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A systematic detailed analysis of the temperature dependence of the magnetoresistance in the 
regime of variable-range hopping (VRH) conduction is performed for the first time on 
the basis of experimental data obtained for samples of doped CdTe crystals with different degrees 
of proximity to the metal-insulator transition over a broad range of magnetic fields, 
including regions with both negative and positive magnetoresistance. The analysis of both the 
position Hmh of the minimum of the resistivity p(H) and of p(Hmh) points to a decrease 
in the contribution of the negative magnetoresistance with decreasing temperature for samples 
which are not excessively close to the metal-insulator transition. A model which makes 
it possible to attribute such behavior to suppression of the negative magnetoresistance in the 
transition to conduction via states in the Coulomb gap is proposed, based on existing theoretical 
models of magnetoresistance in the VRH regime, which consider both the interference of 
different tunneling paths involving intermediate scattering centers and the deformation of the wave 
functions of the VRH sites. Various models of scattering centers are considered; the best 
agreement with experiment is achieved under the assumption that the main contribution is made 
by scatterers with energies in the effective VRH energy band. The results obtained are 
compared with the conclusions of previous theoretical and experimental investigations. 

1. INTRODUCTION 

Recently there has been heightened interest on the part 
of theoreticians and experimentalists in the problem of the 
magnetoresistance of unordered semiconductors in the re- 
gion with variable-range hopping (VRH) conduction. This 
has been due, on the one hand, to the complexity and diver- 
sity of the corresponding physical picture, which is associ- 
ated in different situations, particularly at different values of 
the magnetic field H ,  with different phenomena: quantum 
interference of the wave functions, which appears when the 
scattering of the tunneling carrier on intermediate sites is 
taken into account,' deformation of the wave functions of the 
impurity centers by a magnetic field (with or without 
scattering),' narrowing of the impurity band in a magnetic 
field? and spin effects.' According to theoretical predictions, 
negative magnetoresistance should generally be observed in 
weak fields, and positive magnetoresistance should be ob- 
served in strong fields. Experimentally, both negative and 
positive magnetoresistance were observed in the VRH re- 
gime. In samples close to the metal-insulator transition [par- 
ticularly in CdSe (Ref. 3) and in CdTe (Ref. 4)], negative 
magnetoresistance was always observed, but this cannot be 
said for materials far from this transition. In particular, it was 
found that the possibility of observing negative magnetore- 
sistance in Ge depends on the degree of ~om~ensa t ion .~  

On the other hand, when magnetoresistance data are cor- 
rectly interpreted, they can permit the determination of nu- 
merous parameters that characterize a given doped semicon- 
ductor and its proximity to the metal-insulator transition, 
such as the localization radius of impurity centers a, the 
density of states at the Fermi level EF, and the dielectric 
constant K. This is possible, if the behavior of the density of 

states g(e) near the Fermi level, which determines the tem- 
perature dependence of the resistivity p(T) in a given tem- 
perature range when H=O is known. If g(e)=const holds, 
we have 

If characteristic hopping occurs in the region of the Coulomb 
gap, g(e)=g,e2, then 

Here Po and PI are numerical coefficients. In the preceding 
study6 we investigated plots of p(T) for doped CdTe(C1) 
crystals with electron density n - 1017 cm-3 and different de- 
grees of compensation K in the 0.4-4.2 K temperature 
range. It was shown that samples which are far from the 
metal-insulator transition exhibit crossover from law (1) to 
law (2) as the temperature is lowered. Samples which are 
very close to the metal-insulator transition exhibit only law 
(I), if the temperature dependence of the pre-exponential 
factor is included. This can be understood, if we take into 
account that, as the transition is approached, the Coulomb 
gap width decreases and, thus, law (2) is observed only at 
very low temperatures. It was shown that the parameters a 
and K display appreciable divergence as the metal-insulator 
transition is approached. 

In the present work the temperature dependence of the 
VRH conductivity was investigated in the 0.4-4 K tempera- 
ture range on the same samples at various values of the mag- 
netic field H=0-6 T. A model which explains the observed 
behavior was constructed on the basis of the existing theo- 
retical ideas. 

1142 JETP 80 (6), June 1995 1063-7761/95/061142-09$10.00 63 1995 American Institute of Physics 1142 



TABLE I. Principal parameters of the 
samples. 

Here n300 is the electron density at 300 
K found from Hall measurements: a is 
the localization radius found from the 
temperature dependence of the resistance 
based on Eq. ( I  ), and a'  is the localiza- 
tion radius found by analyzing the qua- 
dratic dependence of the positive magne- 
toresistance using Eqs. ( 1  3) and (1 4). 

2. EXPERIMENT 

The parameters of the samples evaluated from the plots 
of p(T) at H = 0 (see Ref. 6) are presented in Table I. The 
value of n300 (the electrons density at 300 K) is close to the 
critical density for the metal-insulator transition in uncom- 
pensated CdTe: nc= 1.5X 1017 ~ m - ~ .  The total donor concen- 
tration evaluated from Hall measurements was equal to 
2X 1017-5~ 1017 ~ m - ~ > n , ,  and the samples were on the in- 
sulator side of the transition owing to compensation. 

Figures la, lb, and lc present plots of p(H) for three 
samples at different temperatures. For T> 1 K sample 3 dis- 
plays only negative magnetoresistance over the entire range 
of magnetic fields. The other two samples display a transition 
from negative to positive magnetoresistance as H increases 
at the same temperatures. The value of the negative magne- 
toresistance at the value of H corresponding to the minimum 
of p(H)lp(O) at first increases slowly as the temperature de- 
creases to 1 K and then decreases rapidly for all the samples. 
The position of Hmi, for all the samples shifts toward weaker 
magnetic fields as the temperature decreases from 3 to 0.4 K, 

the value of Hmh for sample 1 being equal to 0.4 T at 
T=0.43 K (see the insert in Fig. la). It may thus be con- 
cluded that the negative magnetoresistance vanishes (shifts 
toward weaker magnetic fields and decreases in magnitude) 
as the temperature is lowered. This disappearance of the 
negative magnetoresistance is most pronounced for the most 
strongly compensated sample (sample 1). At high tempera- 
tures a section for which the dependence of p(H) is quadratic 
is observed at very weak magnetic fields and is replaced by a 
linear law as H increases (see the insert in Fig. lb). How- 
ever, at lower temperatures all the samples display negative 
magnetoresistance with linear behavior. 

We now move on to the results for the region of higher 
magnetic fields. Plots of ln(p(H)lp(O)) versus H~ for sample 
2 at various temperatures are shown in Fig. 2. It is seen that 
there is a clearly expressed section with a quadratic depen- 
dence of the positive magnetoresistance at 2T<H<4 T, 
which shifts somewhat toward weaker magnetic fields as the 
temperature is lowered. For H>3-4 T the section with a 
quadratic dependence of the positive magnetoresistance is 
replaced by a section with positive magnetoresistance which 
is weakly dependent on H: at first the dependence is almost 
linear (see Fig. l), and then the magnetoresistance is propor- 
tional to H ~ ~ .  For H > 4  T sample 3 displays a plateau as H 
varies at T=0.43- 1 K (Fig. lc). At higher temperatures this 
sample exhibits negative magnetoresistance over the entire 
range of magnetic fields, a second minimum of the negative 
magnetoresistance being observed for H>4-5 T. 

3. THEORY 

Here we focus our attention on the range of weak mag- 
netic fields, where negative magnetoresistance and a transi- 
tion to a quadratic dependence of the positive magnetoresis- 
tance are observed. As was first shown by Shklovskii and 
spivak,' the negative magnetoresistance observed under the 
VRH regime at weak fields is caused by the interference 

FIG. 1. Magnetoresistance of three samples of CdTe(Cl), whose parameters are indicated in Table I, for various temperatures: a) sample I; b) sample 2; c) 
sample 3. The numbers of the curves correspond to 0.43 K ( I ) ,  0.6 K ( 2). 0.8 K ( 3). 1.3 K ( 4). 1.6 K ( 5), 3 K ( 6). The sections with a transition from 
negative to positive magnetoresistance for low temperatures are shown in detail in insert a .  The initial sections of the negative magnetoresistance, where its 
quadratic character is displayed, are shown in detail in insert b. 
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FIG. 2. Dependence of the resistivity of sample 
2 on H' at 0.43 K ( I ) ,  0.6 K (2), 0.8 K (3), 1.6 
K ( 4). 

among the contributions to the hopping probability from dif- 
ferent electron tunneling trajectories which include scattering 
events on intermediate impurities (see, for example, the re- 
view in Ref. 1). The fact is that the logarithms of the hopping 
probabilities, rather than the probabilities themselves, are av- 
eraged in the VRH regime, so that the configurations in 
which the contributions J, and J2 of individual trajectories 
to the hopping probability amplitude compensate one another 
(due to the singularity of l n l ~ ,  + ~~1 when J1 + J2= 0 holds) 
are anomalously emphasized in the averaging over the impu- 
rity positions. Since in the absence of a magnetic field the 
probability amplitudes Ji are real, the application of a field 
[which results in the appearance of the phase factors exp(icp), 
with (p=27&l@o, where @ is the magnetic flux through the 
corresponding contour and @o=.lrcfile is the quantum of 
flux] eliminates this compensation and thus increases the 
hopping probability and, accordingly, the conductivity. 

Since numerical simulation methods were used for the 
most part in Ref. 1, there was no detailed analysis of the 
temperature-dependent behavior of the negative magnetore- 
sistance (although it was pointed out, in particular, that the 
negative magnetoresistance for Mott conduction and conduc- 
tion via states in the Coulomb gap can have different char- 
acters). We note that the corresponding temperature depen- 
dence was discussed in Refs. 7 and 8, but under some 
additional assumptions (we shall briefly discuss them later 
on), which, in our opinion, do not correspond to the situation 
in our experiment. 

Therefore, a comparison of our experimental results with 
theory requires additional analysis, which we performed us- 
ing the approach developed in Ref. 1. Let us consider the 
contribution of pairs of paths 1 and 2 joining sites 1 and 2, 

one of which includes scattering events on intermediate site 
3, to the negative magnetoresistance: 

Xln 

(We took into account that e l  must be greater than e2 for J2 
to be negative.) Here the angle brackets denote averaging 
over the energy of the first site e l  ; r2 and e2 are the coordi- 
nate and energy of the intermediate site; J= J1 + J2, where 
J2= J2(e3 ,r3). The parameter A takes into account the fact 
that the scattering center 3 (which is closer to site 1 than site 
2) cannot have an energy very close to el .  Otherwise, the 
"resistor" corresponding to successive 1 -+3 and 3 4 2  hops 
would significantly shunt the contribution, which we are con- 
sidering, of 1+2 hopping modified by scattering on site 3. 
According to Ref. 1, the condition r + r32 < r + a (where 
r=r12  is the hopping distance) must hold in the situation 
under consideration. Hence we obtain the estimate 
A>W(rulr), where W is the characteristic energy band for 
VRH. 

In analogy to Ref. 1, integration over r3 gives the vol- 
ume of the region in which the scatterer must be found for a 
given p(e3) in order that the condition 1~~ 1 = 1 J 1 could hold: 

where p is the absolute value of the scattering amplitude and 
I(p)-r(pa)"2~l@o. 
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FIG. 3. Temperature dependences of B - 2  

corresponding to expressions (13) (a) and 
(14) (b). The numbers of the curves corre- 
spond to the numbers of the samples in 
Table I. 

We note that the "three-site" approximation which we 5812 

used presupposes the inequality (9) 

which corresponds to the so-called "constant-sign" regime. 
For p we use the expression 

Here we have &=const, and /3 depends on the state of the 
site: p= 1 holds for a free donor, while the values /3= 1 and 
/3=3 are possible for an occupied site.' In (6) we noted that, 
on the basis of physical arguments, the result of the integra- 
tion over r3 in (3) cannot exceed the effective volume corre- 
sponding to the value p-r, and we introduced the cut-off 
parameter S, which corresponds to the requirement p<r ,  
into (6): 

Note that an approximate expression for the parameter A 
introduced above can be written by using the requirement 
r 3 2 4 p  in (6) in the form ~ - ( ~ 8 8 ( r ) ) ' l ( ~ + ' ) .  

Other restrictions on p are possible. For example, for 
neutral sites the quantity ro= e 2 / ~ ( c 1  - E ~ ) ,  which character- 
izes the distribution of the charge in a scattering event, must 
not exceed the characteristic spatial scales (see, for example, 
Ref. 1). The distance to the nearest charged impurity Ni3 
should be regarded as such a scale. As a result, we obtain the 
estimate 

where a. is the localization radius for an isolated site. 
Taking into account the different types of scattering by 

free (f) and occupied (0) sites we write (4) in the form 

Here we have noted that states located below the Fermi level 
are occupied for the most part. With consideration of (6), we 
have the following estimates for the integrals in (9): 

As we know,%e positive magnetoresistance, which is 
associated with deformation of the wave functions of the 
sites in the magnetic field, begins to dominate in stronger 
magnetic fields. For VRH conduction in weak magnetic 
fields such that In(p(H)lp(O))< 1 holds, the dependence of the 
positive magnetoresistance on the magnetic field is described 
by the expression1 

where 

is a parameter, which depends on the temperature, the local- 
ization radius, and the conduction mechanism [law (1) or 
(211: 

Expression (13) corresponds to Mott's law, Co=0.0025, and 
a=400, while expression (14) corresponds to conduction via 
states in the Coulomb gap, and two values are presented for 
C , : 0.00 15 (a-700) and 0.0035 (a-300) (see Fig. 3). 
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To compare the negative and positive magnetoresistance, 
it is convenient to express the negative magnetoresistance (9) 
in the form 

where B is specified by expressions (11) and (12), 

k= kf+ k,, 

Note that the value of B is equal to the critical magnetic 
field for the negative magnetoresistance in the "variable- 
sign" regime1 to within the numerical factor (a2112)"~: 
~ , - @ ~ l r ~ / ~ a " ~ .  Summing the two contributions we have 

whence we at once obtain 

To analyze the temperature dependence of the magnetoresis- 
tance we note that 

kforg(~)(max(Sf,&@)-512min(~,mf)r-112, 

The function S(T) must be specified for further analysis. For 
free sites we assumed that Sf is determined by the require- 
ment P<r, i.e., relation (7) holds. Hence we have Sp r - ' .  
In such a case for kf we have 

W< wc: k p  ~ ~ ~ ~ r ~ ~ ~ a  T~~~ (af<W), 

(here Wc is the Coulomb gap width; we took into account 
that in the corresponding regime ~ ~ r - ' a  TIt2 holds), 

w>wc: kpw-3/4~-3/4r-l12a~-1/4 
(Sf<W), 

Under the same assumption regarding the nature of 4, for 
P=3 we have Soar- "3, and for ko we obtain 

W> Wc : k0aw-  1318r918a T - ~ ~ ~  (So<w), 

If it is assumed that 4 is controlled by the requirement 
ro<Ni  "3 and, thus, l$, = const, we have 

W> WC : komr-112a~118, 

We note that if the value of p in (6) for occupied sites is 
equal to unity, as it is for free sites, we have [under assump- 
tion (7)] 

(i.e., just as for free sites). However, when 4 is not exces- 
sively small, the competition between the increase in the 
denominator in the corresponding integrand in (9) when E 

increases (which corresponds to the "singular" contribution 
discussed above) and the increase in g(&)ac2 is significant, 
and the contribution of the energies &>We can become sig- 
nificant as a result. It is not difficult to see that the corre- 
sponding contribution can be neglected only if 

Accordingly, for large So we have 

The estimates obtained are summarized in Table 11. 
It is not difficult to see that expression (16) for the pa- 

rameter k incorporating of is distinguished from expression 
(5) for the parameter y, which characterizes the "sign re- 
gime" (see Ref. I), by the factor (a112/?r)(p/r)1" (in the inte- 
grand), which, under assumption (7), leads to the relation 
kly-a112/~-7. Thus, the temperature dependence of k at- 
tests to a corresponding dependence of y and, thus, can cause 
a "sign transition" as the temperature varies. In particular, 
according to (20), under the Coulomb gap regime a transition 
from the "variable-sign" regime to the "constant-sign" re- 
gime can be expected as the temperature is lowered. Such a 
possibility was pointed out in Ref. 1. 

Let us now compare the estimates presented with the 
calculations performed in Refs. 7 and 8. 

The calculations in Ref. 7 were performed under the 
assumption that the energy of the intermediate site e2 must 
be outside of the band of energies W of the sites mediating 
hopping transfer. In addition, the pre-exponential depen- 
dence of the probability amplitude J2 on the coordinate of 
scattering center 3 was not taken into account. In our opin- 
ion, this restriction on the value of E~ is excessively rigid. 
The calculations presented above reflect the fact that the per- 
missible closeness of the energies of sites 1 and 3 depends on 
the relationship between the distances r and r13, i.e., on 
the coordinate of site 3. 

The possible role of imaginary additions to the energies 
of the sites, which are caused by the finite nature of the 
lifetimes r of the corresponding states and result in a nonzero 
"phase shift" even in the absence of a magnetic field, was 
analyzed in Ref. 8. It was shown, in particular, that this fac- 
tor can result in the replacement of a linear dependence of 
the negative magnetoresistance by a quadratic dependence 
and even in a change in the sign (to a positive sign). How- 
ever, as can be seen from the calculations in Ref. 8, this 
behavior should be displayed, if the phase shift of the type 
indicated ~ ~ / T ( E , - E ~ )  exceeds the shift cp caused by the 
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TABLE 11. Behavior of k for various hypotheses regarding the nature of the scattering centers. 

- 

magnetic field. Since the values of 517 are smaller than the 
characteristic energies of the problem even for sites which 
whose energy is far from E,, ordinary negative 
magnetoresistance' should be observed, in our opinion, for 
values of cp that are not too small. However, the mechanism 
in Ref. 8 can mediate the transition to a quadratic depen- 
dence of the negative magnetoresistance as H+O and can 
thus compete with the mechanism proposed in Ref. 1. 

Free sites 
Occupied sites 

p = 3  
p = 3, 6  = const 

p =  1, 

4. DISCUSSION OF RESULTS 

Utilizing the theoretical arguments above, we first of all 
analyze the region of negative magnetoresistance and the 
transition to positive magnetoresistance with a quadratic de- 
pendence, particularly the temperature dependence of the fol- 
lowing parameters: Hmh, 1n(p(Hmh)lp(O)), and dpldH. The 
corresponding plots are presented in Figs. 4a, 4b, and 4c. 

6 < W < W c  
cc T1I2 

ci T-318 

ci T5I4 
a T i / 2  

Before proceeding to a more detailed analysis of these 
plots, we note that the theoretical predictions obtained under 
different assumptions regarding the nature of the scattering 
exhibit some common features. More specifically, a decrease 
in the value of k with decreasing temperature is generally 
displayed in the Coulomb gap regime, while a decrease in k 
with increasing temperature is observed in the Mott conduc- 
tion regime (one exception is the case of occupied sites with 
P=3; however, even for them the transition to the Coulomb 
gap regime with decreasing T is associated with weakening 
of the increase in k). Accordingly, it may be expected that the 
transition from VRH conduction of the Mott type to VRH 
conduction via states in the Coulomb gap should be accom- 
panied by a change in the character of the temperature de- 
pendence of the negative magnetoresistance from an increase 

FIG. 4. Temperature dependence of several parameters determined from the magnetoresistance curves: a) Urnin-kB; b) ~ n ( ~ ( ~ ) l ~ ( ~ ) ) ~ ~ - k ~ ;  c) Ap(H)I 
Hp(0)-klB. The theoretical predictions for various limiting cases are represented by dashed lines. 
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a T I / "  

~ ~ - 5 / 8  

x T I / *  

a T-112 

a T1I4 
K T ' / ~  

W < 6 < W c ' M r c < W < 6 C l / c , b < W  
ci T1I4 

, T - 5 / 1 2  

ci T I / "  
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in the negative magnetoresistance with decreasing tempera- 
ture to a decrease. 

As we see, the experimental curves for samples 1 and 2 
[whose temperature dependence of p(T) exhibits a transition 
from conduction of the Mott type to conduction via states in 
the Coulomb gap6 at T= 1 K] do, in fact, reveal a significant 
change in the temperature dependence at temperatures on the 
order of the temperature for this crossover, which is in quali- 
tative agreement with the predictions of the theory. We pro- 
ceed to a more detailed discussion. 

According to Fig. 4a, an abrupt change in the tempera- 
ture dependence of H,,(T) is observed for samples 1 and 2 
as the temperature is lowered. In the low-temperature range 
T< 1 K in these samples Hmi,(T) is close to a T5I4 law. Such 
behavior is consistent with (18), if expression (20) is used for 
k, i.e., under the assumption that we are dealing with VRH 
conduction via states in the Coulomb gap and free sites pre- 
dominate in the scattering. In fact, in this case we have 
Hm*akfBa T ~ ' ~ T ' / ~ =  T5I4. This same law is also expected 
for scattering on occupied sites under assumptions (24). 

At high temperatures these samples exhibit a consider- 
ably weaker increase in H,, with increasing temperature, 
which approximates a TV8 law. It is not difficult to see that in 
general the theory predicts an even sharper change in the 
temperature dependence ( H , ~ =  T - ~ ~ ~ T ~ ~ ~ =  T - ~ )  for scatter- 
ing on free sites in the corresponding temperature range 
(Wc ,S)<W. The observed behavior is described well by the 
expression for occupied sites with P=l and Wc< W <  S 
( H m i p T - 1 1 4 ~ 3 / 8 =  T1l8). However, when this relationship 
exists between the parameters, an appreciable manifestation 
of the contribution of the states with E-WC to the scattering 
[see Eq. (25)], which decreases slowly with decreasing tem- 
perature, would be expected for the occupied sites (this is not 
consistent with the data for the low-temperature region). 

As for sample 3, at sufficiently high temperature it does 
not display any pronounced minimum of the resistivity, 
which is nearly saturated in sufficiently strong fields. In our 
opinion, this may be evidence either of the "variable-sign" 
regime or, in any case, of the closeness of the samples to the 
"sign transition."' When the temperature is lowered, how- 
ever, positive magnetoresistance and, accordingly, a mini- 
mum of p(H), whose position shifts slowly with decreasing 
temperature, begin to appear. As we saw above, the latter is 
characteristic of Mott conduction. 

Let us now turn to the value of the resistance at the 
minimum (Fig. 4),  which can be expressed directly in terms 
of k [see Eq. ( I S ) ]  and, thus, characterizes the magnitude of 
the negative magnetoresistance. At high temperatures 
samples 1 and 2 display an increase in the negative magne- 
toresistance with decreasing temperature, as the theory pre- 
dicts for the region corresponding to Mott's law. However, 
the observed behavior is close to a T-ll2 law, while the 
theory for both free and occupied ( P = l )  sites presents a 
more rapid increase in the negative magnetoresistance with 
decreasing T M T - ~ ' ~  for the highest temperature range 
(Wc ,S)<W. As in the case of Hmin in the corresponding 
temperature range, optimal agreement is achieved here for 
the occupied sites in the range Wc< W <  6; however, prob- 

lems arise here in attempting to quantitatively explain the 
behavior in the low-temperature region. 

At T< 1 K both samples display a considerable decrease 
in the negative magnetoresistance as T is lowered. This, in 
turn, is consistent with the theoretical prediction [see Eq. 
(20) and (24)] for the Coulomb gap regime in the case of 
scattering on free and occupied sites (P= 1 ) ,  k2a T .  

Sample 3 does not display noticeable suppression of the 
negative magnetoresistance as the temperature is lowered, in 
agreement with the data on the temperature dependence of 
the conductivity in Ref. 6, where only Mott conduction was 
observed over the entire temperature range. The value of the 
negative magnetoresistance at the minimum scarcely varies 
over the entire temperature range where the minimum is ob- 
served. In general, this is not consistent with the predictions 
of the model under consideration under the assumptions that 
we previously used. In our opinion, this may be due to the 
closeness of H,, to H,, which precludes the use of the lin- 
ear approximation for the negative magnetoresistance. 

An analysis of the plots of the temperature dependence 
of the slopes of the linear segments of the negative magne- 
toresistance reveals that for T>0.8 K all the samples obey a 
nearly T - ' . ~  to T- ' .~  law. Since dp(H)ldH= klB (15), this 
law is somewhat weaker than that predicted by evaluations 
for Mott's law in the range corresponding to the last column 
in Table I1 (ET-I).  Note that samples 1 and 2 exhibit appre- 
ciable weakening of this dependence at temperatures below 
0.8 K, in agreement with the picture of the transition to the 
regime with conduction via states in the Coulomb gap [see 
Eq. (20)l: ~ ~ B ~ T " ~ T - ~ / ~ = T - ~ ~ ~ .  Thus, the plots of the 
temperature dependence of the slopes of the linear segments 
of the negative magnetoresistance also attest to a decrease in 
the latter in the regime with conduction via states in the 
Coulomb gap. However, in our opinion, the behavior of 
p(H,J is more informative in this respect. 

We note that the slight quantitative disparities between 
the theoretical evaluations and the observed behavior can be 
attributed to the comparative narrowness of the temperature 
range investigated, which precludes revealing the asymptotic 
behavior of the quantities investigated. It is, however, note- 
worthy that, as can be seen, the agreement with experiment 
in the Mott region for both free and occupied sites with /?= 1 
and (Wc ,S)  < W would be just as good as for P= 1 and 
W<S, if there were no restriction on the closeness of the 
energy of the scattering center to E ,  [this would correspond 
to A=O in Eq. (9)], since in that case we would have 
k a  T-"4 in the situations indicated. 

At the same time, we wish to note that, as follows from 
the theoretical evaluations, the observed sharp changes in the 
temperature dependences cannot be explained under any of 
the hypotheses regarding the scattering mechanisms consid- 
ered, if it is assumed that the entire temperature range inves- 
tigated corresponds to a single regime of VRH conduction, 
for example, the regime of conduction via states in the Cou- 
lomb gap. 

We also wish to stress that, in our opinion, an investiga- 
tion of the temperature dependence of the minimum of the 
negative magnetoresistance can be more productive from the 
standpoint of studying the details of VRH conduction (in- 
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cluding the crossover indicated) than a direct study of the 
temperature dependence of p,  since the negative magnetore- 
sistance is related, in principle, to the pre-exponential factors 
and is not subject to an exponential temperature dependence. 

In particular, as follows from our investigations, the 
temperature-dependent behavior of the negative magnetore- 
sistance is very sensitive to the characteristics of the scatter- 
ers (in contrast to the existing theories). For example, scat- 
tering on occupied scatterers, which is treated in analogy to 
scattering on a hydrogen atom (P=3), produces a picture 
which differs qualitatively from the experimentally observed 
picture. In our opinion, this conclusion raises interest in a 
more detailed investigation of subbarrier scattering processes 
at sites of different types. 

As for the region of very weak magnetic fields, it was 
pointed out above that a pronounced section with a quadratic 
dependence of the negative magnetoresistance is observed in 
it at high temperatures (see Fig. 2) and that it nearly vanishes 
when the temperature is lowered. Such behavior is consistent 
with the predictions in Ref. 1, which attribute the quadratic 
dependence of the negative magnetoresistance to the lower 
bound placed on the probability amplitude J [see Eq. (3)]: 
I~l>exp(-rla), which, as is seen from (3), causes the linear 
p(H) law to become quadratic for lq l -~r3 /2~112/  
@,,<exp(-rla). In fact, according to the present evaluation 
the region of the quadratic dependence of the negative mag- 
netoresistance narrows exponentially as T+O. On the other 
hand, in our opinion, the experimental results do not display 
the mechanism in Ref. 8, under which the quadratic depen- 
dence of the negative magnetoresistance should be enhanced 
as the temperature is lowered. 

Let us now proceed to an analysis of the region of posi- 
tive magnetoresistance. 

Figure 3 shows plots of the temperature dependence of 
the slope of the quadratic positive magnetoresistance (B-2) 
recorded in the 0.43-3 K range. It is seen that the depen- 
dence for sample 1 is described well by expression (14) over 
the entire temperature range, that the dependence for sample 
3 is described well by expression (13), and that sample 2 
exhibits intermediate behavior. The data on the temperature 
dependence of the conductivity for sample 2 and sample 1 
attest to a transition from Mott conduction to conduction via 
states in the Coulomb gap when the temperature is lowered 
at T<1-3 K. This transition occurs at higher temperatures 
for sample 1 than for sample 2. In the case of sample 3, only 
Mott conduction was observed in the 0.43-3 K temperature 
range. This also corresponds to the data on the quadratic 
dependence of the positive magnetoresistance. The values of 
the localization radius evaluated from B using expressions 
(13) and (14) are presented in Table 1. They are in good 
agreement with the values of a obtained from To [see expres- 
sion (I)]. 

At stronger magnetic fields, all the samples display a 
pronounced deviation of the dependence of the positive mag- 
netoresistance P(H) away from the quadratic law toward a 
weaker dependence (Figs. 1 and 2). As was noted in Refs. 1 
and 9, such behavior is attributable to the role of the inter- 
mediate scatterers: smallness of the distance between succes- 
sive scatterers in comparison with r ensures lowering of the 

"magnetic barrier" (caused by deformation of the wave 
functions in the magnetic field) and, accordingly, an increase 
in the hopping probability (i.e., lowering of the resistivity) in 
comparison with the case of no scatterers (11).  According 
to the theory in Ref. 9, as H increases there should be 
successive changes in the laws governing the positive mag- 
netoresistance: ~ H ~ + H ~ / ~ - + H ~ / ~ - + H ~ ~ ~ .  Unfortunately, 
the comparatively narrow range of variation of H precludes 
performing a quantitative analysis of the corresponding ex- 
perimental behavior. 

As for sample 3 (which does not display positive mag- 
netoresistance at high temperatures), at low temperatures 
where positive magnetoresistance is observed the latter prac- 
tically reaches saturation in strong fields. In our opinion, 
such behavior occurs because this sample violates the in- 
equality ~ p ~ a <  1, where N-N, and p-a are the concen- 
tration and amplitude of the scattering for "constant-sign" 
scattering centers (which may be free donors with 
E ~ > E ~ +  W). When this inequality holds, the inclusion of ad- 
ditional scattering centers not only lowers the "magnetic bar- 
rier," but also causes an increase in the effective tunneling 
path; optimization of the number of scatterers leads to the 
behavior of p(H) indicated above. Violation of the corre- 
sponding inequality eliminates the effect associated with an 
increase in the tunneling path, so that intermediate scattering 
completely suppresses the subsequent increase in the magne- 
toresistance with increasing H. 

As for the high-temperature range, sample 3 displays a 
new section with negative magnetoresistance, rather than 
positive magnetoresistance. In our opinion, this may be 
caused by the mechanism proposed in Ref. 2. The latter is 
attributed to alternation of the form of the impurity band in 
strong fields due to an increase in the degree of localization 
of the wave functions. More specifically, the shift toward the 
"dielectric limit" with respect to the metal-insulator transi- 
tion as the field increases results in suppression of the "tail" 
of the density of states and, thus, in an increase in the density 
of states at the Fermi level. This, in turn, causes an increase 
in conductivity. 

5. CONCLUSIONS 

Although the conception of negative magnetoresistance 
in the hopping conduction regime has been adequately de- 
veloped, the interpretation of the available experimental data 
is still not completely clear. In particular, in several experi- 
mental studies negative magnetoresistance was not detected 
at all over a broad temperature range (see, for example, Ref. 
5). On the other hand, an increase in the negative magnetore- 
sistance with decreasing temperature was reported in other 
papers (see, for example, Ref. 3). We believe that the results 
obtained here clarify the question under consideration to a 
certain extent. In our opinion, this applies to the observation 
of a nonmonotonic dependence of the negative magnetore- 
sistance on the temperature and its suppression under the 
regime of conduction via states in the Coulomb gap. 

The observed behavior can be explained under the as- 
sumption that scattering centers with energies in the charac- 
teristic energy band for VRH conduction, on which the scat- 
tering is close to resonance, play a decisive role in shaping 
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the negative magnetoresistance. Just their contribution pro- 
vides for suppression of the negative magnetoresistance un- 
der the regime of conduction via states in the Coulomb gap. 

At the same time, it should be noted that, as the theoreti- 
cal evaluations show, the situation investigated includes vari- 
ous possibilities associated with the possible diversity of 
theparameters of the scattering centers. This can account for 
the definite disparities in the data on the behavior of the 
negative magnetoresistance for different materials. 

The results which we obtained are consistent with the 
experimental data in Ref. 10 for samples of CdSe, which 
exhibit an increase in the slope of the linear segment of the 
negative magnetoresistance proportional to T- ', as the tem- 
perature is lowered where v-0.7, and very weak displace- 
ment of the minimum as the temperature varies. In our opin- 
ion, this attests to VRH conduction of the Mott type in these 
samples, which are in close proximity to the metal-insulator 
transition (nln,-0.9). Our sample which is closest to that 
transition displays similar behavior. We also wish to stress 
the closeness of all the parameters of the materials which we 
investigated and to those of the materials in Ref. 10. 

Finally, we note that the plots of the temperature depen- 
dence of Hmh and Ap(H,d for samples 1 and 2 exhibit a 
crossover from conduction of the Mott type to conduction 
via states in the Coulomb gap, which was previously ob- 
served in the temperature dependence of p(T). 
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