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INDIRECT EXCHANGE IN MAGNETIC
SEMICONDUCTORS.
ITII. EFFECT OF ALLOYING*
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We apply the extended s-f model to magnetic pseudobinary alloys. We cal-
culate the Curie temperature and magnetic moment in the paramagnetic
state as functions of concentration z. The calculated quantities are in good
agreement with the quantities experimentally measured for Eu;—;Gd.S,
Eu;_;Gd.Se, Re;Gd; - Al; (Re = Dy, Ho, Er, La, Lu, Y), Gd(Ali—; Mez)>
(Me = Cu, Ag, Pd, In, Sn),...

PACS numbers: 75.10.-b, 75.30.-Cr, 75.20.-En, 75.50.-y

1. Introduction

In the papers [1, 2] the extended s-f model has been succesfully used to
explain the observed direct current (d.c.) conductivity dependence on temperature
and the Curie temperature dependence on applied pressure for EuO. The model
can be, however, applied to a more wide class of materials as e.g. normal-valent or
intermediate-valent magnetic rare earth compounds and alloys. One of the most
striking properties of the extended s-f model is ”self-production” of the indirect
exchange interaction between 4f electrons even if the direct 4f-4f exchange is
absent in the model [1, 2].

In the present paper we consider an alloy whose constltuents can be described
by the extended s~f model as e.g. disordered magnetic rare earth alloys [3- 11]. We
calculate the Curie temperature and the magnetic moment in the paramagnetic
state as functions of the concentration of the alloy.
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2. Magnetic susceptibility

The Hamiltonian of the extended s-f model (cf. e.g. [2] and the papers cited
therein) has the form:

H=H;+Hs+Hs_a+ H. + Hy, (1
where
Hf—'EfEnta'l'UfEnaTnzl’ (2)
= to Z ni 14 2 t’)J J)”’ (3)
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=—u Z(n{»" + n?),). (6)
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The term H; describes the 4f electrons of the magnetic rare earth, E; is the
position of the atomic 4f level and Uy is the Coulomb repulsion. Hy describes
the conduction electrons and Hy_4 represents the s—f interaction between 4f and
conduction electrons and the hybridization responsible for the valence fluctuations.
The term H, describes the interaction of the 4f and conduction electron spins with
the external magnetic field H and g, as usually, means the chemical potential of
the system.

Using the formulae (24) and (25) from [2] (U; — o0) it is easy to find the
total susceptibility:

2
- Q)

where A is a function of the model parameters and temperature (A = A(Ey,g,V, W,
#,T), W is the bandwidth of the conduction band) and T is given by the implicite
equation of the form:

TC:f(Ej,g,‘/,W,I—l,TC) (8)

and determines the Curie temperature of our system. Equation (8) coincides with
the equation for Tc used in [2]. Both A and the equation for T¢ are very compli-
cated and cannot be presented here.

The equation for the chemical potential has the same form here as in [2]:

2A<nl>+<nf>)=1 (9)
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In Ref. [2] we have shown that our system, where no direct 4f —4f exchange
interaction is present, behaves like an effective Heisenberg ferromagnet with effec-
tive exchange integral of indirect origin. For such an effective medium it is easy to
find the magnetic susceptibility:

lﬂz
- 3 Herr
x—l—%‘l' (10)

The comparison between (10) and (7) gives the effective magnetic moment:

Hef = uBVOEKTA. (11)

Solving numerically the system (8) and (9) we can calculate (11). The result
of such a calculation is vizualized in Fig. 1, where, for simplicity, we show the
dependence of the magnetic moment at T = T¢ versus the position of the 4f
level E; for different hybridization parameters V. It is interesting to note that
the ferromagnetic area in the phase diagram of the model where Tc # 0 coincides
with the area where pe(T = Tc) # 0 (see Fig. 1 in [1]). In the paramagnetic state
pest(T > Tc) > 0.
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Fig. 1. Magnetic moment in the paramagnetic state vs. position of the 4f level E; for
different hybridization V [eV]: 1) V =0.1,2) V =0.2,3) V=03, 4) V =04
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3. Effect of alloying

The general expression for the magnetic moment (11) and the equation for
the Curie temperature (8) can easily be used to consider an alloy Regl_)wReS.,z). .
where two magnetic rare earth elements Re(!), Re(?) are magnetic, and to both
of them the Hamiltonian (1) can be applied. In this case we have to consider two
extreme regimes for the parameters of the model describing the alloy

z=0:F; = E}l),to = tgl),t,-j = tg}), W=wh g=¢0yv=vQD, (12)

z=1:E =ED o=t t;; =D, W =W, g=¢®,v=v®. (13

It is easy to see that the equation for the Curie temperature (8) and the expression
for the magnetic moment (11) should be replaced by

Tc = (1 — 2)Tc(pM, p) + 2Tc (P, p), (14)

per = unVEET((1 = 2}/ AO (W, 1) + 2/ ADGD, ), (15)

where p(1:2) means the parameter set (12) or (13). The equation which should be
used to determine the chemical potential of the alloy takes the form:

21— a)(< nf >D + < nf >SW) 4 2(< nf > 4 <nf >P)) = a+be, (16)

where < n{'d >(1.2) are the averaged occupation numbers dependent on the pa-

rameter set p(‘)(i = 1,2), a and b are the parameters determining the number of
valence electrons of the alloy

(1 = 2)a® + za® = a® 4 (a® — o)z = a + bz).

After solving the set of equations (14) and (16) we get Tc = Tc(z) and from
(15) the effective magnetic moment pesr = pes(z). The results are depicted in
Fig. 2(a), (b), where the total number of conduction electrons (rhs of (16)) has
been taken to be an increasing or decreasing function of z. The dependence of the
Curie temperature on the concentration z, presented in Fig. 2(a) is very similar
to the measured for Eu;—,Gd,.S, Eu;_Gd;Se [3-5], Re;~Gd Al (Re = Dy, Ho,
Er, La, Lu, Y) [6-10], Gd(Al;-;Mez)2 (Me = Cu, Ag, Pd, In, Sn ) [9-11]. Also
the magnetic moment as a function of z (Fig. 2(b)) behaves very similar to the
measured one in [11].
= An alternative treatment of the magnetic rare earth alloys has been dis-
cussed in [12]. The application of this formalism has been given in [13] and [14] for
Gdi-sRezAly (Re = Dy, Ho, Er) and in [8] for Re;_;Gd;Al; (Re = La, Lu, Y).
The use of the multiband s — f model in application to the magnetic properties of
Gd(Alj—zMez)2 (Me = Cu, Ag, Pd, In, Sn) has been given in [15].
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Fig. 2(a). Plot of the Curie temperature Tc vs. concentration z. The parameters

(in eV): (M) ED = —1.5, D =0, W =2,4 =03, V) =0.3;

) EP = -1, 1 = —0.5, W =2, ¢® =02, V@ =0.2.
Na=b=1,2)a=1b=-1

(b) Magnetic moment in the paramagnetic state versus concentration z. The parameters
are the same as in (a).
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