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The effect of bound magnetic polarons on the hopping conductivity is analyzed.
Fluctuation jumps (without a phonon, caused by magnetization fluctuation which
equalizes the energy levels of the free and occupied donors) are more likely to
occur than phonon jumps (in which the phonon is absorbed at equilibrium
magnetization). The activation energy depends nonmonotonically on the
temperature and magnetic field and may even change sign.

In semimagnetic semiconductors, e.g., in a solid solution Hg, ,Mn, Te or
Cd, ,Mn,_Te (see the reviews by Brandt and Moshchalkov' and Lyapilin and Tsidil’-
kovskii?) an electron bound on a donor (or a hole bound on an acceptor) polarizes the
Mn spins at a distance of ~a (Bohr radius), forming a bound magnetic polaron
(magnetic polarons are discussed in Refs. 3-5).
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The magnetic contribution to the binding energy of an electron is usually relative-
ly small, but it may be considerably larger than the temperature T. In this letter we
consider such a situation.

The distinguishing features of a bound magnetic polaron is a semimagnetic semi-
conductor are (1) its ability to ignore (at x=20.1 and 751 K) the direct interaction
between the Mn spins and (2) a large number of Mn atoms which effectively interact
with electrons (Na®~ 10'-10? for x ~0.1, where N is the Mn concentration).

The effect of a bound magnetic polaron on the hopping conductivity of a magnet-
ic semiconductor was studied by Kasuya and Yanase® (see also Refs. 6 and 7). In
hopping from one site, around which it manages to polarize the spins (and hence
lower its energy by the amount E), to another site where the spins are not polarized,
the electron absorbs a phonon with an energy E. In the case of a mechanism of this
sort, the magnetic contribution €, to the activation energy of the hopping conductivity
is E. We will show that there is another mechanism which accounts for a considerably
smaller €; and we will analyze this mechanism in application to semimagnetic semi-
conductors.

Let us consider two donors, one of which (/) has an electron and the other ()
does not. The distance between them is »;;>a. Near each donor there are Mn atoms
with a spin s = 5/2. For brevity, we call them i/ spins and j spins, respectively. The
entire system, which is placed in a magnetic field H (directed along the z axis),
interacts with the heat sink (phonons). The large parameter Na*s>1 allows only the z
components of the spins to be taken into account and allows the continuous variables
to be introduced: the local spin density N (r) and the local projection m(r) = (s°)/s.
The electron energy shift in the / donor in the first order in the exchange interaction
can then be written

Ei{m;} = —[dtN@®I@m,), ()

and the free energy of the system is F,"{m,} + F /2{m,}, where F ¥ =F ¥ + E,,
and

F;.(o) = [dINfr){~ Jym(x) — TS(m,(¥)) - Fo} . (2)

Here ¢, is a random shift of the level of a nonmagnetic nature, J(r) = (s/2) J [¢(r)|?,
J is the exchange interaction constant, 1 is the unperturbed wave function of an
electron, J; = su,gH, S(m) is the local entropy (per spin), and F, is chosen in such a
way that F (=0, The superscript (1) means that the given donor is occupied and the
superscript (0) means that it is not occupied. The superior bar denotes equilibrium
value.

Because of the interaction with the heat sink, the spin system is characterized by a
finite longitudinal relaxation time, 7,,. We assume 7, €7,,,—the lifetime of the elec-
tron on the donor. The / spins will then have time to reach an equilibrium correspond-
ing to F " and the j spins will have time to reach an equilibrium corresponding to
F j‘o) (=0). The equilibrium 7, ; (r) can be expressed in terms of the Brillouin func-
tion B,

ma) =m Y = B U+ IOT], T)= mO=BJ,/T) 3
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E{V and E [ are found by substituting (3) into (1), and the free equilibrium energy

is
25+ 1 J+J
a2t 10 1 Iy
\ 28 T 2s T

F{Y = ¢~ T [diN(@)In . (4)
@ /1 JH+J(r))sh<2s+l Jﬂ>
2s T 3 T
7

If the electron executes a jump i—j when the i and j spins are in an equilibrium
configuration, it will absorb (emit) a phonon with an energy A E @ _EWM, If
A, >0, the probability for such a process (we call it a phonon _]ump) is P
«exp( — A,;/T). However, m; (r) and m;, (r) may fluctuate and E;{m,} — E{m;}
may decrease. The jump frequency is proportional to the product of the fluctuation
probability and the probability for the absorption (emission) of a phonon, so that
within exponential error P;; cexp( — A,;/T), where

Ay = min {(F {m} +F( (m} + || E;{m,} ~ E{m}ll} W (5)

mm]

where ||x|] = x for x>0 and ||x|| = 0 for x <0. Minimization leads to the following
physical picture. 1) If E ("> E (”, we have a phonon jump [in which a phonon is
emitted; Fig. 1(a)]. ThlS is a nonactivating process: A,; = 0. 2) if E{” <E[® but
E @ > E ", this process will occur with fluctuations and without a phonon The maxi-
mum fluctuation corresponds to E;{m,} = E; {mj }, and the electron undergoes a reso-
nant tunneling [Fig. 1(b)]. We call these jumps fluctuation jumps. 3) If £ (¥ <E (",
we will have a mixed fluctuation-phonon jump [Fig. 1(c)]. In this case we have
A =FL _F
(3 J i

Cases 1) and 3) are characteristic for a situation in which E; is determined
primarily by the nonmagnetic component ¢;. Let us consider the opposite situation, a
more interesting one, in which the magnetic-polaron shift is greater than the spread of
levels, W

IE‘"i(l), E-'i(o)l > ‘Fi(l)— “E}(})‘ ~W (6)

FIG. 1. Energy scheme of the i—j
transition. Dashed line—Fluctu-
ation; solid line—relaxation; wavy
line—electron tunneling with ab-
sorption (emission) of a phonon or
without it.
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Fluctuation jumps are typical in this case, and in a homogeneous approximation (i.e.,
one in which we set N, (r) = N, (r) = N and ¢; = €; = 0 and omit the subscripts / and
j) we can easily derive the following expression from (5):

A= 2F (V2 FQ) (7)

where F /2 differs from F ' because of the substitution J(r)—4J(r).

We assume that there is no external field (Jy = 0). At a high temperature
(J=J/a*<T) we then find from (7) an unusual temperature dependence for the
hopping resistivity p:

1 ~ i
p = exg{S—C(Na:”)(J/T)z} , (3)
12s

where C depends on ¢. The activation energy is only one-fourth of the activation
energy of phonon hops: A = — F/2 = — EW/4 ='A/4. This ratio also holds for a
strong lattice polaron effect (see Ref. 6), although the susceptibility y «< 77! in the
magnetic case, so that the temperature dependence is different from that in the lattice
effect.

At a low temperature (7 <J) we have A/T = In(2s + 1)Na@®, where a2 a is the
size of the region in which the spins are polarized. The quantity A/7T is essentially
independent of T for obvious reasons: At T <J all i spins are compressed by a strong
exchange field and cannot fluctuate. In contrast, the j spins, unaffected by the field,
fluctuate freely, so that at T<J all the fluctuation is concentrated on the j spins and its
probability is determined by the entropy and does not depend on 7. For phonon jumps
we have A/T = Na’J /T>A/T. The T independence of A/T is valid only in a homo-
geneous approximation. The random inhomogeneity of F ("’ must be taken into ac-
count in order to obtain the correct temperature dependence of p at T<J. Assuming,
in accordance with (6), that [F "V —F (V|¢|F”| and carrying out standard calcula-
tions (see Ref. 8), at 7<J we find

p < exp{In(2s+1)Na> + EW/T}, (9)

where £~1 depends on the degree of cancellation. The quantity W consists of two
components: a magnetic component (W,, ), which is associated with the fluctuations
of the number of spins along the Bohr radius, and a nonmagnetic component
(W,~|€;|), which is associated with the fluctuations of the composition and random
fields of the charged impurities. For Na’>1 the magnetic fluctuations are Gaussian, so
that W,, ~ (Na®) ~V2|F V| ~ (Na®)""*J. If W,,> W, then W= W,, and £ can be cal-
culated explicitly.

Let us consider the magnetoresistance. It is clear that at J, > 7 both the 7/ spins
and the j spins are equally ordered and the magnetic polaron effect is suppressed. In
this case p « exp(EW /T), irrespective of the relationship between J and 7. In the case
of weak fields ( Jy «T), there are two possibilities: If J; and J<T, the effect of the
field is slight, and the J,;-dependent correction to A/T is on the order of Na*J,J*/T*.
If, on the other hand, J H<T<7, the activation energy

€& = EW - Na*J,
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FIG. 2. Temperature dependence of
the resistivity in the hopping region.
1—Phonon jumps ( J, =0); fluc-

\
7 tuation jumps: 2—J, =0; 3, 4,
5Ty <t 6Ty ~T; 1—Jy>T.
[ ]
5-1
¥ T_’

will decrease markedly with increasing field (Fig. 2) and may even become negative if
W /N&@® <Jy. If Wy, > W,, this situation will occur when J(Ne®) V2 <Jy < T<J.
The magnetoresistance found by us is negative, while the typical positive contribution
is ignored (see Ref. 8). This contribution, however, does not depend on T, i.e., it does
not change the activation energy.

The hopping conductivity in semimagnetic semiconductors was observed in Refs.
7, 9, and 10. It was found that the behavior of €;(7T) is nonmonotonic® and that the
negative magnetoresistance depends on 7. In a separate paper we will carry out a
detailed comparison with experiment and determine the origin of the maximum of the
magnetoresistance”'? in small fields.

I wish to thank S. I. Gubarev and M. E. Raikh for a discussion of the physics of
semimagnetic semiconductors.
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