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Measurements have been made of the magnetic susceptibility of the following compounds of actinides 
with 3d-metals; UFea, UCoa, UNis, ThNi, ThNis, and ThCos. It was found that compounds isomorphous 
in their crystal structure have different magnetic properties; namely, that UFea and ThCos are fer­
romagnetics, whereas UCoa and ThNis are temperature independent paramagnetics. The rigid band 
model is used to interpret the results obtained. 

THE object of the present work is to study the mag­
netic properties of compounds of uranium and thorium 
with elements of the iron group. To this end we synthe­
sized the compounds UFea, UCoa, UNis, ThNi, ThNis, 
and ThCos using uranium with 99.98% purity, thorium 
(99.9%), iron (99.98%) and cobalt and nickel (99.98%). 
Powders of the starting metals were mixed and then 
compressed under a pressure of 15 x 103 kg/cm3• The 
compressed mixture was fused in an arc furnace in an 
argon atmosphere at a temperature of 1300-1400° C, 
after which a secondary treatment was carried out. 
Thus the compound ThCos was annealed at a tempera­
ture of 700° C for three weeks; the remaining com­
pounds were subjected to a temperature of 600° C for 
five hours. We carried out an x-ray structure analysis 
which showed that all the compounds obtained were 
single-phase compounds. The magnetic properties of 
the compounds synthesized were studied with a pendu­
lum balance in the range 290-650°K and with a torsion 
balance in the range 80-300°K. 

EXPERIMENTAL RESULTS 

The compound UFe2, which according to the data in 
[lJ has a cubic structure of the C-15 type, is a ferro­
magnetic with ®f = 172°K; the magnetic moment, deter­
mined from low-temperature measurements, was found 
to be 1.02 IJ.B· We investigated this compound in the 
paramagnetic regime from 180 to 550°K only. Fig-
ure 1), the temperature dependence of the inverse spe­
cific susceptibility. A correction for the diamagnetism 
of the filled electron shells was included. For this we 
subtracted the value of XRn- 2XAr (where XRn = -23 
x 10-6 cm3/g-atom and XAr = -19 x 10-6 cm3/g-atom 
are the susceptibilities of the inert gases radon and ar­
gon) from the values obtained for the susceptibility of 
UFe2• 

As is clear from Figure 1, the Curie-Weiss law 
is not obeyed. If we put ®f = 8p, we can determine the 
temperature-independent part of the susceptibility from 
the dependence of x on 1/(T- ~). This was found to 
be equal to (4.0 ± 1.0) X 10-6 cm:Yg. Curve 2 in Fig. 1 
was plotted taking the temperature-independent suscep­
tibility into account. The paramagnetic Curie tempera-
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FIG. I. Temperature depend­
ence of the inverse specific sus­
ceptibility of UF e2 : in curve I a 
correction has been introduced 
for the diamagnetism of the 
filled electron shells; in curve 2 
the temperature-independent 
susceptibility has been taken into 
account. 
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FIG. 2. Relative magnetization isotherms for ThCo5• 

ture ®n = 170 ± 5°K and the effective magnetic moment 
lleff = '2 ± 0.2 IJ.B• 

The magnetic susceptibility of the compounds UCo2, 

UNis and ThNis do not depend on temperature and are 
(3 ± 0.5) X 10-6, (1.4 ± 0.2) X 10-6 and (0.7 ± 0.2) 
X 10-6 cm3/g respectively. The crystal structure of 
the first two compounds is isomorphous to the structure 
of UFea, whereas the compound ThNi5 has a hexagonal 
structure of the type C6 nm• 

The compound ThNi (rhombic structure) is paramag­
netic in the temperature region investigated; the Curie­
Weiss law, with ®p = 310 ± 20°K and IJ.eff = (0.9 
± 0.1) 1J. B, is obeyed in the temperature range 80-
3000K. 

We investigated the ferromagnetic compound ThCo5, 

which has a structure isomorphous to ThNi5, in the fer­
romagnetic regime only. Isotherms of the magnetiza­
tion for this compound are shown in Fig. 2. One can 
see that in the region of large fields, a varies linearly 
with H. This enabled us to determine the value of the 
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FIG. 3. Temperature dependence 
of the relative spontaneous magneti­
zation a0 of ThCo5. 

spontaneous magnetization CJo (Fig. 3) at various tem­
peratures and thereby to estimate CJ0 at absolute zero. 
It was found that this quantity is equal to (30. 
± 0.1) Gauss-cm3/g, ®r = 390 ± 5°K and J.J.eff, calcu­
lated from the ferromagnetic regime, is equal to 
2.84 J.l.B· 

A characteristic feature of the results we have ob­
tained is the fact that compounds which are isomor­
phous in their crystal structure, such as UFe2 and 
UCo2, ThCo5 and ThNi5 , possess different magnetic 
properties; namely, UFe2 and ThCo5 are ferromagnetics, 
whilst UC~ and ThNis are temperature-independent 
paramagnetic s. 

DISCUSSION OF THE RESULTS 

To explain the obtained results we make use of the 
rigid band model. The possibility of such an interpre­
tation of the properties of alloys of uranium with d­
metals was first pointed out by Bates and Leach. l 2 1 

They investigated the susceptibility of alloys of ura­
nium with palladium as a function of temperature and 
concentration and found that the magnitude of the sus­
ceptibility of these alloys at first decreases with in­
crease of the uranium content, passing through a mini­
mum at 9% uranium, and then begins to increase again. 
It is characteristic that the susceptibility of the alloy 
with 9% uranium does not depend on temperature. 
Bates and Leach proposed that on dissolving uranium in 
palladium the band shape remains unchanged and only 
the Fermi level of the 4d-band changes; this band is 
completely filled at the above uranium concentration. 
The results of the investigations of Bates and Leach 
are evidence that the 5f- and 6d-electrons of the acti­
nides are collectivized with the palladium 4d-electrons 
and are closer in nature to d-electrons than to 4f-elec­
trons. This enables us to conclude that the band model 
is to be preferred to the model of localized magnetic 
moments for the interpretation of the results. 

In order to be sure that the use of the rigid band 
model is correct for our compounds, we calculate the 
susceptibility of one of the compounds investigated by 
us, e.g., ThNi, and compare this with the experimental 
results. For this it is necessary to know the relative 
spacing of the 6d- and 3d-bands in the given compound. 
This can be done on the basis of the experimental re­
sults for the temperature-independent paramagnetic 
ThNi5 • 

Using the data on the electronic heat capacity of 
thorium, [ 31 we can find the width of the 6d-band. Cal­
culating the total density of states for the s-and d­
electrons of thorium from known formulasl 41 and, for 
the s-electrons, taking the thorium electron configura­
tion to be 6d37s\ [sJ we find the density of states of the 
6d-electrons N(EF)d. We determine the width of the 

6d-band by assuming that it has the shape of an isos­
celes triangle and taking into account the thorium 
electron configuration given above. It is found to be 
9.86 eV, which is in satisfactory agreement with the 
data from Lehmann's work.l 61 Thus, the expression 
for the density of states of the 6d-band of thorium has 
the form 

N(E)dTh_ {0.411E, O~E~4.93 eV 
- 4,05 ~ 0.411E, 4.93 ~ E ~ 9.86 e V 

To calculate the susceptibility of the compound ThNi, 
it is necessary to know also the magnitude of the coef­
ficient <I> characterizing the electron-electron interac­
tion of the 6d-electrons.l 71 According to our data, the 
susceptibility of thorium does not depend on tempera­
ture and turns out to be x Th = 125.5 X 10-6 cm3/g-atom. 
Then, using the values Xc;Uam = -23 x 10-6 cm:Yg-atom, 
Xs +XL = 9.4 x 10-6 cm3/g-atom, and xgrb = 71.1 
x 10-6 cm3/g-atom,[7 1 we find from the relation 

X= Xs +XL+ l(d +X orb+ X.diarn 

that <I>= 0.16 eV. 
If the s-band of the compound ThNis is formed only 

from the s-electrons of Th and Ni, assumin~!hat X~b 
= 71 x 10-6 cmJ'g-atom, [SJ we find that x Jh 15 = 30.1 
x 10-6 cm3 g-mole. (In the calculation we used our ex-

perimental data for x ThNi5 .) Assuming that <I> = 0, we 

obtain N(EF)JhNis ~ 4.3 eV-1 molecule-1• The error 

arising from putting <I> = 0, as we st. 11 see below, does 
not affect the calculation of the susceptibility of the 
compound ThNi. 

An expression for the density of states of Ni is given 
in the paper. l 91 Carrying through the necessary calcu­
lations we find that the bottom of the 6d-band in the 
compound ThNi5 is displaced relative to the bottom of 
the 3d-band by an amount Eo ~ 3.9 eV. Therefore, 
taking the shape of the band into account, for complete 
occupation of the 3d-band there must be no fewer than 
0.25 electrons per molecule in the 6d-band. It is im­
portant to note that this value is an overestimate, since 

in calculating N(EF)dhNis we put <I> = 0. Consequently 
in the compound ThNi, the 3d-band is completely filled 
and in the 6d-band there are 2.4 electrons per mole­
cule. 

Carrying through calculations for ThNi analogous to 
those for ThNi5 , we obtain the value for the susceptibil-

ity at T = O, Xfh~~~ = 170.4 x 10-6 cmJ'g-mole, which is 

in satisfactory agreement with our experimental results 
(300 x 10-6 cm7'g-mole), obtained from extrapolation of 
the curve for 1/x(T). This enables us to draw conclu­
sions about the correctness of interpreting the proper­
ties of compounds of actinides with 3d-metals from the 
standpoint of the rigid band model. The discrepancy in 
the resulting values is evidently caused by the fact that 
we chose a simplified shape for the 3d- and 6d-bands. 

We shall consider from this standpoint the magnetic 
properties of the other compounds investigated, making 
the following assumptions. First, the relative spacing 
of the 5f-, 6d- and 3d-bands changes insignificantly 
from sample to sample. Secondly, if vacancies remain 
in the 3d-band of the compound, the magnetic proper­
ties of the compound will be similar to those of the ori-
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FIG. 4. Assumed relative positions of 
the 3d- and hybridized Sf-6d-bands. 

ginal metal. We shall use also the uranium band struc­
ture proposed by Friedel[ 51 according to which in ura­
nium there is a hybridized 5f-6d-band containing five 
electrons and a 7s-band with one electron. The shape 
of the 5f-6d-band is shown in Fig. 4. We assume, as in 
l 21 , that to fill the 3d-band, uranium can donate five 
5f-6d-electrons and thorium three 6d-electrons (if this 
turns out to be insufficient to fill the 3d-band complete­
ly, one s-electron is added to these electrons). To ex­
plain the temperature-independent paramagnetism of 
UNis, it is necessary to assume that there are three 
electrons in the hybridized 5f-6d-band below the 3d­
band (Fig. 4). We have assumed here that the valency 
of uranium is 6. 

For the compound UFe21 assuming that the electron 
configuration of iron is 3d '774s2 ' 23, we find the maxi­
mum number of electrons that can be accepted by the 
3d-band and the part of the 5f-6d-band below the 3d­
band (Fig. 4). This is found to be 7.46 electrons. Thus, 
in the 3d-band and below it there remain n0 = 1.46 va­
cancies. This allows us to expect the occurrence of 
ferromagnetism in UF~, and this is observed experi­
mentally. 

In the compound UCOz, according to the electron con­
figuration Co(3d8 ' 34s1 ' 7}, the number of vacancies in the 
3d-band of Co is 1. 7, nmax = 6.4 and n0 = 0.4. This is 
clearly not sufficient for the existence of ferromagnetic 
ordering in this compound, in agreement with the ex­
perimental results. 

For the compound ThCOs the quantity nm is found 
to be 8.5; Th can donate only four electrons ~0 = 4.5). 
This can lead to the occurrence of ferromagnetism in 
ThCo, in agreement with the results of our measure­
ment of the magnetic susceptibility. 
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