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lines as they are, they could also be associated with
some centers of diGerent symmetry. Lines with 15- and
49-cm ' separations might also be due to phonon
difference frequencies as Sugano" suggested. Also,
there was no compelling reason to associate any of these
lines we observed at 4'K with transitions between
exchange-coupled ion-pair states.

Gaussian distribution of the Mn emission in ZnS. Since
we recently observed similarly structured emission of
Mn-activated CdS and structure in the absorption
bands of ZnSe: Mn, it is probably safe to state that the
process described is not restricted to the ZnS host
lattice but might apply to divalent manganese as a
luminescence and absorption center in general.

CONCLUDING REMARKS

on the basis of the spectroscopic evidence we suggest
that coupling by phonons is the predominant factor
accounting for the usually observed band widths of Mn
absorptions in ZnS and for the band width and non-

» S. Sugano (private communication).
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The impurity conduction in semiconductors in the intermediate impurity concentration region is in-
vestigated theoretically by using the data available on antimony-doped germanium with small compensa-
tions. The origin of the activation energy e2 which characterizes the resistivity in a certain temperature
range is discussed on the basis of the D -band model, which is provided by the formation of a band as a
result of the interaction between the states of negatively charged donors, the D states. The hydrogenic
model is employed for the donor ground state, and we assume that the wave function describing the be-
havior of an electron in the weakly bound D state is of an exponential type. By using the tight-binding
approximation, it is shown that the interaction between these states leads to the formation of the D band.
Thus, the energy gap from the donor ground state, which is assumed to be localized, to the bottom of the
D band is related to the observed activation energy e&. The numerical estimations are in qualitative agree-
ment with the observed values.

I. INTRODUCTION

'HE impurity conduction which is observed in
semiconductors containing impurities at low tem-

peratures has been recognized as having three different
types of mechanism corresponding to the concentra-
tions of impurities, i.e., low-, intermediate-, and high-
concentration regions, ' ' respectively.

At low concentrations, the effect of electron correla-
tion dominates the electrical conduction. "The elec-
trons (in what follows, the terminology is applicable to
n-type samples) are localized at impurity sites and the

*Work supported in part by Advanced Research Projects
Agency Grant made to Purdue University and in part by National
Aeronautics and Space Agency Research Grant NsG —649.

f On leave of absence from the Department of Applied Science,
Faculty of Engineering, Kyushu University, Fukuoka, Japan.' H. Fritzsche, J. Phys. Chem. Solids 6, 69 (1958);H. Fritzsche
and M. Cuevas, Phys. Rev. 119, 1238 (1960).' N. F. Mott and W. D. Twose, in Advances As I'basics, edited
by N. F. Mott (Taylor and Francis, Ltd. ; London, 1961),Vol. 10,
p. 107.

'N. F. Mott, Can. J. Phys. 34, 1356 (1956); Phil. Mag. 6,
287 (1961).

electrical conduction takes place through the hopping
processes of electrons from occupied to unoccupied sites
with the aid of phonons, if there are any neighboring
vacant sites as a result of compensation. '4

At high concentrations, the interaction between im-

purities which are distributed at random is so strong
that the so-called impurity band is formed. " The
electrons behave like a degenerate Fermi gas in the
band and the transport properties are metallic in
nature. ' The main cause of scattering is the random
distribution of impurities itself and therefore the re-

sistivity is independent of temperature. ~

At intermediate concentrations, 0.6 1&(10' cm ' in

the case of Sb-doped Ge, the electrical conductivity is

e T. Kasuya and S. Koide, J. Phys. Soc. Japan 13, 1287 (1958);
A. Miller and E. Abrahams, Phys. Rev. 120, 745 (1960).

5H. M. James and A. S. Ginzbarg, J. Phys. Chem. 57, 840
(1953).

6 M. Lax and J. G. Phillips, Phys. Rev. 110, 41 (1958).
7 T. Matsubara and Y. Toyozawa, Progr. Theoret. Phys.

(Kyoto) 26, 739 (1961).
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well represented by

0'= 0's exp( —ss/ksT),

in a certain temperature range. In this region of con-
centration the Hall CGect is appreciable, although the
Hall concentration decreases rapidly with decreasing
impurity concentration. ' Magnetoresistance experi-
ments'' and piezorcsistance experiments" show that
the activation energy e~ depends remarkably on the
overlap of the donor wave functions. These features are
attributed to neither hopping nor metallic types of
conduction.

Since Fritzschc summarized the proposed mecha-
nisms for the origin of ~2, various models have been
considered. "*8Among these models, the D—-band model
seems to be the most preferred one. The band is con-
sidered to arise from resonance between the states of
the negatively charged donors, the D- ions. Mott
pointed out that the simultaneous occupation of any
site by two electrons in the limit of low concentration,
that is, the formation of an isolated D ion, requires an
activation energy which is equal to the ionization en-

ergy less the electron RKnity of an isolated neutral im-
purity. This activation energy is lowered by the reso-
nance energy as a result of interaction between the D
states. The energy gap from the donor ground state to
the bottom of D band thus formed may be related to
the observed activation energy ~2. The excess electrons
are partly excited to the D band and. partly localized.
at the donor ground states. The behavior of electrons
in the D band. may predominate in a certain range of
temperature. The recent analysis of experiments on
galvanomagnctic effects' has given R support to a
lTlodcl of thc D bRnd which ls formed floIQ thc D
states having antiparallel spin configuration in the D
ion.

However, no theoretical investigation has been pre-
sented which successfully describes the origin of e& and
the conduction mechanism in the intermediate con-
centration region. It is the purpose of the present paper
to discuss the formation of the D band and the origin
of ~2 by using the analogy between the D ion and the
negatively charged, hydrogen atom, and to discuss the
conduction mechanism in the intermediate impurity
concentration region on the basis of the D -band model.

%C consider the e-type germanium doped with anti-
mony throughout this paper. In Sec. II, a discussion
about the D state is given. The D- state will be as-
sumed to be the state of an electron in the D ion which
is meaningful at considerably large radial distances
where the lcsonRncc wl'th thc stRtc of neighboring D
ion is effective, and assumed to have the energy equal
to the di6'crcncc in energy of the ground states of the

' C. Yamanouchi and W. Sasaki, J. Phys. Soc. Japan 17, 1664
(1962); C. Yamanouchi, iNd. 18, 5775 (1963).' G. Sadasiv, Phys. Rev. 128, 1131 (1962).

10 H. Fritzsche, Phys. Rev. 125, 1552, 1560 (1962);K. Sugiyama
and A. Kobayashi, J. Phys. Soc. Japan 18, 163 (1963).

D ion and of the neutral donor which approximates
the state of the other electron. In Sec. III, we discuss
the D- band which is formed. by the resonance between
the D- states. The optical mode16 of the random lattice
is used and. is expected to give a fairly good approxiIQa-
tion because the wave function of the D—state is ex-
tended considerably. Accordingly, the summation over
the sites of neutral donor (neutral cores of the D- ion)
will be replaced by an integral over the volume of the
systeIQ. Thus, thc low-cncIgy lcvcls IQRy bc descIlbcd
approximately with the wave numbers. On the other
hand, the ground states of d.onors are assumed to be
localized. Considering the cases of small compensation,
we shall neglect the random Quctuation at impurity
sites due to the Coulomb 6cld of the ionized. acceptors,
so that the ground states of neutral donors are of the
same energy. The number of electrons in the D- band,
which is small compared to the number of donors at
low temperatures, is expressed. as a function of tempera-
ture in terms of the energy gap between the bottoIQ of
D band and. the locahzed ground state. The electrical
conductivity is discussed in Sec. IV. The main con-
tribution to the conductivity comes from the D -band
electrons which are scattered by various causes. The
temperature dependence of the conductivity may be
d.ominated by the temperature dependence of the
number of electrons in the D band, and then one-half
of the energy gap will correspond. to the observed
activation energy e2. In Sec. V, some numerical esti-
mates and comparison with experiments are given.
Section VI is devoted to some discussions and remarks.

II. THE D STATE

The hydrogenic model is assumed to be valid for the
ground, state of the neutral donor atom. " Then it is
convenient to introduce the following units:

1. Unit of mass=vs, which is the effective mass of
the donor electron,

2. unit of length = a = Iisz/me' = aH (Kms/m),
aH= Ji'/mse' being the radius of first Bohr orbit of hy-
drogen atom, mo the free electron mass, and z the static
dielectric constant,

3. unit of energy= me'/AV, which is twice the
ionization potential of neutral donor.

Vhth the use of the atomic-type units defined above,
the Schrodinger equation for the donor state occupied
by two electrons, that is, the state of the negatively
charged donor, the D ion, is written as

where r~ and r~ are the respective distances of the two
electrons from the donor center and r~m is the distance
between them. Equation (2.1) is of the same form as the
Schrodinger equation for the negatively charged hydro-

"%.Kohn, SolQ 5/u/e I'hysk s, edited by F. Seitz and D. Turn-
bull (Academic Press, Inc. , New York, 1957},Vol. 5, p. 257.
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gen atom. The ground-state energy E and the wave
function 4'(rt, r2) of Eq. (2.1) have been well investi-
gated by Bethe and others. "According to their results,
the best value of the ground-state energy E (in ryd-
bergs) is

E=—1.05545(222/me) (1/a2) Ry. (2.2)

The observed value of the ionization energy, —E&

=222/(222ea2) Ry, of the neutral donor is 9.6X10 ' eV
for Sb."Using this value, we have

E=—10.1323X10 ' eV. (2.3)

The ionization potential J of the D ion, that is, the
electron amenity, is the difference in energy of the ground
states of the neutral donor and of the negatively charged
donor:

J=Et—8=0.53X 10 ' eV. (2.4)

Thus, the activation energy required to make an iso-
lated D ion from neutral donors is

c= —Et—J=9.07X10 ' eV. (2.5)

According to the variational method, " the ground-
state wave function of Eq. (2.1) has the form, in the first
approximation,

(2.6)

where the screening constant 0- is ~~. Although the
higher order approximations are also of interest, they
are not of tractable form for the present problem. The
zero-order wave function (2.6) has a simple form which
is the product of two hydrogen-like ground-state wave
functions with a constant screening factor, and is con-
venient for the practical problem which does not re-
quire very high accuracy. Nevertheless, it is a very crude
approximation and gives no binding at all. In reality,
the effective screening is not constant, ibut varies as a
function of radial distance. It has been"shown that the
hydrogenic charge distribution obtained from Eq. (2.6)
is too small both at very small and at very large radial
distances. "Therefore, we cannot employ the screening
constant in Eq. (2.6), because we are concerned mainly
with large radial distances.

The wave function for the D ion can be written in
the form

With the use of the expansion by the Legendre poly-
nomials fol fy+f2.

rt2-' rt '——P (r2/rt) "&„(cosg),
nM

(2.10)

8 being the angle between the vectors r~ and r2, we can
see the state of affairs in which the values of r~ are
very large compared with the radial distances for which

u„~ (r2) is appreciable. In the approximation that the
terms of higher order than that of m=0 are neglected
in Eq. (2.10), that is, in the case of rt))r2, Eq. (2.9)
becomes

LA,+ 2(Z —Z„)jy„,.(r,)=0. (2.11)

1 1 1
u100(r2) u100(r2)«2= —

~
1+—e '"'+— (2 13)

~12 r, r,

Thus, from Eqs. (2.9) and (2.13), we obtain the one-
electron wave equation:

Since the wave function must be bounded at in-

finity, the radial part of tt must be proportional to
exp) —~(E.—E)'~'rtj asymptotically. Thus, the term
of 22=1 in Eq. (2.11) will predominate at sufficiently
large distances. Therefore, for the spherically symmetric
ground state of D- ion, we have asymptotically

$100(r)= at expL —v2 (Et—E)'~'rj
=at exp( —0.235r), (2.12)

where a, is an unknown constant. Equation (2.12) seems
to well exhibit the behavior of the ground state 0 of
D ion at very large radial distances. The exponent in
Eq. (2.12) is much smaller than that in Eq. (2.6) and
the correct wave function has a much longer tail."

Now we assume that the second electron is approxi-
mately in the hydrogen-like ground state N&00= x 'I'e "

and look for the spherically symmetric solution Q. This
approximation may be fairly good for large radial dis-
tances due to the discussion in the above paragraph.
Then we have

P (r1 r2) =g Pwlfe(rt)uolte(r2)
nlm

(2.7)

where I„& are the orthonormalized hydrogen-like wave
functions and satisfy the equation

Au„~ +2(E„+(1/r))u„~=0. (2.8)

From Eqs. (2.1) and (2.7), we obtain

2—6,——+2 u„(*(r2) u„(„(r2)«—2 y„)(r,)

=2(~—~-)4. -( ) (29)
"H. A. Bethe and E. E. Salpeter, Qeeoltgra Necholecs of Oae-

arsd Tzo-E/elytron Atoms {Academic Press Inc. , Neer York, 1957),
p. 146 ff; E. A. Hylleraas and J. Midtdal, Phys. Rev. 103, 829
{1956)."J.A. Burton, Physica 20, 845 (1954).

which is considered to describe approximately the be-
havior of the electron in the D- ion at large radial dis-
tances. However, it is dificult to obtain the lowest-
state solution of Eq. (2.14) which gives a bound state.
It is considered by using the parallelism with the nega-
tively charged hydrogen ion that the D- ion possesses
no other bound state than that given by Eq. (2.3).
Therefore, we assume that the D state is as follows:
The energy is E—Ej, where E and Ej are the energies
of the ground states of the negatively charged donor and
of the neutral donor, respectively; the wave function
describing the state of the electron is of an exponential
form (ne/2r)'~2 exp( —nr), the other electron in the D
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ion being approximated by the ground state of the
neutral donor; the potential —(1+1/r) exp( —2r) is
exerted to the first electron by the neutral core of the
D- ion. Then, the parameter e in the model wave func-
tion may be considered to be adjustable when we dis-
cuss the D band in the following sections.

The true wave function of the D state would never
be written as such a simplified exponential function
with a single constant screening factor. It should be
noted here that the simplified wave function assumed
above would not give any negative eigenvalue E—Ej
in Eq. (2.14). However, the zero-order wave function
and the form of the wave function at sufficiently large
radial distances are of this type. We shall therefore
proceed to the next step by assuming this simplified
form for the wave function.

III. THE D BAND

It is considered that the D band is formed by the
interaction between the D states. If e electrons (per
unit volume of the system) are excited to the D band,
then e ionized donors are thereby formed. These ionized
donors give rise to the random fluctuation of the en-
ergies of D states. However, the number of ionized
donors is small at low temperatures and we neglect the
Quctuation of potential because it is considered to be
small compared with the resonance energy between the
D states. Considering the cases of small compensation,
we also neglect the potential Quctuation due to the
presence of ionized acceptors and donors. However, the
effect of ionized impurities probably should be taken
into account when calculating the electron mobility.

We make use of the tight binding approximation.
Then the Hamiltonian for electrons in the D band
can be written, by neglecting the terms of three-site
centers, as

3'.=P P U„,a„*a.+P P V .a *a., (3.1)

y e
—p(t —a) R~flff e pffsfffl —

(3 6)

and
n'(4+3n) n4(3+2n) aV„„-—V,

(1+n)' (1+n)' R-
n 4 n'(3+2n) a

(1+n)' (1+n)' R . &
—28rrp~/a g

—aRrrpvv/a
7

(3.7)

where R „=
f
R„—R

f
and. Vp is the ionization po-

tential of neutral donor

Vp= e'/2ffa. (3.8)

Now we consider the diagonalization of the Hamil-
tonian (3.1) by the unitary transformation

E—Ej of an isolated D state is taken as the origin of
energy. The integrals are taken over the volume of the
system, V.

As has been discussed in the preceding section, one
can write the wave function p„(r)of the D- state and
the potential energy v(fr —R„f)of the electron re-
sulting from the mth neutral donor as

ftf„(r)=p(fr—R„f)=f(n/a) /frj' e ' ", (3.4)

and

v(f r—R„f)
= —(e'/~a)(1+(a/fr —R f))e '~' ""~~' (35)

where we have returned to the usual units. Then, from
Eqs. (3.2) and (3.3), we obtain

2n'(2 —n') 2n'(n' 3) —a
U„)———Vo

('—n)'('+n)' ('—n)'('+n)' R-~

2n4 2a4(n' —3)

(1—n)P (1+n)' (1—n)'(1+n)' R„(

where U„&is the energy of electron in the nth D state
in the potential field from the 3th neutral donor and is
written as

a *=Pf, cg*(k fop),

2-(k Im) (ml k') =&"
(3 9)

(3.10)

U„(——U( f
R„—R(

f )= y„(r)v(
f
r—R(

f )ft „(r)dV, (3.2)

v(f r—R~ f) being the potential due to the 1th neutral
donor, and V„„is the energy integral for the transfer
of an electron from the tsth to the mth D states and is
written as

P'(k
f
n) U„g(fp

f
k')+P'(k

f
rN) V „(fpf

k')

=E(k)bf, f.. . (3.11)

where g' means that the terms of e= l are excluded. in
the summation. Then Eq. (3.1) is transformed to

V„„=V(f R —R„f) 3C=+g E(k)cf,*cg. (3.12)

p (r)v(fr —R f)ff„(r)dV, (3.3)

and a * and u are the creation and annihilation opera-
tors of the electron in the nsth D—state, and the energy

We see that diagonalization of Eq. (3.1) can be approxi-
mated by using the transformation function

(efk)=(1VV) "'exp(ik R ) (3.13)

where X is the number density of neutral donors. It
should be noted that R„aredistributed at random.
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Then Eq. (3.10) holds under the approximation that
R„is regarded as a continuous variable and the sum-
mation is replaced by an integral using the periodic
boundary condition for convenience. Thus we obtain

p'(kin)V )(N[k')+g'(kins)V .())[k')

where the summations over the D- states have been
approximated by the integrals. This is essentially the
optical model, ~ which is considered to be valid because
the wave function of the D- state is considerably ex-
tended and we are concerned only with small wave
numbers k,

Since we have, for an infinitely large volume of
system,

(3.15)

=()),),.Si, dR„)U„)+dR V„„e-'""""i, (3.14)

g
—yR

e-'"'Rd R= (3.16)

we obtain, from Eqs. (3.6), (3.7), (3.11), and (3,14)

2(4+3n) n'(3+2n) 1-

E(k) = —4)rascVVs 1+
(1+n)s(1+ksos/n') (1+n)s (1+keys/ s)

-(1+ )'(2+ )(1+k'o'/(2+n)') (1+ )' (2+ )'(1+k o/(2+ ) )
(3.17)

For small wave numbers, the energy spectrum of the
D—band can be written as

state density of Dband D(Es) i-s given by

D(Es) = (1/8s')4sk'dk/dEg, . (3.24)
E(k) =Es+Xk',

16(4+n)
E,= —4sa'EVo 1+

(2+n)'-
3n'+22n'+40n+32

&=64 asEV,
n'(2+n)'

(3.18)

(3.19)

(3.20)

In thc CRsc of sg+Egp Rt low temperatures, with. which
we are concerned, we obtain

t = (E +E,)/2+ (ksT/2) logL2Xg)(sA/knT)sisj. (3.25}

Thus we have the number of D--band electrons per
unit volume at thermal equilibrium

e= (1/2V2)Xg)'"(ksT/sA)s)4e (s" »)"'nr. (3.26)
If thc origin of energy is taken at the bottom of con-
duction band, Eq. (3.18) is rewritten as

Es—=E(k) =E +Xks,

E =E—Er+Es.

(3.21)

(3.22)

Thus we have seen that the D band is formed through
the interaction between the D states and that the D
band lies with the energy gap —(Er—E ) above the
ground state of donor which is assumed to be localized.
Ke can consider that the excess electrons are partly
excited to the D band and partly localized at the
ground states of donors.

By neglecting the number of acceptors, the Fermi
energy t is determined by the relation'4

SD 2D(Es)
+ dEs, (3.23)

rs(E& r)l&n&+1 —
@ s(&sr)l&n&+1-

where XD is the number density of donors and the
effect of electron spin has been taken into account. The

"A. H. Wilson, The Theory of 3IIotolg (Cambridge University
Press, Oxford, 1953), p. 115.

o = (tres/m*) (r}, (4.1)

where m* is the CGective mass of the D—-band electron

s)se= its(OsEs/Bks) '= ks/2X,

and the average is taken as

(4 2)

rk.se »i'»D(E, )dE, -

k,'e ~"'»D(Es)dEs

(4.3)

IV. ELECTRICAL CONDUCTIVITY

In this scctlon wc do not cvRluRtc thc clcctI'lcRl
conductivity, but discuss only its temperature depend-
ence. We neglect the contribution from the electrons in
the donor ground states to the conductivity. Then the
conductivity is given only by the contribution of the
D—-band electrons. According to the theory of electric
conduction in which the collision time r is assumed,
the conductivity is expressed as
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The collision time is considered to consist of the
contributions from several types of scattering mecha-
nism. First, the main cause of scattering is inherent in
the D band itself which is formed from a random array
of neutral donors, and we denote its contribution as v-, .
Its energy dependence may be not sensitive for small
wave numbers and this will give rise to a nearly tem-
perature-independent contribution to the conductivity.
In addition, we might have to take account of the effects
of the exchange of the electron with a bound electron
and of the polarization of a neutral donor. Second, the
other causes of scattering are the presence of ionized
impurities, which consist of the ionized acceptors (nega-
tive) and donors (positive), and the lattice vibrations.
The collision time r; due to the ionized impurity
scattering may be estimated by the Brooks and Herring
formula. "The contribution of 7; to r may, however, be
considered to be much smaller than that of r„in the
case of small compensations and small number of ionized
donors. The contribution of the lattice vibrations g~

to g would be quite small at su%ciently low tempera-
tures. Although the collision time can be written as

10"cm '

10.3
8.5
7.7
6.9
7.7
5.9
5.5
6.0

3.5

E
10'6 cm 3

9.56
7.65
7.47
6.55
5.7
5.6
5.22
4.8
4.27
3.32

Calculated
4(& —&I)

10 'eV

0.302
1.15
1.23
1.63
2.01
2.06
2.22
2.41
2.64
3.07

Measured'

10 'eV

0.106 y
0.38 y
0.37 y
0.69
1.00 y
1.25 g
16 f
1.15
2.5 f
3.6 f

a The measured values marked by f, s, and y in the column are employed
from the experiments by Fritzsche, Sadasiv, and Yamanouchi, respectively.

the observed activation energy is written as

where e and Eo are given in Eqs. (2.5) and (3.19). In
Eq. (3.19) the number density of neutral donors is
given by

TABLE I. Activation energy in the impurity conduction of Sb-
doped Ge in the intermediate concentration region.

(1/r) = (1/r.)+(1/r')+ (1/«) (4.4) (5.2)

it may therefore be considered that (r) consists of a
main tcrTt1 which ls ncaIly lndcpcndcnt of temperature
and of small temperature-dependent corrections. Thus
the temperature dependence of electrical conductivity
is mainly represented by that of the number of D -band
electrons given by Eq. (3.26). From Eqs. (3.26) and
(4.1), the conductivity is written as

0.—0. g
—(&m—&1)l2&sT' (4.5)

FiVg)'i'9'4(ha 2')'i'(r)
op=

21/2~3/4182
(4.6)

e can therefore consider that one half of the energy

gap from the donor ground state to the bottom of D-
band corresponds to the observed activation energy e2.

"H. Brooks, Advgnces in L'/ectron&cs and' E/ectron Physks,
edited by L. Marton (Academic Press Inc., New York., 1956),
Vol. 7, p. 87.

V, COMPARISON %'ITH EXPERIMENTS

As has been stated in Sec. I, the electrical resistivity
is well characterized experimentally by the activation
energy e2. In the preceding sections, we have discussed
how this activation energy originated, on the basis of
the hydrogenic model of donor states. Now we carry
out the numerical estimation and compare it with
experiments.

The radius of thc electron orbit of the donor ground
state is determined as u=47X10—' cm, by using the
observed ionization energy of the neutral donor 9.6
&10—' CV, the dielectric constant x=16, and the
value of the first Bohr radius of hydrogen atom. From
Eqs. (2.5) and (3.22), the quantity corresponding to

where E is the degree of compensation.
We have assumed in Sec. II that the wave function

of the D—state is represented by an exponential func-
tion with constant screening factor n. As has been dis-
cussed, the zero-order wave function and the form of the
wave function at sufficiently large radial distances are
of exponential types with the respective screening con-
stants, though the true wave function would never be
written by an exponential function with a single con-
stant screening factor. In order to determine the value
of 0, to be employed, we have to consider over what part
of the range of radial distances the resonance energy
contributes most effectively. If we measure the average
separation between impurities by the radius r, of sphere
which approximates the average volume (4s/3)r 3

=1/E~ surrounding each impurity atom, the inter-
mediate concentration region corresponds mainly to
the values r,/a=3 4, while the range of wave function
extends to r/a=0. 235 ' as has been shown in Eq.
(2.12). We can therefore consider that the main con-
tribution to the resonance energy comes from a range
of considerably larger radial distances than a. Here wc
tentatively employ the value 0.=0.235 in order to esti-
mate the value of Eo in Eq. (3.19).The comparison with
experiments is shown in Table I.

The experimental data of Fritzsche, ' Sadasiv, ' and
Yamanouchi' are used. In accordance with the aim of
the present paper, which is concerned with small com-
pensations, the degrees of compensation in these data
are of the order of 10'Po or less except for two samples
in Yamanouchi's. Wc have taken E equal to 0.05 in the
cases of Fritzsche and Sadasiv. In view of the simple
character of the theory developed, the agreement be-
tween theoretical and experimental values is satisfactory.
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However, the discrepancy becomes larger with increas-
ing impurity concentration, though the agreement is
better at lower concentrations. The calculated values
decrease linearly with the increase in the number
density of neutral donors, while the observed values
decrease more rapidly with increasing impurity con-
centration. This complicated dependence of activation
energy on the impurity concentration might be at-
tributed in part to the screening effects of electrostatic
interaction, which may have an inhuence upon the
bottom of D band, E, and in part, at the higher
concentrations of impurity, to the interaction between
the donor ground states which causes the formation of
the so-called impurity band and would give rise to a
reduction of the energy gap. These eRects would tend
to decrease the activation energy still more rapidly.

VI. DISCUSSION

We have discussed the impurity conduction in the
intermediate impurity concentration region on the
basis of a D -band model which has been provided by
the formation of a band as a result of the interaction
between the states of negatively charged donors, the
D states. We assumed a simplified form of the wave
function describing the behavior of an electron in the
weakly bound D state. On the other hand, the donor
ground states have been considered to be localized and
of approximately the same energy in the cases of small
compensation. Then it has been considered that the
excess electrons are localized partly in the donor ground
states and excited partly to the D band, and that the
behavior of electrons in the D band predominates in a
certain temperature range because of their much larger
mobility as compared to that of electrons in the donor
ground states, though the number of electrons in the
D band is very small at suKciently low temperatures.
Thus, the observed activation energy e2 has been re-
lated to the energy gap between the bottom of D—band
and the donor ground state.

The numerical estimation given in the previous sec-
tion is a tentative one. One can improve it by using a
more realistic wave function for the D state instead
of the simpli6ed wave function used in this paper. We
did not evaluate the electrical conductivity. The scat-
tering mechanism is considered to be mainly due to the
random distribution of impurity sites itself. In order to
make quantitative calculations of the structure of the
D band and the electrical conductivity, it may be
imperative to take account seriously of the random
lattice properties by employing another approach' to
the problem.

A remark should be made about po ——0.0 ' and e2 in
Eq. (1.1). The experiments' show the marked depend-
ences of po and e2 upon the impurity concentrations
which are much stronger than that obtained in the

present paper, though we cannot argue about po be-
cause of the lack of evaluation for the collision time
(r). As has been discussed in the previous section
which was concerned with a calculation of t.2, these
dependences may be attributed partly to the screening
effects which also have influence upon the curvature of
the D band, X, and the collision time, 7-, directly and
indirectly through the number of D -band electrons.

In a higher range of concentration, the interaction
between donor ground states may be appreciable and
these states will tend to form a band. One can see from
the discussion in the previous section that the bottom
of D band is lowered with increasing impurity con-
centration more rapidly than Eq. (3.19) indicates.
Thus, both bands may merge into one another above a
certain critical concentration of impurity and the
activation energy t.2 will disappear. Then it turns out
that we would have the metallic type of conduction,
and we would be able to estimate roughly the concen-
tration at which the transition to the metallic con-
duction occurs, by using Eqs. (3.19) and (5.1).Mott has
suggested that a sharp transition from a nonmetallic to
a metallic state must occur for a crystalline array of
atoms at a certain critical distance between them, and
that the transition in the impurity conduction is also
of this type, the sharpness being lost because of dis-
ordered arrangement. ' It may be mentioned that in the
impurity conduction the transition point should corre-
spond to the concentration where the activation energy
~2 disappears. However, we cannot argue here whether
the transition is as sharp as a discontinuous one or not
in the impurity conduction, because it is considered to
depend on the many-body effects essentially.

In the present paper, we did not discuss the effects
of magnetic field at all, nor take into account the spin
con6guration in the D ion. The experiments show
that the activation energy e2 increases proportionally
to the square of magnetic 6eld strength while the pre-
exponential factor po decreases little. These effects may
be explained by virtue of the shrinkage effect of the
wave function in a magnetic 6eld as well as the spin
con6guration. These problems will be discussed in a
separate paper.
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