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The magnetic properties of uranium selenides and sulfides with stoichiometric compositions 1: 1, 3: 4, 
2: 3, 3: 5, and 1: 2 are studied. The investigation is carried out between 77 and 1000°K at various mag
netic field strengths. In the investigated temperature range the USe2 and U3S5 compounds are found to 
be paramagnetic withe < 0. The other compounds are ferromagnetic. The a(T) curve for USe ex
hibits a peak which shifrs towards lower temperatures (from 156 to 135°K) with increasing Hand which 
disappears at H = 7 kOe. The paramagnetic susceptibility of the USe2 and U 3Ss compounds obeys the 
Curie-Weiss law. In the other compounds this law is observed only in a restricted temperature range. 

So far attention has mainly been accorded to the inves
tigation of the magnetic properties of alloys and com
pounds of the transition d and 4f metals. As regards 
actinide alloys and compounds, in which as is well 
known the 5f shell begins to be filled, they have hardly 
been studied. The literature contains extremely little 
information about the magnetic properties of these sub
stances, in particular of the uranium selenides and sul
fides. (l, 2J 

However, the actinide compounds are of undoubted 
interest for the physics of magnetic phenomena, since 
by virtue of their electronic structure they occupy a 
position intermediate between the 3d and 4f elements. 
The actinides have no clearly expressed localization of 
the electrons of unfilled shells as is the case in the 
rare-earth metals. At the same time the 5f electrons 
are not so strongly collectivized as in the d metals. 
Such an electronic structure of the actinides leads one 
to expect that their alloys and compounds may realize 
various magnetic structures. This is indicated by the 
results of neutron diffraction studies [3' 4) from which it 
follows that in certain uranium compounds there occurs 
an anti- or ferromagnetic interaction, depending on the 
stoichiometric ratio. By studying the magnetic proper
ties of actinide compounds, one can obtain important 
information about the carriers of magnetic properties 
in these materials and clarify which interactions are 
responsible for the production of antiferromagnetic or 
ferromagnetic ordering. 

Special interest attaches in this connection to uran
ium compounds, since the number of electrons in the 
uranium shell changes in different compounds. 

In this paper we present the results of the investiga
tion of magnetic properties of compounds of uranium 
with selenium and sulfur of various stoichiometric com
position. The crystallographic structure of these com
pounds depends on the stoichiometric ratio. Thus for a 
1: 1 ratio the compounds formed have a cubic structure, 
for a 3: 4 ratio-a structure of the Th3P4 type, for a 
2: 3 ratio-an orthorhombic structure, and for a 1: 2 
ratio-a tetragonal structure. Such a change in the 
crystallographic structure should also influence the 
magnetic properties of these compounds. The uranium 
selenidss and sulfides were synthesized from 99.9 per-

FIG. I. Temperature dependence of the specific magnetization a 
for the compound USe (the magnitude of the field is in oersted): curve 
I- 1000, 2-2000, 3-3000,4-4000, 5-5000,6-6000, and 
7-7000. 

cent pure uranium, selenium, and sulfur powders. The 
magnetic susceptibility of the initial components was 
measured before the synthesis. 

The compounds were synthesized at 800°C in the 
course of 48 hours in corundum crucibles which were 
placed in quartz tubes evacuated down to 10-5 mm Hg. 
After this the obtained powder was carefully ground, 
mixed, and again placed in the furnace under the same 
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FIG. 2. Temperature dependence of the specific magnetization a 
for the compound U3 Se4 (in oersted): Curve I - 1000, 2-2000, 3-
3000, 4- 5000, 5- 6000, and 6- 7000. 
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FIG. 3. Temperature dependence of the reciprocal specific suscep
tibility for the compounds: curve I -USe, 2- U3 Se4 , 3- U2 Se3 , 4-
USe2 (I and 4-upper temperature scale). The vertical arrows indicate 
the temperature of the maximum specific heat according to the data of 
[5,6]. 

conditions. In addition, compounds of the 1.: 1 and 3 : 4 
composition were annealed for two hours at 2000°C. 
Debye-Scherrer photographs taken of the compounds 
prepared in this way showed that the synthesized com
pounds consisted of single phases. 

The magnetic properties were studied with a pendu
lum balance in the temperature range from 77 to 1000°K 
for various values of the magnetic field (1-7 kOe). 

Figures 1 and 2 show the temperature dependence of 
the specific magnetization (j for the compounds USe and 
UsSe4 for various values of the magnetic field intensity. 
It is seen that in the range of low fields the (j(T) depen
dence in these compounds has a maximum which is 
particularly clearly exhibited in the compound USe. 
With increasing field intensity the maximum of the 
curves of the temperature dependence of the magnetiza
tion becomes more and more washed out and shifts 
gradually towards lower temperatures. 

Thus in USe for 1 kOe this maximum lies in the 
160°K range, for 2 kOe at 145°K, and for 3 kOe at about 
135°K. In the region of higher·fields the magnetization 
maximum disappears, and (j almost reaches saturation. 
In U sSe4 the maximum on the (j(T) curve is observed at 
1 kOe (Tm = 136°K). As regards UaSes, no maxima are 
observed in its CI{T) dependence, and with decreasing 
temperature (j continues to increase appreciably. It is 
characteristic that in UaSes the magnetization at 80°K 

FIG. 4. Temperature dependence of the specific magnetization a 
for the compound US (the field intensity is in oersted): curve 1-1000, 
2-2000,3-3000,4-4000,5-5000,6-6000, and 7-7000. 
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FIG. 5. Temperature dependence of the reciprocal specific suscep
tibility for the compounds: 1-US, 2-U 3 S5 . The vertical arrow indi
cates the temperature of the maximum specific heat according to the 
data of [5,6]. 

is smaller by two orders than that of the USe and UsSe4 
compounds. 

The compound USe a is in the entire investigated tem
perature range a paramagnet whose susceptibility x 
follows the Curie-Weiss law with a negative value of 
the paramagnetic Curie temperature. (6p = -48°K) 
(see Fig. 3). The same figure shows the dependence of 
1/ X on T for the remaining uranium selenides. It is 
seen that whereas USe2 follows the Curie-Weiss law 
throughout the entire range of temperatures, U2Ses 
follows it between 200 and 1000°K, U sSe4 between 180 
and 400°K, and USe between 180 and 300°K. In the last 
two of these some curvature directed towards the tem
perature axis appears at higher temperatures. 

Figure 4 shows the temperature dependence of the 
specific magnetization (j for uranium monosulfide, US. 
It is seen that this dependence differs considerably from 
that of USe. In the case of US the T dependence of (j is 
for all the investigated values of the fields the same as 
in the usual ferromagnets: with increasing temperature 
the magnetization decreases monotonically. The ferro
magnetic Curie point of this compound is 180°K. A 
sample of the composition US1.ss had an analogous (j(T) 
dependence. As regards UsSs, as well as USea it is in 
the entire temperature range that was investigated a 
paramagnet withe = -16°K. The magnetic susceptibility 
of this compound follows the Curie-Weiss law in a broad 
range of temperatures (77-700°K) (Fig. 5). Analyzing 
the magnetization isotherms, it is seen that they have a 
clearly nonlinear form; at the same time, in compounds 
of the composition 1 : 1 and 3: 4 the specific magnetiza
tion for H > 2 kOe changes very little with increasing 
magnetic field intensity almost reaching saturation. In 
UaSes the magnetization isotherms have no saturation. 
It is also characteristic that above a certain tempera
ture which is the Curie temperature 9f the isotherms 
become linear, and the magnetic susceptibility for 
T > ef follows the Curie-Weiss law. 

DISCUSSION OF RESULTS 

The results of the investigation of the magnetic 
properties of uranium selenides and sulfides show that 
these properties depend to a large extent on the stoich
iometric composition of the compound; both ferromag
netic and antiferromagnetic ordering apparently occurs 
in the investigated compounds. This is most clearly 
seen in analyzing the data obtained for compounds of the 
composition 1 : 2 and 3: 5 in which 9p < 0. This is also 
confirmed by the results of the work of Westrum and 
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Gronvold [s,sJ in which they studied the temperature de
pendence of the specific heat of certain uranium selen
ides and sulfides. As these investigations showed, in 
USea a maximum of the specific heat is observed at 
l3°K, the entropy increase at the maximum being ac
cording to the calculations of the authors 0.16 cal/g
mole °K. The authors relate this specific heat maxi
mum with an antiferromagnetic transformation. As re
gards the compound UaSs, it too should at low tempera
tures be a ferromagnet (6p = -l6°K). 

It can be assumed that the antiferromagnetic struc
ture of the USea and UaSs compounds is close to the 
structures of UAs 2 and UP a which according to neutron 
diffraction investigations [a, 4J have a layered magnetic 
structure. The magnetic moments are oriented parallel 
to the c axis of the crystal and have a ferromagnetic 
ordering in each layer and antiferromagnetic ordering 
with respect to each other. With increasing uranium 
content in the compounds under investigation the ferro
magnetic interaction becomes stronger and stronger 
than the antiferromagnetic interaction. Thus in UaSe3 
there appears a small spontaneous magnetization which 
remains up to 1B0°K. For BOoK as= 0.15 gauss-cm 3/g. 
The presence of antiferromagnetism in UaSe3 is indica
ted by the negative value 6p = -l0°K. 

The compounds USe and US are on the other hand 
ferromagnetic with a Curie temperature of 1B0°K which 
was determined from the vanishing of the spontaneous 
magnetization (as R~ 0). However, from the nature of the 
a(T) dependence one can assume that USe still retains a 
weak antiferromagnetic interaction. This apparently 
explains the fact that the maximum of the specific heat 
in USe is clearly exhibited at 160°K, i.e., at the same 
temperature at which a maximum is observed in the 
a{T) dependence at 1 kOe. We recall that the presence 
of antiferromagnetism in UP which has a structure 
similar to that of USe has been proved by means of 
neutron diffraction investigations. [7l As already noted, 
in the compound US the specific magnetization a decrea
ses monotonically with increasing temperature for all 
values of the field, having as in USe the sharpest de
crease in the region of 1B0°K. However, it is charac
teristic that the specific heat maximum in US also oc
curs at 1B0°K. It should at the same time be noted that 
the entropy increase in US is also somewhat larger and 
the specific heat peak is sharper than in USe, and in 
fact we have 1.17 cal/ g-mole °K for the mono sulfide and 
1.00 cal/ g-mole °K for the monoselenide. We recall 
that in USe2 the increase in the entropy is almost by an 
order of magnitude smaller. 

ix·tO'cm3t j I eP, "K I 
Tempera- : Temperature 

ture 1 (°K) of maxi-
Compound atl293oK' : e1, "K Pp, ~B ('K) of I mum ofa(T) 

maximum ' curves for 
ofCp I kOe 

USe 14,0 180 182 1,8 160 156 
u,se, 15,3 160 164 2,45 - 135 
u,sc, 12,5 180 10 3,2 - -
USe, 9,1 - -48 3,2 13 -us 22,7 180 190 2,25 180 -u,s, 12,5 - -16 3,10 - -

All this attests to an appreciable difference in the 
nature of the magnetic transformation in uranium selen
ides and sulfides. Apparently three types of magnetic 
transitions occur in these uranium compounds: a 
"mixed" transition (in which antiferromagnetic and 
ferromagnetic structures are destroyed), an antiferro
magnetic, and a ferromagnetic transition. However, 
the final answer as to the presence of antiferromagne
tism in these compounds can be provided by neutron 
diffraction investigations, and by the nature of the 
change in the anisotropy constant with temperature. 

At temperatures above the magnetic transitions the 
magnetic susceptibility of uranium selenides and sul
fides has a different temperature variation; in some 
compounds this change occurs in accordance with a 
complicated law. Thus in USe 1/x changes linearly with 
temperature in the temperature range from ~1BO to 
300°K, in U3 Se4-from lBO to 400°K, and in US-from 
190 to 600°K. Curvature appears above these tempera
tures. The effective magnetic moments Pp (see the 
Table) calculated from the linear portions of the 1/ X 
dependence on T do not agree with the value of the mag
netic moment for the various electron configurations of 
uranium. These moments also differ appreciably from 
the magnetic moments determined from the ferromag
netic region at B0°K. Thus for USe Pf = 0.7 f.J.B and for 
US Pf = 1.1 f.J.B which is considerably less than Pp for 
these compounds. 

Such a behavior of the investigated compounds in the 
paramagnetic region cannot be explained by the pres
ence of van Vleck polarization paramagnetism and the 
susceptibility of the conduction electrons only. Appar
ently in these compounds an important role is played by 
the orbital magnetic moment and by the magnitude of 
the multiplet level splitting which can be comparable 
with the mean thermal energy; this leads to a tempera
ture dependence of the magnetic moment at high tem
peratures. 

In conclusion the authors express their deep grati
tude to Professor E. I. Kondorskii for a useful discus
sion and valuable remarks. 
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