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Galvanomagnetic Effects in Three-Band Semiconductors — 
Experiments with p-Type InSb*) 

The resistivity and Hall coefficient of a p-typc single crystal of InSb have been 
measured as a function of magnetic field strength and temperature. The ranges 
covered extend from 0 to ± S KOe and from 78° K to 300° K, Equations are derived 
for the Hall effect and the magnetoresistana: wliich are applicable to isotropic 
semiconductors containing an arbitrary number of non-interacting degenerate 
bands, and valid for any magnetic field strength. In particular a three-band model 
is discussed in detail and formulae are given by which it is possible to derive values 
for the concentrations and mobilities of the various charge carriers from the de­
pendence of the Hall coefficient and resistivity on the magnetic field. This model 
appears valid for /»-type InSb in the extrinsic range. I t predicts the presence of 
two kinds of hole with higlilv different mobilities. In the intrinsic range the model 
fails by giving a negative concentration of high mobility holes. An alternative model 
consisting of only one band of holes but taking various scattering mechanisms into 
account is found to be equally good at low temperatures, but also inadequate in 
the intrinsic range. The failure of these two models at high temperatures supports 
Ehrenreich's theory of predominantly polar scattering between 200° K and 5000K. 

1. Introduction 
Experimental evidence of the presence, in InSb, of two bands of holes 

has been recently reported1)2). A detailed account of the situation regard­
ing this question h;is been given by FKEDIÏRIKSE and HOSLER2), and we 
refer the reader to their paper for extensive references. Theoretical treat­
ments3) generally agree with an electronic structure consisting of one 
isotropic conduction band and two or three valence bands capable of 
contributing to the galvanomagnetic effects. A first valence band, ob­
served in all experiments that depend on the electronic structure, is 
characterized by a high density of states and a heavy effective hole mass 
of about . 18 m0. The second band which is often postulated has a low 
density of states and a very small effective mass. Whereas everyone agrees 
that the light hole band is isotropic, opinions are divided about the heavy 
mass band. A third band with a very heavy mass of 1.2 m0, has only been 

*) Submitted in partial Iulfilment for n Ph, D. degree at the University of 
Neuchàtel. 



464 Gaston Fischer 

observed in cyclotron resonance experiments1), and, in agreement with 
theory, it is assumed to lie energetically much lower2)3). 

FREDERIKSE and HOSLER2) tried to obtain information on the band 
structure of InSb by performing galvanomagnetic measurements on p-
type material below 78°K. They can explain their results with either one 
kind of hole and scattering predominantly through ionized impurities, 
or else two kinds of hole and mainly thermal scattering (scattering 
through thermal waves). In view of the theoretical band calculations and 
the evidence from cyclotron resonance experiments1) they decide in favor 
of the second mechanism. With the hope of obtaining a decisive choice 
between the two models proposed we have performed systematic galvano­
magnetic measurements on a similar sample of />-type InSb - kindly given 
to us by Dr. FREDERIKSE -, but in a different temperature range. This 
range, between liquid nitrogen and room temperature, was so chosen as 
to insure an increased contribution to scattering by lattice waves. If the 
light mass holes postulated at low temperatures belong to a valence band, 
it is reasonable to assume that their number should increase with temper­
ature; this increase need not, however, be in proportion to that of the 
heavy mass holes. A decrease of the number of light holes would neces­
sitate a rather improbable temperature dependence of the band structure, 
or else a completely different origin would have to be attributed to these 
holes, for example, some kind of surface states. With the assumption of 
predominantly thermal scattering we would also expect holes from a 
valence band to show a mobility that decreases with increasing temper­
ature. When thermal scattering alone is assumed the velocity distribution 
of the charge carriers in a non-degenerate semiconductor will lead to a 
certain variation of the resistivity and Hall coefficient with the magnetic 
field4). However, these variations are relatively small andean not account 
for the variations observed (cf. section 4). We shall ignore this effect in 
the discussion of our three band model, assuming a uniform, field in­
dependent mobility in each band. In other words, each band is treated as 
a degenerate and isotropic band as in some metals. This model, which 
will be discussed in greater details in sections 3 to 6, appears, at first, to 
account extremely well for the properties observed; but when the compu­
tation is carried out completely certain inconsistencies are revealed. One 
finds a concentration of fast holes which decreases when temperature 
increases, becoming even negative above 15O0K. At the same time a 
mobility of the fast holes is found that increases steadily with tempera­
ture, reaching values of about 2 X 105 cm8/V. sec. While some explana­
tion might be found for these unusual dependences on temperature, the 
negative charge concentration that would be required is indicative of the 
failure of the model in the intrinsic range. 



Galvanomagiietic Effects in Three-Band 465 

I t will be shown in section 7 that the alternative model of two bands 
only, with scattering by ionized impurities as well as lattice waves, is also 
inadequate at high temperatures. The reason for the failure of both 
models above 1500K probably lies in the rapid onset of a new scattering 
mechanism. EHRENREICH 5 ) has shown that between 2000K and 5000K 
polar scattering fi. e. scattering through longitudinal optical Lnodes of 
vibration) is predominant. EHRENREIGH'S calculations nevertheless sup­
port a three-band model. 

Hall effect and conductivity of InSb as a function of magnetic field 
have been measured by many investigators, but the first systematic 
description of a model consisting of three bands was given by WILLARD-
SOM6) in an investigation of ^>-type germanium. A fine structure analysis 
of a number of fi-type semiconductors has been carried out by B E E R 7 ) 
and B E E R and W I U . A R D S O N 8 ) . Their experiments on germanium, silicon, 

diamond and aluminum antimonide reveal maxima and minima which 
they can explain with a complex scattering mechanism and the presence 
of two kinds of hole. To carry out such an analysis requii-es the help of 
big computing devices. 

2 . Exper imenta l Procedure 

From a j£>-type single crystal of InSb a sample appropriate to the meas­
urements was ground to size with fine emery paper since the material was 
too brittle to be cut with a diamond saw. Orientation and dimensions of 
this sample are given in Table I. The sample was mounted in the same 

Tabic I 
Dimensions in mm and Orientation of the Single Crystal Sample 

Dimension 
Orientation 

I = length of 

I 

16 
(100) 

Ò 

16 
(100) 

d 

4.S0 
(100) 

W 

3.86 
9° off (010) 

t 

1.14 
9° off (001) 

sample; ò = distance between current leads; d = distance between 
potential leads; w — width; t = thickness 

way as described in a previous paper11), but the current leads were soldered 
onto the whole areas of the smallest sample faces in order to ensure a 
more regular potential distribution. The soldering was done witli indium, 
platinizing solution being used as a flux. The geometry of the sample is 
a factor which can substantially affect galvanomagiietic measurements. 
The work of LJPPMAN and K U H R T 1 0 ) indicates that with the dimensions 
of our sample the Hall constant should not be affected by more than one 
percent, while a rather greater alteration must be expected in the mag-
netoresistance, particularly at higher fields. The technique of pressure 
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contacts for the potential and Hall voltage leads0) provides very small 
areas of contact to the sample, along lines of constant potential, and 
should thus cause only a very small perturbation. 

Our measurements were consistently performed between — 8 KOe and 
+ 8 KOe. No significant asymmetry in the magnetoresistance or Hall 
effect was found. The largest difference between the positive and negative 
branches of the resistivity curves was only 2%; it was systematically in 
one direction below 19O0K and in the other direction above, being great­
est at the highest temperatures. Except in the vicinity of the sign reversal, 
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Fig. I 
Resistivity versus temperature of a single crystal of TnSb at magnetic fields of 0 

and 8 KOe 

at ,1500K, the Hall coefficient was found to be perfectly symmetrical with 
the magnetic field / / . Where it changes sign the Hall coefficient is so 
sensitive to any change in the concentration of impurities that an appreci­
able systematic asymmetry must be expected. The range of temperature 
over which this occurs is narrow, from 1500K to 1700K, and if one takes 
averages between the positive and negative field readings one may expect 
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to obtain reasonable results. For the sake of consistency this averaging 
procedure was carried out with all measurements of the resistivity, QH, 
and the Hall voltage, V11. The almost perfect symmetry observed justi­
fies the technique of pressure-contacts, and indicates a high degree of 
homogeneity of the sample11). 

The magnetic field was calibrated with a nuclear magnetic resonance 
spectrometer. Care was taken to identify the whole hystcris cycle; when 
resetting a certain field the current was first increased well into the 
saturation range and then nionotonically decreased to the appropriate 
value. The accuracy in resetting a given field was of the order of ± 10 
Oersteds. 

Figs. 1 and 2 reproduce the temperature dependence of the resistivity 
and Hall effect in the fields H = O and / / = 8 KOe. With these proper­
ties we can obtain a rough estimate of the puritv of our sample by assum­
ing that only one kind of hole is present at liquid nitrogen temperature 
and by simply equating the number «2 of these holes to the number A'' 
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/ 
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0 2 4 6 8 10 12 14 

I 0 3 / T "K 

Fig- 2 
Hall coefficient versus temperature of a single crystal of InSb at magnetic fields 

of 0, 8 KOe and co 
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of acceptors per cm3. We shall use the approximate equations (2.1) and 
(2.2) to perform this computation (the symbols are defined in the next 
section). 

e o ( 7 7 ° K ) = ^ l - = 2-6 Q cm (2.1) 

^0(77°K) = _ i 14 x 103cm3/Coulomb (2.2) 

From (2.2) one readily obtains 

n2 = N = - ^ - = 4-5 x 10» cm-3 (2.3) 

and with (2J) one can get b2 as 

bz = 1 = 5-4 x 108 cm2/V. sec (2.4) 
It2 CJ)0 

3. Equations of the Three-Band Semiconductor 
AVe shall follow CHAMBERS12) to derive the resistivity QU, and Hall 

coefficient, An, of a three-band semiconductor. Let us define 

h = AHia{H (3.1) 
and 

0 ' - W - (3.2) 

where cr, and AHi are the conductivity and Hall coefficient of the separate 
band i. Chambers has shown that for an}' number n of non interacting and 
isotropic bands one can write 

St=Ze1 (3.3) 
i -1 

and 

0t=jr 0,tt (3.4) 

with 0 and t related to the conductivity a and the Hall coefficient An 

of the complete system: 
l=AnaH (3.5) 

0 = ~ ^ (3-6) 

It is worth noting that the field H is proportional to every Z1- and to t. 
If we assume in each band i a concentration of carriers n{ and a uniform 
mobility b{, we can write 

I = HiCb1... ( t= 1, 2, ...n) (3.7) 
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a n d Am=-— (3-8) 
" ' ni se v ' 

Expressions (3.7) and (3.8) are given with the convention that eis taken 
positive, electrons are attributed negative W1- and &.'s, and holes are given 
positive ni and V s-

From (3.5) and (3.6) it is now possible to calculate the resistivity 
Qn = ija and the Hall coefficient A11 of the complete system: 

l 
Q,, = — 

*,*,|/7(i + v W (3'9} 

e h 4= j 

2 > ( V /7{i+ V-^2) 
i I ; 

+ 2£ nt nk bf bk (1 + 6, V*«) J ' 77 (1 + bf H2) 
1, * I ? 

.4 = - - ' " I i ) 
" ec I ) ' * » I »' * * 

r V V /7 (i + V w») U 2 2; « ( » t -̂ fcfc (i+6,- ft, w ») 
» I / J ', * 

) ' * ' . * 1 

A J 

It is seen at once that both formulae are quotients of two even poly­
nomials of order 2 (n — 1) in 77, where n is the number of bands. The 
polynomials of the two denominators are identical. 

We shall now consider a three-band model. Expressing everything in 
laboratory units9), and writing (10-8 77)2 = x, one can reduce (3.9) and 
(3.10) to the following simple formulae 

1 A + Bx + Lx2 

- W ~ ~ ' A2+ Dx+Mx2 

1 E+Fx + Nx2 

A , . = 
« e A2 + Dx + Mx2 

For the various parameters of these formulae one obtains: 

A = V1 U1 + «2*2 + «3^3 

B = H1 O1 ( V + V ) + «8 b, ( V + V ) + »3 b3 ( V + V 

L = («., O2 i 3 + H2 Ui1 O3 + H3 i j O2) O1 i 2 63 

D = (H1 + H2)
2 U1

2 V + (M1 + «s)2 V V + («2 + «3)* V V 

-I- 2 H1 H2 O1 b2 V + 2 H1 H3 O1 O3 O2
2 + 2 H2 M3 O2 O3 O1

2 

M - (H1 + H2 + H3)
2 V V O3' 

& = "l ^12 + "2 V + 7'3 V 

F - H1 V (V + /½2) + H8 V (O1
2 + V) + «3 V (V + M 

A' = (H, + M2 + M3) O1
2 V V 

(3. 

(3. 

(3. 

(3-

(3. 

(3-

(3. 

(3. 

(3. 

11) 

12) 

13) 

14) 

15) 

16) 

17) 

18) 

19} 

(3.20) 
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The parameter A, defined in previous papers")13), is not explicitly in­
dependent of the magnetic field H, as it is for the two-band model. 

A = ( AH~A" \ /iJäZ^\ = A*F-ED+(AhW-EM)x 

' - \ A, J/ { Qo J E(AB-D) +E[AL-M)x * ' } 

If the coefficients of the above expression for A are independent of H, 
then A cannot become an extremum at fields other than H = 0 or H =00. 

We shall now discuss the properties of our three-band model, with the 
additional assumption that all charge carrier concentrations and mobil­
ities are independent of the magnetic field. W1 and O1 arc attributed to 
electrons and are thus negative. n2 and b3 refer to the heavy holes, «3 and 
bs refer to the light holes, and these four parameters are therefore posi­
tive. The light holes are assumed to have a higher mobility, and they 
belong to a band witli a lower density of states; one can then write the 
inequalities 

«2 > W3 (3.22) 

bo < os (3.23) 

We shall also assume that the mobility bl of the electrons is larger than 
the mobility &2 of the heavy holes. Thus 

- O1, ba > b2 > 0 (3.24) 

In principle it should be possible to solve the system (3.13) to (3.20), 
obtaining first two relations between the eight equations; this would re­
duce the system to only six equations. Then secondly, solve for the six 
physical parameters 7I1 to O3. However, the complexity of the system is 
so great that it seems appropriate to try first to determine the general 
and particular characters of our model for the two kinds of material, p-
and w-type. 

4. Discussion of a p-type model of InSb 

We shall speak of a p-type semiconductor when, for every temperature, 

9Î = Wl + M2 + M3 > 0 (4.1) 

If all acceptors and donors are fully ionized, 9Ì will be a constant; this 
will happen at all temperatures where kT is much greater than the ioniza­
tion energy of the acceptors and donors. We can check if 9Ì is a constant 
in our sample over the temperature range of our measurements, since 
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Figure 3 strongly suggests that A1x,, and therefore also ••)<, are constant. 

Equation (4.2) is of a very general character; if we write 9Ì = 2Jnn t ' i e n 

i 1 

for a system of any number n of separate bands, 

"»--sb (4-3) 
where M1 the subscript of 9Ì, means that any change in the concentrations 
«,- due to the magnetic field has to be taken into account. This result is no 
different from the conclusions which can be drawn from a one- or two-
band model, and the observed constancy of A00 with temperature does 
not provide evidence in favor of any particular number of bands. I t is, 
nevertheless, interesting to note the good convergence of all the curves 
of Figure 3 towards a constant, mobility independent A00, particularly 
if we remember that at finite fields the Hall coefficient can depend very 
much on the mobilities. 

Let us consider the ratio 

Ace A2N ( « A + «2&a + na6a)* ' 

W0 _ « ^ ï y + ^ W + ^ W /A^ 
Ac* («A + «!6* + *»*'»)' [ ' } 

At very low temperatures M1 vanishes (our sample is free of donors, cf. 

Table I I I ) , and 9Ì simply equals K2 -f K3. Because of (3.23) it is then pos­

sible to have 

This result is very important, since it cannot be obtained with a two-band 
model of carriers witli opposite charges. A two-band semiconductor with 
carriers of opposite charges requires condition 

~ ° - < 1 (4-7) 
A co 

Our present measurements on single crystalline InSb, as well as un­
published ones on a polycrystalline sample, indicate that condition (4.6) 
is fulfilled and give support to a model of at least two kinds of hole. At 
this point it can be argued that with the consideration of thermal scatter­
ing our findings could be explained within the framework of a two-band 
model. WILSON 4 ) has shown that owing to the thermal spread of the 
velocities a semiconductor will require 

- 4 » - < - i £ L - l . ] 8 (4.8) 
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Our measurements give, however, a definitely larger ratio. According to 
Figure 3 we have 

A, 13,900 

9,400 
= J.4S (4.9) 

and the value obtained with a polycrystal is about 1.35. These results, 
therefore, are easier to explain with two kinds of hole than with a thermal 
spread of velocities. HROSTOWSKI et al.li) also observed a ratio greater 
than 1.18. 

It can be seen that within a certain range of temperatures the same 
ratio AJA1x, can obtain negative values of a magnitude several times 
greater than unity, This prediction, which is well realized in our measure­
ments in the range of ]45°K to 195°K (cf. Fig. 2), is only typical of 
semiconductors with carriers of opposite signs. 

There is, however, a property which can only occur in semiconductors 
with uniform mobilities in each band when at least three kinds of carrier 
are present; this is an extremum of An for fields different from zero or 
infinity. Considering condition (4.10), 

-^r- - ° <4-10> 
we obtain 

x* (ND - FM) + 2 x (AM2 - M E) 4- A2 F -ED = Q (4.I]) 

and look for positive roots of this equation. Let us start by rewriting 
equation (4.11) in the simpler manner 

ax*+ 2bx + c=0 (4.12) 

A careful study will show that at the lowest temperatures all three coeffi­
cients a, b and c of this equation are negative. One by one these coeffi­
cients change sign in going through zero. First to change is c, then b and 
finally a. In the range where a and c have opposite signs there will be 
a maximum of A H versus H. Outside this range there will be no extremum 
(cf. Table II and Fig. 3). No such extremal values are possible with a 
similar two-band model. The present three-band model could thus explain 
the maximum in the Hall coefficient observed by HOWARTH et al.15) as 
well as in our present (Fig. 3) and previous9) papers. 

Fig. 3 
HaIi coefficient versus magnetic field of a single crystal of InSb at various temper­
atures. The points are experimental and the curves are calculated. Note the change 
of scale on the abscissa to bring out the important features near W = O and II = co. 
An appropriate choice of scales for the two halves of the diagram will ensure 
continuous derivatives. The scales on the abscissa are the same as in Fig. 4, and 

the reader is referred to that figure for greater claritv. 
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Fig. 4 

Resistivity versus magnetic field of a single crystal of InSb at various temperatures. 
The points are experimental and the curves are calculated. Note the change of 

scale as in Fig. 3 

We have now gathered sufficient information to predict the general 
behaviour of AH versus magnetic field H and temperature for a ^-type 
semiconductor having two types of positive charge carrier. In Figure 3 
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calculated curves are displayed which are of the type (3.12) and also fit, 
as well as possible, our own measurements. There is good agreement. 

A discussion of the resistivity Q11 similar to the above discussion of An 

is not of great interest, since there is no essential difference between the 
predictions for Q/{ of a two- and three-band model. The differences are 
only quantitative. Figure 4 gives calculated curves according to (3..11) 
and our measured points. The denominator of the calculated oH curves 
is the same as that of the Hall coefficient curves (Fig. 3), as required by 
the theory. The numerator ignores the two unknown relations which 
must exist between all the parameters involved in the formulae (3.11) 
and (3.12) and was simply chosen to give a satisfactory fit. 

Table II and Figures 5 and 6 give the values chosen for the parameters 
appearing in formulae (3.11) and (3.12), at the various temperatures of 
our measurements. 

In section 6 a complete solution of the system of equations (2.13) to 
(2.20) is given, and a computation of the charge carrier concentrations 
and mobilities is carried out. 

i .o l i i i i i i i i i 
120 130 140 150 160 170 ISO 190 200 210 220 

T *K 

Yig. 5 
Parameters A, B, L, and M of formulae (2.11) and (2.12) versus temperature. 
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D 1 E 1 F 

E * IO 

Fig. 6 
Parameters D, E, and 7-" of formulae (2.11) and (2.12) versus temperature 

5. Discussion of «-type InSb 
Although we have done no experiments with «-type material, we shall 

discuss briefly the properties to be expected from «-type InSb, when 
again (3.24) is valid. 

«-type semiconductors can be defined by the condition 

Sì = H1 + «a-L 7 , 3 < o (5..1) 

Assuming that above a certain temperature all donors and acceptors are 
fully ionized, and that the magnetic field has no effect on the «/s, one 
would again expect A00 to be a constant 

A°° *9îco 
(5.2) 

Considering the ratio AJA110 as defined by (4.5) one sees at once that 
for an «-type semiconductor with only one kind of electron and satisfying 
(3.22) and (3.24) one always has 

5^ (5.3} 
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This result is independent of the number of bands of holes. Again it 
must be said that this condition may be slightly violated because of the 
thermal velocity spread, to the extent shown by WILSON4). One could 
thus replace (5.3) by 

0 < - ^ - < - ^ - = 1.18 (5.4) 
A& ö 

In both inequalities (5.3) and (5.4) the equality sign can only occur at 
low temperatures. A0 is negative like A001 and because of (3.24) never 
changes sign with temperature; its magnitude will decrease when the 
temperature increases, unless extremely improbable temperature varia­
tions of the mobilities take place. 

We shall now look for possible extrema of An versus H. Again (4.10) 
will give us (4.11) which we write more simply as (4.12), One can see that 
a, b and c are always negative, and as a result there should be no maxima 
or minima. It must be noted, however, that unlike ^-type InSb for which 
AH can vary over an extremely large range of values, extending from 
positive values larger than A00 to negative values of a magnitude several 
times larger than A00, «-type InSb only allows An values in the range 
given by (5.3) or (5.4). Mobility and charge carrier concentration changes, 
which are difficult to observe in /»-type InSb because of the large varia­
tions of A11, may be more readily detected in w-type InSb. It is therefore 
particularly interesting that a number of recent experiments with «-type 
InSb have shown features which are not as yet wholly understood. 

FREDERIKSE andHosi,ER1G) have observed several maxima and minima 
of the Hall coefficient in «-type InSb at 78°K and below; they give no 
explanation of this behaviour. BATE, WILLARDSON and BEER1 7) have also 
observed a minimum of An versus H in «-type InSb at temperatures of 
550K to 195°K, for which they too could give no explanation, although 
they considered complex scattering mechanisms. 

6. Computation of the Charge Carrier Concentrations and Mobilities 

The system of eight equations (3.13) to (3.20) could first have been 
reduced to only six independent relations, since there are only six un­
knowns. However, this seemed too complicated and we tried to obtain 
a solution from a set of any six equations. The remaining two were then 
used to check the consistency of the experimental parameters with the 
theory. The mathematical method which will be described in Appendix I 
has been chosen because of two important advantages. First of all it is 
algebraically quite simple. Secondly, it does not make use of B and L 
which are determined from the magnetoresistance measurements. As has 
been seen in section 2, magnetoresistance is more affected than Hall effect 
by sample geometry, and it is advisable to discard those parameters 
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which have been derived from the dependence on the magnetic field of 
the sample resistance. With the computed carrier concentrations one can 
in turn obtain calculated values of B and L. It is interesting to compare 
these calculated values with those obtained from the experiments 
(Table II). The agreement is very good and indicates that all the experi­
mental parameters obtained are high!}' compatible with each other within 
the theory presented; it is also indicative that the geometrical effect 
produced only small perturbations. 

Table III and Figures 7 to 12 give the computed charge carrier concen­
trations, «,-, and the mobilities, £,-, versus the temperature T. With the 
exception of n3 and b3 the values obtained appear to be very reasonable, 
not too scattered, and with a plausible temperature dependence. The 
values obtained for «., and £>, are reasonable onlv below 1500K; above 
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Concentration of electrons versus temperature 
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Fig. 8 
Concentration of «slow* holes versus temperature 

that temperature «3 becomes negative, while b3 starts increasing towards 
rather high values. The negative values of «3 seem to be a physically im­
possible result, since by definition (section 3} we would always expect the 
same signs for ni and its corresponding bt. The success of our model below 
15O0K was to be expected, since it is in that temperature range that fea­
tures most characteristic of a three carrier model appear to be followed 
by our sample. 

Figure 13 is a graph of log [— It1 {n2 + W3)/-
3] versus 1/7". Simple acti­

vation theories predict this relation to be linear, with a slope yielding the 
energy gap at the absolute zero. We obtain AE = 0.27 eV, a value slightly 
higher than the recent quotation of 0.25 eV18). 

7. Discussion of an Alternative Model 
A model consisting of two degenerate bands, one of electrons and one 

of holes, has proved inadequate to explain the field dependence observed. 
Only in the narrow range from 15O0K to 16O0K does it happen that our 
experimental curves AH and QH can be represented almost equally well 

-o-o— o—o- -o o — 

i t i i 
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Fig. 9 
Concentration of *fast» holes versus temperature 

by a two band model of properties similar to the three-band model dis­
cussed so far. To check if taking the thermal spread of velocities and the 
scattering by ionized impurities into account would improve the situation 
it is convenient to consider the parameter A defined elsewhere9)13). We 
recall that , under reasonable simplifying conditions, A should obey the 
following relation: 

'7.Ï 

(we refer to reference 9) for the definition of the symbols) and we have 
erroneously stated") that the following inequality follows: 

A{0)>A (co) (7.2) 

[1.2) is correct only when /l(oo) satisfies the very restrictive condition 
[73): 

I l O _ 1 .v 1 1 

(7.3) A^U-f\>-^ 
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Fig. 10 
Mobility of electrons versus temperature 
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Fig. 11 
Mobility of «slow» holes versus temperature 
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Fig. 12 
Mobility of «fast» holes versus temperature 

This condition is not satisfied in />-type InSb and it is seen in Figure 14 
that one has throughout A(O) < A{oo). 

Depending on the degree of degeneracy and on the relative amounts 
of scattering by lattice waves and ionized impurities a and y should be 
comprised between the following limits4) 

.5 < a < 1 (7.4) 

2 > y > 1 {7.5) 

Now Q, A(O) and A(oo) can be derived from our measurements, using 
functions (3.11) and (3.12), and the parameters of Tabic I I . We know 
that these calculated functions fit the measurements very well and it can 
be seen in Figure 14 that the values so obtained are likely extrapolations 
of the experimental points at finite magnetic fields. Assuming for a the 
three values . 5 ; . 849 ; and .1 one can calculate y. If the y values obtained 
satisfy (7.5) we might conclude that our alternative model is valid for 
fi-type InSb. As can be seen from Table IV and Figure 15 this does not 
occur for all temperatures. Below 165° K y satisfies condition (7.5) and 
below 16O0K all y values are so closely similar that one would be inclined 
to accept our alternative model. However, at the higher temperatures 
this model gives unacceptable results. 
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8.5 

Graph of log [ - ^ 1 (»•>+ H3)]/?*3 versus 1/7'. The straight line has ;i slope which can 
bo identified with -AEfkT, yielding for the energy gap AE = 0-27 cV (A — 

1ÏOLTZMANN constant) 

S. Conclusions 

The two models considered in this paper appear equally well suited to 
explain the properties of p-type TnSb in the extrinsic range, but they 
both fail in the intrinsic range. In view of a great amount of evidence 
from other sources the three-band model is more likely to correspond to 
the facts. The analysis carried out here gives detailed information about 
the concentrations and mobilities of the different charge carriers. In the 
intrinsic range EHKENREICH 5 ) has shown that the three band model can 
be maintained provided polar scattering is considered as the dominant 
mechanism determining the mobility of the electrons. 
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Appendix: 
Solution of the Equations (2.13) to (2.20)*) 

The three mobilities bi are obtained as solutions of a cubic equation 

&3 - ab2 + ßb - y = 0 

where a, ß and y are simple function of the mobilities. 

a = O1 + O2 + b% 

(A.l) 

(A.2) 

*) The mathematical expressions of this solution have been worked out by Mr. 
Andrew Korsak, to whom we are very much indebted. 
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100 

Fig. 15 
Temperature dependence of parameter y discussed in the alternative model 

cf. section 7) 

ß = O1 b2 + b2 bz + b3 O1 

Y = O1O2 bs 

(A3) 

(AA) 

a, ß and y can be expressed in terms of the experimental parameters A 
to N appearing in (2.13) and (2.12). Since we have eight non-independent 
parameters, these expressions are not unique. We shall give here expres­
sions which do not involve B and L. 

a = 4" ( E ± l/D + 2 A ÌM 

R = JT-yA+ai)/W 
P aA-E 

(A.5) 

(A.6) 

(A.7) 

It is important to note that with our model, and with )!>-type InSb, 
\/M is a negative number - cf. eqs. (2.17) and (2.24). Therefore y is also 
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a negative number. I t can also be shown that a.A-E is negative at low 
temperatures and positive at high temperatures; as a result the sign in 
front of the main root in (A.6) is not known a priori. A diagram of the 
positive values of this root exhibits a very well defined minimum at 
about 1550K. This minimum comes close to zero, and since we expect 
<3.A~E to have a slowly changing derivative we assume the change of sign 
to occur at that temperature. Introducing the values obtained for a, ß 
and y into (A.l) gives an equation which always has a large negative root, 
at tr ibuted to blt and small and large positive roots, at tr ibuted to b2 and 
b3 respectively. 

The charge carrier concentrations, «-,-, can easily be expressed in terms 
of the mobilities, b}, when solving the following set of equations : 

M 
M1 + M2 + «3 = — (A.8) 

M1 A1 + M2 b2 + M3 A3 = A (A.9) 

M1 A1
2 + M2 b2

2 4- nn bs
2 = E 

and the solution is 
M 

E-A ( ¾ + ¾ + -jj-bzbs 

with similar formulae for M2 and M3. 
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