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Itis shown that negative magnetoresistance in the hopping conduction regime with
variable hopping length can be explained by including the displacement of the
metal-insulator transition point in an external magnetic field. This explanation can
be verified by studying the dependence of the magnitude of the magnetoresistance
on the angle between the field and the crystal axes in strongly anisotropic
conductors such as deformed Ge and Si.

PACS numbers: 72.20.My

In recent years, great progress has been achieved in understanding the negative
magnetoresistance (NMR) of disordered conductors in the metallic conductivity re-
gion.™ This phenomenon is attributable to the fact that the magnetic field suppresses
quantum localization corrections in the Drude equation for the conductivity.>® Nu-
merous results of the theory have been confirmed experimentally. Experiments show,
however, that negative magnetoresistance does not disappear with the transition from
metallic conductivity to activation conductivity. This cannot be explained on the basis
of the existing theory of magnetoresistance in the hopping conduction region, which
takes into account only the appearance of an additional potential barrier for tunneling
between centers of localization in a magnetic field and leads to a positive magnetoresis-
tance.”

In this paper we demonstrate that when a magnetic field H is applied, the local-
ization length, £, which decreases the resistance (negative magnetoresistance) can in-
crease. The point is that Anderson localization is intrinsically not a single center
phenomenon and the wave function of the electron is formed as a result of its interac-
tion with different centers. The tunneling probability in this case is determined by the
localization length £, which depends not only on the barrier height but also on the
proximity to the metal-insulator transition point. For impurity concentrations » close
to the critical concentration n., the localization length satisfies

E~(n,—n[Y >>ap, (1

where v is the critical exponent of the conductivity and correlation length. Current
experimental data indicate that v=1/2,® where ay = #*/m*e*? is the Bohr radius of
the impurity in the semiconductor. It was indicated in Ref. 9 that the mobility thresh-
old n, depends on the magnetic field
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Here A is a number of the order of unity. It is natural to assume that for negative
magnetoresistance, n, in the metallic conductivity region will move into the region
with lower concentrations (4 <0). If this hypothesis is adopted, then according to (1)
§(H)—£(0)>0.

In the region of variable hopping-length hopping conductivity (VHLHC), the
specific resistance is determined by the equation

T 1/a
o
p(T)=p, exp. (T> ; T ~E (3)
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Here a can be equal to 2 or 4, depending on whether or not the Coulomb gap is
important.” If [n.(0) — n.(H)]}/n.(0) € 1, then expanding the exponent in (3) with
respect to this parameter and using (1} and (2) we obtain

2

1/2
L YA S I
p(T,0) he Po
1—-a

B=—Av .
a

As can be seen from (4), the temperature dependence of In[ p(T,H )/p(T,0)] is deter-
mined by the factor In[ p(7)/p.), which can be experimentally determined indepen-
dently, while the exponent of the magnetic field is a universal quantity and less than 2
(apparently, 1/2v=1). We note that (4} is valid in the VHLHC region independently of
the magnitude of a, on which the coefficient B depends. A similar H and T depen-
dence of the magnetoresistance was observed experimentally.'

Measurements of the dependence of the negative magnetoresistance in the
VHLHC region on the orientation of H could be an important check of the theory, If
the carrier spectrum is strongly anisotropic (for example, in deformed #-Ge), then the
shift in the threshold depends on the angles between the direction of A and the axes of
the ellipsoid of the diffusion coefficients D;;. Indeed, if in the region of metallic con-
ductivity Dy and D, (D,, = D} differ considerably, then we can perform the transfor-
mation of coordinates given by z' =z(D, /D,)"? and (x', ') = (x, y\D, /D, )'’®, so that
in the coordinates (x',y’,z') diffusion becomes isotropic with diffusion constant
D, = (D;D?)'". The magnetic field H in this case transforms into H’ = HD,/D,,
where D, = [D, /D, cos’ 6 + D, sin* §)]"/? and 6 is the angle between H and the z
axis (see Ref. 3). The isotropic problem contains a displacement threshold and its shift
in a magnetic field is determined by expression (2) replacing H by H', i.e., the displace-
ment of the threshold depends on the angle 8. In the VHLHC region, this leads to the
following dependence of In] p(T,H )/p(T,0)] on 6&:
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In[p (T.IM)/p(T,O)] In [p(T,H,o;-/p(T,OJJ
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The quantities D) and D, (5) correspond to the metallic region in the vicinity of the
metal-insulator transition. D, /D, apparently varies little in the critical region, so that
this ratio can be determined from measurements of the magnetoresistance in the me-
tallic-conductivity region (see Refs. 3 and 11).

Just as for magnetoresistance in the metallic region,? the magnitude of the effect
discussed here depends on the time 7, over which the electron makes a transition into
a quantum state that is incoherent with respect to the initial state. In the VHLHC
region, this time is equal to the expectation time for a hop: 7, ~exp(To/T)"*. In
addition to incoherent hops over a large distance, the electron has time to perform A
coherent hops to the closest lying centers. The probability for one such transition is
w~exp| — 1/&n''3], while the average number of hops can be determined from the
condition 7,w*’~1, from which (k)~(T/T)"“én'"®. Part of the trajectories
formed by coherent hops returns to the initial center, which causes interference of
waves that wander along different trajectories. This interference participates, together
with the Coulomb field, in the formation of the localization length £. A magnetic field
strongly affects this interference if the magnetic flux through a typical closed trajec-
tory is comparable to the quantum flux @, = 27fic/2e:
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It is important to note that negative magnetoresistance should be expected in the
VHLHC region when wr, > 1, but not in the region of €, conductivity when wr, ~ 1.
If condition (6) is not satisfied in the VHLHC region, then negative magnetoresistance
is described by the equation

(7)
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Positive magnetoresistance, which plays the same role in this problem as the classical

magnetoresistance in the metallic region, is the determining factor in the high-field
3 7,12
region.”

Po

The effect of spin-orbit interaction, the complex structure of the valence band,
and intervalley relaxation on the negative magnetoresistance in the VHLHC region
will be examined in another paper.
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