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The magnetoresistanee of strongly eompensated n-type GaAs doped with Cr and O 
has been measured at 77 ~ temperature. The eleetron eoneentrations of the samples were 
between 3.8 X 1017 and 1.6 X 10 TM cm -a at room temperature. In low magnetie fields negative 
magnetoresistanee was observed at liquid nitrogen temperature. The eharaeteristies of this 
anomalous negative magnetoresistanee were shown to be very similar to those observed at 
liquid He temperatures in heavily doped semieonduetors. In weak fields the negative magneto- 
resistanee was proportional to the square of the magnetie field, and showed saturation in the 
magnetie field range of 4000--6000 G. To aeeount for the observed effeets it was postulated 
that metal-like impurity band eonduetion is the dominant meehanism of the eharge earrier 
transport in our samples. The observed features of the negative magnetoresistanee ate shown 
to be eonsistent with the model of seattering ofeleetrons in the impurity band by loealized 
magnetie moments. For the average value of the loealized magnetie moments a value of the 
order of 2--3 Bohr magneton was dedueed from the experimental data. Ir is shown that the 
strong eompensation may play ah important tole in the formation of impurity band at 77 ~ 
temperature and above it. 

I n t r o d u e t i o n  

Negative magnetoresis tanee is f requent ly  observed in heavi ly  doped 

semieonduetors at  ve ry  low (1--10 •K) temperatures .  At  liquid He tempera tu re  
(4.2 ~ it was found in various semieonduetors,  no tab ly  in n- and p - t y p e  

InSb,  in n - type  Ge doped with As and Sb, in n- type  GaAs [1], [2], fur ther  in 

p - t ype  GaAs and n- type  CdS [1], in n- type  Si doped with P, in p - t ype  Si 
doped with B, in Ge doped with Cu, in n- type  Ge doped with P, in p - t y p e  

GaAs doped with Cd [2], and quite reeent ly  in p - t ype  CdSb [3]. 
�9 The existenee of negative magnetoresis tanee in n- type  GaAs at tempera-  

tutes below 20- -30  ~  was established by  R. BaOOM et al. [4], in 1956. Their  
crystals were undoped,  having room tempera tu re  eleetron eoneentra t ion of  the 
order of 1017 cm-3;  bu t  their samples were mueh more eon tamina ted  judging  

b y  the eompara t ive ly  low mobi l i ty  values measured b y  them. Negat ive 

magnetoresis tanee of undoped  and of S- and Se-doped n - type  GaAs at ve ry  
low temperatures  was thoroughly  invest igated by  O. V. EMELYAr~ENKO et al. 
[5]. Their samples had  eleetron eoneentrat ions in the range of 3 • 1015-  2 X 
X 1017 cm -3. They  have  shown tha t  the negative magnetoresis tanee at 4.2 ~  
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temperature was most pronounced in the electron concentration range of 
1016- 101~ cm -3. J. F. WOODS and C. Y. CHEN have measured negative mag- 
netoresistance in n-type GaAs with electron concentrations between 2 X 1015 
and 3 X 10 ls cm -3 at liquid He temperatures, and in Cd-doped p-type GaAs 
with hole concentrations of the order of 101~ cm -~ [2]. In one of their samples, 
with an electron concentration of 6 X 1015 cm -3, the negative magnetoresistance 
turned to be positive above 30 ~ temperature. Quite reeently L. HALBO and 
R. J. SLADEK have measured the negative magnetoresistance at 4.2 ~ tem- 
perature in undoped n-type GaAs of comparatively high purity [6]. 

The above mentioned results show tha t  the occurrence of negative 
magnetoresistance at very low temperatures and at moderate and high doping 
levels is a common phenomenon in various semiconductors. Its main features 
are the following. 

In low magnetic fields the specific resistivity decreases. This decrease is 
either quadratic in the magnetic field [1], [5], [6], or approximately linear in 
it [2]. In certain tases anisotropy consistent with the cubic symmetry is seen 
in these fields. The decrease of the resistivity becomes less steep as the field 
is increased, and saturates at a eertain magnetic field. Further increase of the 
magnetie field results in a reversal of this trend, and the resistivity begins to 
increase. In higher fields magnetoresistance turns to be positive and is pro- 
portional to the square of the magnetic field. 

With increasing temperature the negative magnetoresistance decreases 
and at a certain temperature it completely disappears. This temperature is 
usually of the order of 20--30 ~ 

I t  is supposed that  the measured total magnetoresistance at low tem- 
peratures is composed of two parts. One of them is the usual positive compo- 
nent proportional to the square of the magnetic field, the other is the anomalous 
and temperature dependent component, whieh predominates in the lower 
fields and saturates at intermediate fields [1]. 

The appearance of negative magnetoresistance is usually accompanied 
by a characteristic peak in the Hall eoefficient versus temperature curve. The 
presence of this maximum on the Hall curve, and the fact that  the negative 
magnetoresistance is observed in crystals having high impurity concentrations 
indicates that  this anomalous magnetoresistance is connected with the impurity 
conduction [1], [2], [5]. At high doping levels impurity conduction is mani- 
fested through impurity band conduction, a n d a t  lower doping levels through 
hopping conduction. The transition between them is not sharp [2]. According 
to O. V. EMELYA~ENKO et al. [5], in highly doped n-type GaAs at low tem- 
peratures the impurity band conduction is the dominant mechanism of charge 
transport. 

Up to recent times negative magnetoresistanee was observed only at 
very low temperatures, usually below 30--50~ Quite recently O. V. 
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EMELYANENKO et a L [7], observed negative magnetoresistance and impurity 
conduction in n-type GaAs, compensated with Cu diffusion, up to 200 ~ 
temperatures. At the same time B. S. LISENKER et al. [8], observed impurity 
band conduction in Fe-doped n-type GaAs in the temperature range of 77-- 
200 ~ Preliminary results of observations of negative magnetoresistance in 
Cr-doped n-type GaAs at 77 ~ temperature were reported by the author of 
this paper [9]. 

This negative magnetoresistance, which was observed at liquid nitrogen 
or higher temperatures only in strongly eompensated n-type GaAs [7], [9], is 
similar to the effect found at very low temperatures. I t  was suggested by O. V. 
EMELYANENKO et al. [7] that  the negative magnetoresistance at higher 
temperatures is connected with the impurity conduction, most probably with 
impurity band conduction. 

In this work results of observations of negative magnetoresistance at 
77 ~ and higher temperatures in compensated, Cr- and O-doped n-type GaAs 
single crystals are presented. In the seeond part of this paper sample prepara- 
tion and measurement methods ate describe& In the third part the experi- 
mental results are presented. In the fourth and last part  the results of magneto- 
resistance measurements ate discussed and compared with other results and 
with the existing theoretical models. 

Experimental techniques 

n-type GaAs crystals were prepared by the horizontal Bridgman method 
by E. PAPP and his coworkers at the Research Institute for Metallic Industry,  
Budapest [10]. According to our observations undoped crystals were of 
n-type, with ah electron concentration of the order of 1017 cm -3. Some crystal, 
were slightly doped either with Cr or with O during the growth process, buf 
remained of low resistivity with n-type conduction. Stronger doping with Cr 
produced semi-insulating crystals of high resistivity. For our measurements 
samples cut out from Cr- and O-doped as well as undoped n-type GaAs crystals 
of low resistivity were used. 

Prism-shaped samples with dimensions of 12• ~<0.5 mm were cut 
from the crystals. The samples were not oriented. Electrical contacts were 
made by alloying 0.5 mm diameter In dots to the samples at 450 ~ tem- 
perature in H 2 atmosphere [11], then 0.1 mm diameter gold wires were con- 
nected to them by the help of a micro-soldering pin. Two contacts at the ends 
of the samples served as current leads, and four, two on each face with dimen- 
sions of 12 x 0.5 mm served as potential probes. The separation between the 
potential probes was about 5 mm. 

While the width and thickness of the samples could be easily determined 
with high aecuracy, the determination of separation between the potential 
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probes, which is necessary for the evaluation of resistivity, is more uncertain 
because the contact dimensions ate not small in comparison with contact 
separation, actually the former is about 10 per cent of the latter. Besides, the 
finite dimensions of contaets cause a distortion of current pat tern in the sample 
resulting in errors in the measurements of the magnetoresistanee. The contact 
separation was taken to be equal to the distance between the centres of contact 
dots, thus causing a maximum error of about 5 per cent in the determination 
of the resistivity, and an error of the order of 5--10 per cent in the determina- 
tion of magnetoresistance. 

Conductivity, Hall coefficient, Hall mobility and magnetoresistance 
were measured by  the usual d.c. compensation method at 77 ~ and 300~ 
temperatures.  On some of our samples these parameters were measured in 
the function of temperature between 77 ~ and 400 ~ temperatures. Measure- 
ments at 77 ~ were made simply by immersing the sample into liquid N 2. 
Temperatures between 80 ~ and 400 ~ were produced in a cryostat,  similar 
to the one described in [12]. The maximum magnetic field was about 8000 G, 
and ir was measured with ah estimated accuracy of 2 per cent. Four readings 
were taken to get each value of the Hall coefficient, properly commuting the 
sample current and the magnetic field. A similar method was used when 
measuring the magnetoresistance. The zero-field resistance was measured 
before the first and after the fourth measurement. In this way the accuracy 
of the measurements of the magnetoresistanee was greatly improved. The 
potential  measuring circuit had a sensitivity of 1--2 #V depending on the 
resistanee of the sample and of the contacts. Magnetoresistances of the order 
of 5 X 10-5 could be determined without causing inadmissible power dissipation 
in the sample. 

Experimental results 

Five samples cut out from four different crystals were measured. One 
crystal was undoped, two were doped with Cr and the fourth was doped with O. 
From one of the Cr-doped crystals two samples were cut, from near to both 
ends of the crystals. The resuhs of Hall and resistivity measurements ate 
summed up in Table I. The geometry of the samples allowed to measure two 
Hall coefficients and two resistivities on each sample, from these values we 
could judge the homogeneity of our samples. The differences between the two 
resistivities measured on each side of the samples did not exceed 10 per cent, 
and the differences in the measurecl Hall coefficients did not exceed 10--15 
per cent, except samples cut out from crystal No. 178, where they reached 
20--30 per cent, showing tha t  these two samples h a d a  considerable inhomo- 
geneity in macroscopic dimensions. Inhomogeneities of the same order were 
detected by  J. F. WOODS and C. Y. CHEN [2], in some of their samples, 
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Table I 
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Sample N ~ 
Dopant 
Con& type 
RH cm3/Asec 

T = 300 ~ 
/~H cm2/Vsec 

T = 300 ~ 
R H cm3/Asec 
T -~ 77 ~ 

q H cm~/Vsec 
T = 77 ~ 
n c m  - a  

T ~ 300 ~ 
Nd ClXI-- 3 

N a c m  - 3  

Kn 

158/1 
I 

r t  

75.0 

3860 

93.0 

3960 

8.3X 1016 

3 . 5  X 1017 

2.6X 1017 

0.7 

176 

Cr 
n 

10.1 

3700 

10.3 

3300 

6.2X 1017 

1.0 X 10 ls 

0 . 4 X  10  TM 

0.4 

178/a 

Cr 

n 

5.3* 

2200 

5.4* 

1900 

1.2X 10 TM 

2.4• 10 TM 

1.2 X 10 ls 

0.5 

178/b 
Cr 

n 

16.8" 

1800 

17.6" 

1250 

3.8X 1017 

2.3X 10 ~a 

1.9• 10 TM 

0.8 

177 
0 

n 

3.9 

1930 

4.0 

1350 

1.6X 10 TM 

4.3X 10 ls 

2.7X 10 TM 

0.6 

* Averaged values. Measured values showed an inhomogeneity, amounting to 20--30 
per cent. 

not  influencing, however,  their  measurements  of negat ive magnetoresistance.  

The electron concentra t ion as well as the donor and acceptor  concentra-  

tions can be determined approx imate ly  from the room tempera tu re  Hall  
coefficient and the Hall mobi l i ty  values in the following way.  The electron 

concentra t ion and the Hall coefficient ate connected th rough  the equat ion 
n = r / e R H ,  where r is the scat ter ing factor,  the value of which was pu t  equal 

to 1 approximate ly .  The electron concentrat ions est imated in this way  ate 
shown in Table I too. 

Taking into account  the above ment ioned two scat ter ing mechanisms,  
the measured mobi l i ty  can be wri t ten  in the usual approx imat ion  as # -1  = 

- -1  = / ~ :  +/~~1, where #z and #p ate the  electron mobilities, caused by  the two 
scat ter ing mechanisms separately.  The best  theoret ical  value for the mobi l i ty  

caused b y  the scat ter ing on polar optical phonons is q = 9300 cm2/Vs [13], 

[14]. This was confirmed b y  recent  mobi l i ty  measurements  too [15]. With  
the help of this value the mobil i ty  caused by  the scat ter ing on ionized impur i ty  

atoms can be deduced for each sample. This mobi l i ty  depends only on the 
electron concentra t ion,  the Fermi level and the ionized impur i ty  concentrat ion,  
and thus with the  help of the B r o o k s - - H e r r i n g  formula  (see e.g. [16], [17]) 
the concent ra t ion  of ionized impur i ty  a toms can be deduce& Because all 

impur i ty  atoms are ionized at room tempera tu re  this gives the to ta l  impur i ty  

Acla Physica .4cademiae Sciettliarum Hungarieae 27, 1969 



454 B. P‰ 

concentration. Knowing the electron and impurity concentration, the donor 
and acceptor concentrations ate easily obtained. Table I contains these values 
too with the compensation degree defined as Kn = Na/N~. All our samples 
are considerably compensated, but as we shall see later, the undoped sample 
did not exhibit negative magnetoresistance. Because of the exceptionally low 
mobilities measured at 77 ~ in samples Nos. 178/a, 178/b and 177 we can 
presume that  the compensation is caused by the presence of the Cr and O 
impurities, respectively. For sample No. 176 the role of the Cr dopant can be 
inferred only indirectly, by comparing the magnetoresistance resuhs of the 
Cr-doped samples. 

h is well known tha t  Cr gives rise to a deep acceptor level in GaAs [13], 
at 0.81 eV below the conduction band edge [18]. Strong Cr doping produces 
semi-insulating GaAs [13], with room temperature resistivities of the order of 
10 s ohmcm [18]. O-doping also gives rise to high resistivity semi-insulating 
crystals [13]. As we have mentioned in the second part of this paper, our 
samples were only slightly doped with Cr and O. Stronger doping with Cr 
produced high resistivity crystal, with room temperature resistivities of lO s 
ohmcm. We have measured the temperature dependence of resistivity of two 
such samples over the temperature range of 290~ ~ and obtained 
activation energies of 0.825 and 0.81 eV, respectively, which are in good agree- 
ment with the activation energy measured by G. A. ALLEr~ [18]. This fact 
confirms our arguments concerning the role of Cr impurity in our magneto- 
resistance samples. 

The conductivity and the Hall coefficient in function of the reciprocal 
temperature for some of our samples is shown in Fig. 1. The Hall mobility 
versus temperature curves are presented in Fig. 2. The Hall coefficient ver- 
sus temperature curves for Cr-doped samples Nos. 178/a and 178/b and for 
O-doped sample No. 177 are horizontal, not showing the characteristic maximum 
above 77 ~ which was observed in Cu-doped n-type GaAs by O. V. EMELYA- 
~ENKO et al., [7] and in Fe-doped n-type GaAs by B. S. L~SEr~KER et al. [8]. 

Transversal magnetoresistances measured at room temperature in the 
undoped, in a Cr-doped and in the O-doped samples are shown in Fig. 3. 
The measurements were performed with the magnetic field perpendicular to 
the plane with dimensions of 12 • 2 mm. In accordance with other experimental 
resuhs [19], the transversal magnetoresistance had not been changed by rotat- 
ing the sample by 90 ~ around an axis, parallel to the length of the sample. 
This agrees with the well-established model of the conduction band of GaAs 
having a spherical minimum in the middle of the Brillouin zone [13], [14]. 
Ir can be seen tha t  the magnetoresistance has a quadratic dependence on the 
magnetic field, which is a natural consequence of the fact that  the measurements 
were performed in small magnetic field, i.e. #MB~o~cr ~ 1, where o~c is the 
cyclotron frequeney and ~ is the relaxation time for electron~. 
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Fig. 1. Conductivity and Hall eoefficient vs reciprocal temperature for undoped (No. 158), 
O-doped (No. 177) and Cr-doped (Nos. 178/a and 178/b) samples 
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Fig. 2. Hall m0bility vs temperature for undoped (No. 158), O-doped (No. 177) and Cr-doped 
(Nos. 178/a and 178/b) samples 

Transversal magnetoresistance measured at 77~ in the Cr-doped 
samples are shown in Fig. 4, the same measured on the O-doped and undoped 
samples are presented in Fig. 5. While the undoped sample exhibits normal 
positive magnetoresistance with quadratic dependence on the magnetic field, 
the value of which is in accordance with the prediction based on the assumption 
tha t  at such low temperatures the scattering by ionized impurities determines 
the electron mobility as was shown in our earlier work [17], the O- and Cr- 
doped samples show ah anomalous negative magnetoresistance. 
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Fig. 3. Magnetoresistance vs square of the magnetic field at zoom temperature for undoped 
(No. 158), O-doped (No. 177) and Cr-doped (No, 178/b) samp]es 
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Fig, 4. Magnetoresistance of Cr-doped samp]es at 77 ~ temperature 
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Fig. 5. Magnetoresistance of undoped (No. 158) and O-doped (No. 177) samples at 77 ~ 
temperature 

In the case of sample No. 177 which was doped with O there is a very 
small negative magnetoresistance for magnetic fields below 2500 G, the 
magnitude of which is hardly higher than the detection limit, but its presence 
was established beyond doubt in several independent runs of the measurement. 
The results of measurements were independent of the pair of potential contacts 
on which the magnetoresistance has been detected, of of the rotation of the 
sample around its length axis with 90 o. 

On the Cr-doped samples the negative magnetoresistance appeared quite 
markedly, as shown in Fig. 4. The negative magnetoresistance of samples 
Nos. 178/a and 176 after the initial increase with the magnetic field reached 
its maximum or saturated at moderate fields of 4000--6000 G, then its trend 
reversed and in the case ofsample No. 176 it turned to be positiveabove 6500 G. 
The negative magnetoresistance ofsample No. 178/b saturated at somewhat 
higher fields. For these samples there were occasionally slight but not significant 
deviations between the magnetoresistances measured on the same sample but 
on different pairs of contacts, of after the rotation of the magnetic field by 90 o, 
probably due to the spurious inhomogeneities of the samples already mentioned. 
Such a case (No. 178/a) is shown in Fig. 4 too. 

Ir is more interesting to note tha t  while the initial increase of negative 
magnetoresistance of samples Nos. 176 and 178/b follows a quadratic depend- 
ence in the magnetic field as demonstrated in Fig. 6, where the initial part  
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Fig. 6. Negative magnetoresistance vs square of magnetic fie]d in Cr-doped samp]es at 77 ~ 
temperature 
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Fig. 7. Magnetoresistance of Cr-doped sample No. 176/a at 3000 Gauss vs temperature 

of the magnetoresis tanee eurves are shown on a logari thmie scale, at  the same 

time the magnetoresis tance of sample No, 178/a exhibits a dependence on the 
magnet ic  field which is nearer  to the linear. The negat ive magnetores is tance 
of O-doped sample No. 177 was too small to draw conclusŸ concerning its 

dependence on the magnet ic  field, 
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The temperature dependence of magnetoresistance in sample No. 178/a is 
shown in Fig. 7. At about 120 ~ the small field maguetoresistance changes its 
sign, and above this temperature ir turns to be positive. Further, above 150 ~ 
the magnetoresistance begins to be proportional to the square of the magnetic 
field, and is nearly independent of the temperature. This kind of temperature 
dependence was observed by several authors in GaAs and in other crystals 
[2], [4]. 

Interpretation of magnetoresistance results 

The characteristics of negative magnetoresistance observed in our com- 
pensated n-type GaAs samples at 77 ~ temperature are the same of very 
similar to the characteristic features of negative magnetoresistance at very 
low temperature observed by several authors in various materials including 
GaAs [1], [2], [3], [4], [5], [6], [7]. Only the usually occurring maximum on 
the Hall coefficient versus temperature curves was not present. We suppose 
that  this is due to the fact tha t  the values of the Hall coefficients are too low 
to allow to detect a small maximum, the appearance of which is less pronounced 
for small values of the Hall coefficient [5], [8]. 

On the basis of this evidence we are justified to suppose tha t  the nega- 
t ire magnetoresistance observed by us in compensated n-type GaAs at 77~ 
temperature and above it is produced by the same cause, namely by the 
dominant tole of impurity conduction in the electron transport of our samples. 
Now we shall proceed to discuss two interconnected questions. The first of 
them is the explanation of the existence and characteristic features of negative 
magnetoresistance observed in our samples on the basis of the various models 
of impurity conduction put forward in the literature, and the second is how 
the occurrence of negative magnetoresistance and impurity conduction at 77 r 
and higher temperatures, which has been observed up to now only at very 
low temperatures can be explained. 

A great number of theoretical [20], [21], [22], [23], [24], [25] and 
~xperimental [II, [2] investigations have shown that  there are different types 
of impurity conduction in semiconductors depending on the concentration of 
impurities. At low impurity concentrations the electrons are localized at the 
impurity centres and electrical conduction can take place through the occasional 
jumps of the localized electrons to ueighbouring centres (hopping), [21], with 
the assistance of phonons [26], if there are nearby vacant centres caused by 
impurity compensation. For instance, in n-type Ge hopping conduction can 
take place below donor concentrations of 10 l s -  1016 cm -a [27]. 

Increasing the impurity concentration the electron wave functions 
localized on different impurity centres begin to overlap with each other, and 
the localization of electrons becomes obscured. The energy level of impurities 
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splits, and the activation energy of charge carriers decreases with increasing 
impur i ty  concentration as observed in n-type Ge b y  J. F. LE HIR [27], by  
P. DEBYr~ and E. CO~WELL [28], and in n-type GaAs by  O. V. EMELYANENKO 
et al. [5] and by  D. V. EDDOLS et al. [29]. At the same time, by  the overlap 
of impuri ty wave functions ah impurity band is formed in which the electrons 
become completely delocalized and can move freely in it. The impurity band 
is separated from the conduction (or valence) band by  an energy gap of the 
order of the ionization energy of impurities, but  this separation decreases 
with increasing impurity concentration. The formation of impuri ty band 
takes place in n-type Ge between 1 • 1018 and 2 X 1017 cm -3 donor concen- 
trations [27]. 

Above a certain critical concentration which is about 2 X 1017 cm -3 for 
n-type Ge [27], [28] and (1- -2) •  1016 cm -3 for n-type GaAs [5], [29], the 
activation energy of the impurity atoms completely disappears, and at higher 
concentrations the electrical resistivity is approximately independent of the 
temperature. At such high impurity concentrations the impurity band and the 
conduction band (or valence band) merge, a n d a  new type of charge carrier 
conduction, the metal-like conduction of degenerate electron gas dominates 
the charge carrier transport  mechanism [1], [27]. 

The transition to this metal-like electron conduction in the impurity- 
band is observcd at impurity concentrations where the interatomic distance 
between majority impurities is about 2.5 time the effective Bohr radius of the 
hydrogen-like impurity atoms [1]. This observation is in good agreement with 
the estimations of N. F. MOTT [20], [30]. 

According to W. SASAKI [1], and to J. F. WOODS and C. Y. CHEr~ [2], 
the various observations of negative magnetoresistance at 4.2 ~ were all 
made in the impurity conduction range of dopings and among the various 
materials all the three ranges of impurity conduction are represented. Notably 
in the case of GaAs all the three ranges were observed in [1], [2], [5] and [6]. 

The various possible mechanisms giving rise to negative magnetoresistance 
were briefly analyzed by  J. F. WOODS and C. Y. CnE~ [2]. According to them 
it seems to be only two possible kinds of mechanisms which could account for 
negative magnetoresistance in the impurity conduction range. Either the 
magnetic field gives rise to a redistribution of charge carriers among different 
energy states having different carrier mobility, of the magnetic field increases 
the mobility of hopping probability of electrons. I t  is not necessary for these 
mechanisms to be mutually exclusive, but  it is probable that  in the different 
ranges of impurity conduction (i.e. hopping conduction, transition range and 
impuri ty band conduction) different mechanisms should play the leading tole. 

As was shown by  R. J. SLADEK and R. W. KEYES [31], and by  iN. 
MIKOSHIBA [32], the magnetic field reduces the mobil i ty  or hopping probabili ty 
in the hopping (of transition) region, due to the shrinkage of wave functions 
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of impurities thus redueing the orbital overlap. To interpret the results of 
measurements in this range it seems inevitable to postulate a model with 
energy states having different mobilities in order to aecount for the observed 
negative magnetoresistance, at least in the absence of impurity band conduc- 
tion [2]. According to J. F. WOODS and C. Y. CHEN [2], the general character 
of the magnetoresistance observations is consonant with a two energy state 
model of impurity conduction, in which the energy difference between the 
two states is reduced by the application of a magnetic field thus increasing 
the occupation probability of the higher energy states whieh presumably have 
a higher mobility than the ground states due to the greater orbital overlap of 
wave functions. A competing process would be the restriction of orbital overlap 
as shown by R. J. SLADEK and R. W. KEYES [31] thus the resistance change 
would be the outcome of the results of the influence of two competing processes. 
This model was put forward by J. F. WOODS and C. Y. CHEN [2], when inter- 
preting their measurements of negative magnetoresistance of n- and p-type 
GaAs at liquid He temperatures, which in low magnetic field was approximately 
linear in the field, in contrast with other observations, where a quadratie 
dependenee was found in a wide range of impurity eoneentrations [1], [5], [6]. 

A two-state model would, in general, predict a variation of the Hall 
coefficient with the  magnetic field. However, since the Hall effect was not 
measured in the hopping region so far this prediction could not be verified 
[2]. The two-state model in principle could be applied to the impurity band 
conduction region too but in this range in n-type GaAs no significant variation 
of the Hall coefficient with the magnetic field could be found [2], [33]. 
We should like to note that  in our measurements too a variation of the Hall 
eoefficient with the magnetic field was not detected. 

The only successful model of mobility increase mechanism was put 
forward by Y. TOYOZAWA [22], [23], which can account for the negative 
magnetoresistance in the impurity band and metallie conduction region [1], 
but it is incapable to explain the features of negative magnetoresistance in 
the hopping conduction region. According to this model there exist localized 
magnetic moments in the crystal, which obey a Curie--Weiss-type law, and 
the magnetic scattering of the electrons moving Ÿ the impurity banal by 
these localized magnetic moments results in the negative magnetoresistance. 
For highly doped (n-type) semiconductors ir is believed that  the magnetic 
moments causing this behaviour are the spins of electrons semilocalized around 
the donor impurities [22], [23]. 

According to this model some impurity atoms (donors in n-type semi- 
conductors) ate close enough to each other so that  the electronic states forro 
ah impurity band. Conduction is via electrons in this band and is limited by 
the scattering of electrons. Due to the random distribution of impurities, 
however, some impurities ate far enough from each other for the electrons 
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to be localized around them most of the time, giving rise to localized magnetie 
moments around the impurity atoms, which interaet with the other electrons, 
thus causing a scattering of charge carriers in the impurity band. In magnetic 
fields these magnetic moments become aligned and the amount of scattering 
caused by them will be reduced, and the resistivity will decrease. The resistivity 
change is approximately proportional to the square of the average magnetiza- 
tion of these impurities, i.e. 

A ~ _ _  e(B) --- ~(0)_ ~.~_(m>2 ' 

qo e(0) 

where <m> is the average magnetization [22], [23]. For small and large magnetic 
fields, respectively, this yields 

~(B) -- e(O) 

e(0) 

q(B)  - -  q(O) 

e(o) 

I k T J  

-- const. 

(for small B),  

(for large B),  

where tt is the magnetic moment localized in the impurities [22], [23]. The 
basic features of this model, i.e. the quadratic dependence of the negative 
magnetoresistance at the lowest fields, saturation in larger fields, and the 
increase of the negative magnetoresistance with decreasing temperature are all 
in good agreement with the bulk of the experimental data [1], [5], [6], [22], 
[23]. Because the localized magnetic moments obey a Curie--Weiss-type law, 
the temperature dependenee of the negative magnetoresistance in this model 
at Iow temperatures is the following, [22], [23] 

~ ( B ) -  Q(0) 1 

o(o) (T+O) 2 

The eonstant O appears due t-o the eoupling between the magnetie moments, 
and its experimental values are positive, of the order of 1--2 ~ showing an 
antiferromagnetie interaetion between the loealized magnetie moments [1], 
[6], [22], [231. 

In our samples the donor concentrations of Cr- and O-doped samples 
were in the range of Nd = (1--2.4) X 10 ls c m  - 3 ,  s o  the average distance between 
the donor impurities is rd = (3/4stNd) r 3 =  (0.45--0.65)• 10 -6 cm, while the 
effective Bohr radius is rB  = a o r  = 0.85 • 10 -6 cm with a o = h 2 / m o  e2 

and with er = 11.5 and m . / m  o ~ 0.072 [14]. Thus the average distance between 
the donor impurities is of the order of the effective Bohr radius, therefore our 
samples are all in the metal-like impurity band conduetion range [1], [20], 
where the model of the localized magnetic moments by Y. TOYOZAWA [22], 
[23] can be applied [1]. 
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The results of our measurements of negative magnetoresistance, i.e. the 
quadratic field dependence observed in the Cr-doped samples, the saturation 
at moderate fields, the steep decrease of the negative component with increas- 
ing magnetic field, all agree well with the predictions of Y. TOYOZAWA'S model. 
This interpretation of the results for the Cr-doped samples has been a]ready 
put forward by us in [9] without detailed analysis. 

On the basis of the formalista developed by u  ToYoz,~wA in [23] we 
can estimate the average magnitude of the magnetic moments localized on the 
impurities, using the measured values of the weak field negative magneto- 
resistance, and of the saturation value of the magnetoresistance. We can make 
only a very crude estimation because the saturation value of the negative 
magnetoresistance is not very well determined, due to the presence of the 
common positive component of the magnetoresistance. On the other hand, the 
impurity concentration in our samples is somewhat greater than the impurity 
concentrations for which Y. TOYOZAWA'S model was originally applied [23], 
and the strong compensation of our samples can reduce the reliability of 
this analysis. 

For the localized magnetic moments of the impurity centres we got 
values of the order of 2--3 Bohr magneton. These values seem to be in good 
agreement with other results [23]. This analysis applied to other cases gave 
values for the magnetic moments of the order of 5--10 Bohr magneton [22], 
[23]. In his model this great value was explained by Y. TOYOZAWA [23], as 
being the result of the statistical distribution of the magnetic moments of 
localized spins due to their collective nature. According to Y. ToYozAwA on 
the one hand, they are caused by the electrons which are constantly entering 
and leaving the magnetic sites, and on the other banal, the surrounding non- 
magnetic sites make an additional contribution to the magnetic moments. 
In our samples ir is possible that  the magnetic moments of the Cr impurities 
too p l a y a  role in determining the interaction of electrons with the localized 
magnetic moments. 

The resistivity in the metal-like impurity band was estimated by N. F. 
MOTT and W. D. TWOSE [20]. The conduction electrons f o r m a  degenerate 
electron gas with the same density of states effective mass as that  of the 
conduction band electrons [1]. For a degenerate Fermi gas the conductivity is 

h e  2 l 
( ~  - -  _ _  , 

vm, 

where l and v are the mean free path and the electron velocity at the surface 
of Fermi distribution. For degenerate electron gas we have the formula 

v m ,  2 ~ t l 3 n l  1/3. 

h, (8~  J 
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Supposing that  the mean free path can be written as 

l _  P 
nl/3 

where p i s  the number of interatomic distances on a mean free path. Combining 
these expressions we get for the conductivity 

( Ÿ  _ _  

h~ 

These formulas were applied by N. F. MOTT and W. D. TWOSE [20] to the 
case of n-type Ge with donor concentrations between 2 • 1017 and 4 )< 1019 cm -a 
at liquid He temperatures, and they have got an electron mean free path which 
was nearly constant in the whole range of impurity concentrations. 

We have applied this model to our Cr- and O-doped samples and the 
results are shown in Table II. The reduced Fermi levels ~ = Ep/kT which are 
also shown in Table II  were evaluated with the assumption that  the density 
of states in the metal-like impurity band is the same as in the conduction 
band [1], to show that  in our samples at 77 ~ the electron gas is really degene- 
rate. Except for sample No. 178/b we can see that  the mean free path does not 
depend strongly on the electron donor concentrations. Apparently the assump- 
tion concerning the degeneracy does not hold for sample No. 178/b. J 

Our last task is to explain the occurrence of metal-like impuri ty band 
conduction and of the negative magnetoresistance in our samplš at relatively 
high temperatures (77 ~ and above). The fact tha t  our samples were strongly 
compensated, presumably plays a significant role in the formation of impurity 
band at higher temperature than in other cases. According to O. V. EMELYA- 
NENKO et al., [7], in their n-type GaAs samples which were doped with Cu 
diffusion, the strong compensation produced relatively high concentrations of 
impurities with lower concentrations of charge carriers, thus giving rise to the 
formation of impurity band at higher temperatures than ir is usual. The same 
is the case with our Cr- and O-doped and strongly compensated samples, where 
the metal-like conduction mechanism shows that  the conduction and impurity 
bands merged, and most proLably with the samples of B. S. LISENKER et al., 

[8] ,  having Fe as the compensating impurity. 
Ir is very interesting to note that  until now the formation of impurity 

banal and the presence of negative magnetoresistance at relatively higher 
temperatures (77 ~ and above) have been observed only in highly compensated 
n-type GaAs, with compensating impurities having deep energy levels. As we 
have mentioned Cr creates deep acceptor levels in GaAs with energy level of 
0.81 eV below the conduction band edge, Fe creates deep acceptors too with 
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e n e r g y  level  m o s t  p r o b a b l y  a t  0.52 eV b u t  a t  t he  s ame  t i m e  a n o t h e r  level  of 

0.37 eV was o b s e r v e d  too [18]. I t  seems t h a t  t he re  are  more  t h a n  one deep 

accep to r  levels  a s soc ia t ed  w i th  the  Cu i m p u r i t y  [34], a n d  the  accep to r  leve l  

c o n n e c t e d  w i th  the  O i m p u r i t y  lies a b o u t  i n  t he  midd le  of t he  f o r b i d d e n  b a n d  

a t  0.63 eV above  the  va l ence  b a n d  edge [35]. 

Table II 

r n l 
Sample  No  ~Q-1 c m - t  c m - 3  p cm 

176 

178/a 

178/b 

177 

323 

358 

71 

337 

6.1 X 1017 

1.2 • 10 x8 

3.6 • 1017 

1.6X 10 ls 

48.8 

43.3 

12.9 

37.1 
i 

58x 10 -6 

41 • 10-s 

18• 10 -6 

32 • 10-s 

5.3 

8.3 

3.6 

10.2 

F i n a l l y  we w o u l d  l ike to  p o i n t  ou t  t h a t  in  the  c o m p e n s a t e d  samples  the  

m o b i l i t y  a t  77 ~  is u s u a l l y  e x c e p t i o n a l l y  low as obse rved  in  our  s amples  

Nos. 177, 178/a a n d  178/b a n d  the re fo re  t he  n o r m a l  pos i t ive  c o m p o n e n t  of 

t h e  m a g n e t o r e s i s t a n c e  is v e r y  low too,  a n d  c a n n o t  m a s k  t he  n o t  too s t r o n g  

n e g a t i v e  m a g n e t o r e s i s t a n c e .  
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O T P H H A T E M b H O E  MAFHETOCOHPOTHBYlEHHE B I~OMHEHCHPOBAHHOM 
A P C E H H ~ E  FAYlYlId~I n-THHA H PH T E M H E P A T Y P E  77 ~ 

B. HD~DP 

P e 3 t o M e  

MarHeTOconpoTtm~eHHe B CHJlbH0 I<0MneHcHp0BaH•0M apce~n~e r a n z u ~  n-Trlna c 
npnMeCbtO xpoMa n Kncnopoaa 6btnO •aMepeno npn  TeMnepaType 77 ~ I~OHReHTpaRH~t 
3YleKTpOHOB npn KOMHaTH0~ TeMnepaType nax0annacb  u npeaenax  0T 3,8• RO 1,6X 10 ls 
cM -a. I3pu C~a6bIX MaFHHTHblX H031~tX OTpHIIaTeJlbHOe MaFHeTOC0Hp0TI4BJIeHHe ~hi J10 0�88 
)t<eHo npH TeMHepaType >K~~Koro a3oTa. [3blYlO •oKa3aHO, qT0 iIoBe~eHtte OTOFO aHoMa~bH0rO 
OTpHRaTe~LHOF0 MaFHeT0COIIpOTHBJleHHH 0qeHb HOXOYKe Ha TO, KOTOp0e �88 J10 06Hapy>KeHO 
B CHMbHO ~eFHBOBaHHbIX H0~ynpoB0~HHKax npn  FeYIHeBblX TeMnepaTypax. OTpHUaTe~bH0e 
MaFHeTOC0np0THB~eHHe �88 nponop~nona~bHO ~<BaapaTy MarnnTHoro non~ npn  cna�88 
non~x,  n noKa3azo HaCb~meHHe npn  non~x 4C()0--~(3(30 raycc, ti{na 06~~CHeHI4~ 06Hapy>KeH- 
HOF0 3r 6blYl0 Hpe~n0~0)KeH0, qT0 Fs MeXaHH3MOM nepenoca H0CHTeYle~ ToKa B 
Hamux o�88 ~B~~eTC~ MeTaannqec~aa Ilp0B0~HMOCTb B npnMecnofi 30He. 

Bb~~0 noKa3aHo, qT0 06uapy~<eHu~ie xapar(TepHb~e qepTb~ 0TpHRaTe~bHOF0 MarHeTO- 
co~poTuBne~nn C0BMeCT~Mbt C M0;Ie~b~o pacceann~ 3~eKTp0HOB Ha ~01<a~H3Hp0BaHHb~X MaF- 
HHTHblX MOMeHTaX B np~MeCHOfi 30He. H3 3~cnepuMeHTa~3bnblX ,~aHHblX cpe~Hee 3HaqeHne 
~0Ka~t~3HpOBaHHb~X MOMeHTOB COCTaB~~eT nop~~Ka 2 - - 3  MaFHeTOHa Bopa. 

BblJlO BblCKa3aHO npe~no~o>~eHne, qTO Cn~hHa~ ~oMneHcaa~~ M07t(eT nrpaTb cy~eeT- 
BenHytO p0~b B qbopMnp0uaHn~ npnMecno¡ 30HbI npn  TeMnepaTypax 77 ~ n sbtme. 
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