temperatures, the magnetic suscepti-

10,11

bilities of NpCl4 and PaCl, were reported recently. In this

4

paper, low-temperature measurements of the magnetic susceptibilities

of UCly, UBr,, NpCl,, 3

calculations of the theoretical susceptibility are presented. The

a-NpBr3, and PuCl, are described; for PuCls,
compounds are isostructural,'? with the metal ion in a site of C3h
symmetry. The trivalent actinide ions are surrounded by nine ligands
at nearly equal distances; there are three nearest neighbors and six

others at slightly greater distances from the central ion.

EXPERIMENTAL

UC13, NpC13, UBrS, and a—NpBr3 were prepared by reduction of
the corresponding actinide (IV) halide with zinc metal.!® In a
typical preparation, powdered UCl4 and Zn were mixed and sealed in
an evacuated Pyrex* tube. The entire tube was heated at 550-600°C
for 16-20 hours, and then one end of the tube was withdrawn from the
furnace to allow excess Zn, ZnClz, and unreacted UC14 to sublime
away from the UCl3 product. For further purification, the UCL, was

* Trademark of Corning Glass Works, Corning, N.Y.
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sealed into a quartz tube and lowered at 8 mm/hr through a 950°C

vertical furnace.

PuCl3 was prepared by passing a stream of CC14-saturated

nitrogen over Pqu heated to 500-600°C.'"* PuCl3 sublimed to the

cold portion of the apparatus as needle-like crystals. The PuC13
product (and the other actinide(III) halides prepared for this
study) was characterized by its X-ray powder pattern by metal

analysis.

Magnetic susceptibilities were measured with a vibrating-
sample magnetometer!® at an applied field of 10 000 Oe in the tem-
perature range from 3 to approximately 100°K. For PuClS, the field

dependence of the susceptibility was measured from 100 to 12 000 Oe.

Details of the measurement technique have been given previously.11

RESULTS AND DISCUSSION
Magnetic susceptibility data for the trivalent actinide halides
studied are shown in Slide 1. For three of the compounds, UC13,
UBrS, and PuC13, antiferromagnetic transitions were found, with

Néel points of 22, 20, and 4.5°K, respectively. In contrast to this
P P y

behavior, NpCl3 and NpBr3 exhibit temperature-independent

paramagnetism (TIP) below about 50°K. Above their transition
temperatures or regions of TIP, all of the compounds follow the

Curie-Weiss law

x = C/(T+8)

where C is the Curie constant, and 6 is the paramagnetic Curie
temperature.
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The difference in behavior of the odd-electron ions, usd+

3+

3
(5£7, J=9/2) and Pu (st, J=5/2), from the even-electron Np3+

(5f4, J=4) is apparent. Because the ground states of the odd-
electron ions are split into Kramers doublets by the crystal field,
a finite magnetic moment exists even at low temperatures. Thus,
the odd-electron actinide trihalides are expected to undergo mag-
netic ordering at temperatures sufficiently low that the exchange
energy exceeds kBT. For even-electron ions, the crystal-field
splitting can result in a singlet ground level, which would have

no magnetic moment, but which could interact with higher levels to

give TIP behavior.

The temperature dependence of the susceptibilities of UCl3 and

UBr3 is shown in Slide 2. The characteristic maximum associated
with antiferromagnetism is apparent for both compounds. For UC13,
the magnetic susceptibility was measured from 6.2 to 117.5°K, and
for UBr3 the range measured was from 2.9 to 76°K. Because earlier
measurements on UC13 by Handler and Hutchison® suggested the possi-
bility of an antiferromagnetic transition near 25°K, detailed mea-
surements were made in the region 15-30°K to determine the magnetic
behavior in this vicinity and to locate the transition temperature.
The higher transition temperature for UCl3 than for UBr3 is consis-
112

tent with the smaller unit cel and shorter uranium-uranium dis-

tances in UC13.

Both UCl3 and UBr3 follow the Curie-Weiss law above their

transition temperatures, with effective moments of 3.70 Mg for
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UC1, and 3.76 Mg for UBr These are near the theoretical value

3 3

of 3.69 uB calculated!® for the free-ion moment, from
_ 1/2

where g5 is the intermediate-coupling Lande factor; for U3+,

gJ=0.743. The observation of the free-ion moment above 25°K sug-
gests that the crystal-field splitting is small in both UCl3 and
UBrS.
The magnetic susceptibilities of NpCl3 and oc—NpBr3 are shown
in Slide 3, plotted as reciprocal susceptibility versus temperature.

For NpCl_, the measurements spanned the temperature range from 3.5

3?
to 240°K, and for a-NpBr3 from 3.5 to 126°K. Both compounds display
a TIP below 50°K, with the larger TIP susceptibility of a-NpBr
indicating more closely spaced crystal-field levels than NpCls.
Within experimental uncertainties, the two compounds follow the
Curie-Weiss law with the same effective moment, 2.81 Mps above 50°K.
This may be compared with the free-ion moment of 2.89 ug, calcu-
lated!® using the intermediate-coupling g5 =0,6457; the proximity

of the experimental moment to the free-ion moment suggests small
crystal-field splittings in NpCl3 and oc-NpBr3 and is consistent

with the results for UCl3 and UBrs.

The presence of a low-temperature TIP in NpCl3 and oc-NpBr3 is
indicative of a crystal-field singlet as the ground level. (The
susceptibility of a-NpBr deviates from TIP below 10°K; this is

probably due to a small amount of paramagnetic impurity in the
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sample, but could be from a lower-lying level with a very small
effective moment.) The crystal-field levels of Np3+ in isostruc-
tural LaBr3 have been studied by optical spectroscopy;!’ however,
the present results disagree with the optical data both as to the
presence of a low-lying singlet and the magnitude of the overall
crystal-field splitting. These differences between the optical

and magnetic data are not fully understood, but the evidence sug-
gests that the crystal-field parameters in the pure compound differ

from those in the doped material.

The susceptibility of PuCl,, measured from 2.6 to 100°K,

3
is shown in Slide 4. The minimum in the inverse susceptibility
curve at 4.5°K indicates a magnetic transition, which by analogy
with isostructural UCl3 and UBr3 is assumed to be antiferromagnetic.
The possibility of ferromagnetic ordering was eliminated by field
studies below 4°K that showed no hysteresis and no saturation
behavior in the field dependence of the magnetization. Although

it has smaller lattice constants!? than UC13, PuCl3 has a lower

transition temperature; this may indicate that the transition

temperatures depend on J as well as the internuclear distances.

Above 10°K, PuCl3 obeys the Curie-Weiss law with an effective
moment of 1.11 Mp- This value agrees closely with the free-ion
moment of 1.17 Mg calculated using an intermediate-coupling
gJ=0.392, obtained from the 28-term Pu3+ wave function given by

18

Edelstein, Mollet, Easley, and Mehlhorn. Again, this agreement

suggests small crystal-field splitting. The magnetic data for
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PuCl3 join smoothly to measurements between 90 and 600°K reported

earlier.®
The CSh crystal field splits the J=5/2 ground state of Pu3+
into three Kramers doublets. For PuCl,, the energies and wave

3,
functions of the crystal-field levels are known from optical
studies!® and are shown in Slide 5. From these eigenvalues and
eigenfunctions, a theoretical susceptibility can be calculated

using the Van Vleck formalism??:

2y 2
_ NgJ U y[? + 9 exp(-13y) + 25 exp(—76y)]

Xy = Ahe 1 + exp(-13y) + exp(-76y)
X = NnguB2 (9y/2) + (16/13) - (16/13-10/63) exp(-13y) - (10/63) exp(-76y)
1 4he 1 + exp(-13y) + exp(-76y)

where y = hc/kﬁT. For a powered sample the average susceptibility

is given by

Xa

L= gy /3

The susceptibility calculated in this manner is compared with
experimental data for PuCl3 in Slide 6 (solid curve). There is
excellent agreement between theory and experiment up to about
100°K. At higher temperatures, the fit is improved (dashed curve)

by including a small TIP contribution (approximately 236 x 10‘6

emu/mole) from the J=7/2 state centered near 3200 cm_l.

Second- and fourth-order crystal-field parameters for PuCl3
can be calculated from the known eigenvalues and eigenfunctions,

using the operator-equivalent factors o and 8 given by Edelstein,
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et 31.,18 giving
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Compared with crystal-field parameters for C3h rare-earth

trichlorides,?! B 2 has about the same magnitude, but 804 is

0
approximately four times larger than the corresponding rare-earth

values.
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MAGNETIC SUSCEPTIBILITY CONSTANTS
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ca H XTIP
Temperature (emu-deg o4 eff R (10-6 emu
Compound _Range (°K) mole~l)  (°K) (up) Ty K mole-1)
UCl3 25-117 1.70 89.3 3.70%0.08 22%] -
UBr3 25-76 1.77 63.8 3.76%0.08 201 -
NpC1, 3.5-50 - - - - 6 400100
75-240 0.99 83.5 2.81+0.09 - -
Ot-NpBr3 10-30 - - - - 10 850+320
50-126 0.99 45.0 2.81+0.20 - -
PuCl3 5-100 0.16 7.9 1.11+0.04 4.5+0.5 -

2 Constants from Curie-Weiss law x = C/(T+0)

SLIDE 1.

Magnetic data for some trivalent actinide halides.
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SLIDE 2. Molar susceptibilities of UC13 and UBr3.
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SLIDE 4. Reciprocal molar susceptibility of PuC13.
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SLIDE 5. Crystal-field splitting of the ground state of PuC13.
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SLIDE 6. Calculated molar susceptibility of PuC13.



