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Abstract

In this note are presented experimental data on the electrical conductivity of La- 
doped EuS. These and other data are discussed in terms of a model involving magneti-
zation-dependent impurity banding.

1. Introduction
IN this note we present some recent experimental data on the electrical conductivity of La-doped EuS. In 
order to understand these data and other measurements on similar materials we present also a theoretical 
discussion of the the electrical properties of ferromagnetic semiconductors. It will be seen that for tem-
peratures below the Curie temperature the existing ideas concerning impurity banding are valid if one 
properly takes into account the effects of the magnetization of the host lattice. In particular, the width of 
the impurity band varies rapidly with the degree of magnetic disorder and thus with magnetization. Above 
Tc , on the other hand, the electrons are considered to be in localized states and the conductivity process 
is of the sort proposed for Li-doped NiO [1].

2. Experimental
Doped samples were prepared by mixing two stoichiometric sulfides, EuS and LaS, in appropriate 

proportions, followed by sintering in a closed Ta tube at 1700^. by means of rf induction heating. The 
4-terminal method was employed to measure the resistance whenever possible. At resistances higher 
than 105D, the two terminal method was used. The resistivity data are reproducible within the experi-
mental error and no hysteresis was observed during many cycles of heating and cooling.

In Figure 1 the (resistivity/temperature) of three doped compounds of doping concentrations 1, 5 and 
10 per cent are plotted against l/7\ The following should be noted:

(1) Above the maximum in the curve the data are well represented by a straight line of the form
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The values of AE  are shown on the figure.
(2) Although the appropriate magnetic measurements have not yet been made, it is reasonably certain 

that the temperature of the maximum in the curve is associated with Tc . Thus, the Curie temperature is 
seen to first increase and then decrease with increasing doping concentrations. An analogous behavior
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FIGURE 1
Observed curves of log p/T vs. 1/T for three La-doped EuS 
compounds.



has already been noted for the EuSe system [2]. This variation of Tc is certainly indicative of a signifi-
cant indirect coupling between the excess electrons and the f-shells.

(3) The resistivity anomaly is approximately three orders of magnitude in each case. Again (see (2 )) 
it w ill be interesting to compare the shape of the anomaly with M (T ).

(4) It is to be noted that the ratio of the resistivity for the 1 per cent and the 5 per cent concentra-
tion is of the order of 104 instead of 5 as might have been anticipated. As it would be difficult to attrib-
ute this discrepancy to a variation in mobility alone, we conclude that at 1 per cent concentration the 
carrier concentration is determined by accidental compensation due to impurities, the majority of carriers 
being immobilized by electrostatic interaction (we will call this region II). Such rapid variations of 
resistivity with concentration are quite common in impurity band conduction. (One could, okcourse, 
attribute this large ratio to poor sample preparation, that is, either poor control of the sulfur content or of 
the sintering conditions; however, similar results have been found in the EuSe system [2]. We are thus 
inclined to believe it to be real.) It is presumed that the 5 and 10 per cent concentrations are such that 
free quasi-metallic conduction occurs in the impurity band at low temperatures.
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3. Discussion
As the concept of impurity banding is well known [3], it will not be necessary to go into detail here. 

Instead, only the novel features of the problem will be discussed. It has already been shown by Wolfram 
and Callaway [4] that the band width for the conduction electrons decreases rapidly (with a concomitant 
increase in the effective mass) as the magnetization of the host lattice decreases. This has two impor-
tant consequences for ferromagnetic insulators such as the Eu chalcogenides. First, consider the radius 
of the wave function of the excess electron surrounding a donor impurity in the host lattice. Now, the 
radius is inversely proportional to the effective mass of the electron. Thus as the temperature is in-
creased, with the consequent decrease in magnetization, the radius of the wave function will decrease. 
Second, as the band width continues to decrease with increasing temperature, we propose that finally in 
the neighborhood of the Curie temperature the band width becomes so small that the localized states are 
the stable ones; that is, the electrons are trapped on lattice sites.

An additional point to be considered with respect to the Eu compounds is the relatively small magni-
tude of the Weiss molecular field of the order of 5000 Tc Oe [5]. Thus in EuSe (Tc -  7°K) available mag-
netic fields can markedly affect the magnetization. In EuS (Tc ~ 16°K) the effects will be less marked.

Using these ideas, let us now discuss the conductivity as a function of temperature and concentra-
tion. Consider first the concentration region of extreme dilution. (We will refer to this as region I.) By 
this we mean that the excess electron wave functions on neighboring donors have negligible overlap. 
Under these conditions conduction below Tc can take place by two mechanisms: (1) the thermal excita-
tion of the excess electrons into the conduction band, (2) if there is compensation, one can have impurity 
hopping. In general one should expect to observe both these mechanisms in their appropriate temperature 
ranges as one does in the diamond-type semiconductors. It should be remarked that as the temperature 
increases, the activation energy for impurity hopping increases due to the decrease in the radius of the 
excess electron wave function. Above Tc we assert that the mechanism changes to a thermally activated 
diffusion from site to site. None of our samples were in Region I at I  «  Tc.

We consider two additional concentration regions: (1) Region II where the overlap is sufficiently 
large so that if there is compensation, conduction can take place in the impurity band without activation 
energy. (The number of carriers present is then determined by the degree of compensation.) (2) Region 
III where the overlap is so large that the excess electrons essentially form a degenerate gas.

In Region II the correlation energy is still a dominant term so that compensation is necessary in 
order that one may have significant electrical conductivity. Now, at the lowest temperature one can have 
an unactivated conductivity; however, as the temperature is increased, the radius of the excess electron 
wave function decreases and effectively one returns to the case of Region I. As the temperature contin-
ues to increase, the impurity hopping activation energy increases until one reaches the Curie temperature. 
At or near this temperature the localized states become the stable ones. Above this temperature the



activation energy is composed of two terms: (1) ionization energy from an impurity [6], (2) activation en-
ergy for hopping from lattice site to lattice site. This latter term is, of course, not to be confused with 
the activation energy associated with impurity conduction involving hopping from impurity to impurity.

Now, as the concentration increases and the correlation energy becomes less important, we come 
into the “ metallic”  Region III. From the discussion of the preceding paragraph, the temperature depend-
ence of this case may easily be described.

As we mentioned, we believe the 1 per cent sample we measured is in Region II at low temperature, 
the others in III. All experience the breakup of the impurity band and the transition to Region I as they 
approach Tc . In the high temperature region conduction is of the typical “ hopping”  form in all cases.

Finally, let us consider the effect of a magnetic field on the electrical properties. We have already 
remarked that the magnetic field can strongly influence the magnetization in the Eu compounds. Thus, 
the effect of an external magnetic field can be considered as equivalent to a decrease in the temperature 
of the compound. Thus, it is clear that the application of a magnetic field at the Curie temperature might 
cause order of magnitude changes in the electrical conductivity. Furthermore, since the magnetic antiso- 
tropy of the Eu compounds is small, the electrical anomaly should be essentially independent of the rela-
tive orientation of the electric current and the magnetic field. No measurements in a magnetic field have 
been reported on the EuS system; however, Suits [7] has reported on such measurements in the EuSe sys-
tem. His results appear to be in accord with this discussion.

The authors are indebted to Dr. F. L. Carter for the preparation of the samples.
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