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~ The probability of photon-induced transition in the dipole approximatioh between the
two-centre states of the acceptor pair in p-type Ge, is calculated. The envelope functions
introduced by Schechter are used for the construction of the two-centre states.

1. Introduction

The far infrared absorption coefficient at very low temperaures for p-type germanium
was_measured by Smith et al. [1]. There are some differences between their experi-
mental results and the consequences of Blinowski and My01elsk1’s theory for n-type ger-

maniom [2]:
‘a) the maximum value of the absorptlon coefficient for the p-type is about six times
hlgher than' that predicted for the n- type ' . : .

b) the max1mum for the p-type occurs at shorter wave-lengths than that for 'the
n-type.

There exists also another theory of absorptlon of microwaves in p-type materials de-
veloped by Tanaka et al. [3, 4]. The interpretation of the experimental data in their work
is based on the assumption of a spherical eigenfunction of the acceptor ground state. The.
‘Bohr radius of this function was adjusted so that the theoretical curve agrees with Tanaka’s
experiment. Some approximations used by Tanaka et al. cause that this theory cannot be
directly applied to the wavelength region 200-800 pm investigated by Smith et al. The
formula for transition rate given by Tanaka is however Aquite general for a hydrogenlike
model. .

An analysis of the formulas: these for n-type Ge [2] and these in Tanaka’s model
[3, 4] for the p-type shows that the transition rate is proportional to the square of the re-
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sonance energy. In our earlier paper [5] the resonance energy for a given pair in p-type Ge,
calculated with the help of anisotropic Schechter functions has been obtained. This energy
is about two times larger than the same energy calculated by means of the hydrogenlike
functions [5, (Fig. 4)], and also is about two times larger than the corresponding energy
in n-type germanium [6]. It seems that it can qualitatively explain the hlgher absorption
in p-type Ge and also the shift of the maxima of the absorption towards shorter wave-
lengths. To obtain more rigorous conclusions one can should calculate however the transi-
tion rate starting from the Schechter-functions . [7] for isolated acceptors. As was shown
by Smith there is no appreciable change in the absorption in the interesting wave-length
range for temperatures varying between 2.0 and 4.2°K. Also Blinowski and Mycielski’s
theory shows that phonons have negligible influence on absorption in n-type Ge. Therefore
one can expect that at very low temperatures the transitions in Ge of both types take
place without absorption or emission of phonons. -

The purpose of the present work is to calculate the transition rate for the photon-
-induced hopping without the participation of phonons wsing the Schechter functions of
the isolated acceptor ground state.

In Section 2 the two-centre states are constructed by using the Schechter functions.
The energies of these states as solutions of a suitable secular equation are also given.

In Section 3 the transition rate for the photon-mduced hoppmg in the dipole
approximation is calculated.

2. Hole states of the two-centre Hamiltonian

The effective mass equations for the acceptor states in valence semiconductors were
given by Luttinger and Kohn [8]. In the general case these equations form a system of
six differential equations. If the spin-orbit splitting of the valence bands goes to infinity,
the six effective-mass equations decouple into two systems: one of four equations and one
of two equations. This approximation of infinite spin-orbit splitting is expected to be
a good approximation in germanium because of thé considerable difference between the
spin-orbit splitting (0.3 eV) and the ionization energy of the acceptor (0.01 eV).

~ In this approximation the acceptor wave functions have the form [7]

. 4
Y (r) = ;1 Fr) g (r). 2.1)

Here the index p denotes the u-th degenerate state of the acceptor level under considera-
tion and p refers to the p-th degenerate band. The ¢,(r) are the Bloch functions at the top
of the valence band, F,(r) are the solutions of the effective-mass equations. The functions
F,(r) for the acceptor ground state can, to a good approximation, be represented by the
functional form [7, 9] :
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The parameters ¢4, ¢,, Cs, ¥y, 1, were calculated by the standard variational procedure [7]. -
We are now interested in obtaining the lowest hole states of the two-centre Hamil-
tonian in a nondeformed ciystal lattice.
The total Hamiltonian has the form

e? e’

H=T+v- > 2 @3)
Kr;  KF;

.

Here T denotes the Hamiltonian for a hole in an ideal crystal, ¥ denotes the potential
due mainly to the positively charged donor nearest to the acceptors i and j, « is the static

dielectric constant and »; and r; are
ri=r""Ri,rj=r_Rj, ..

where R; and R; are the positions of the two acceptors. .
Following the procedure developed by Miller and Abrahams [6] for n-type germanium
and silicon, we look for the lowest orthonormal states of the Hamiltonian (2.3) in the form

4
Yir;e) = ;1 [ai(e ¥ u(r) + bi(e) ¥, (r)). 2.4

Here the index g labels the four energy states and the index y distinguishes the degenerate
functions corresponding to the energy ¢,. The expansion coefficients a, b), are of-the
form [9]

ale) = Mida,
ale)) = —M(rS;,+0*5,,),

o) =  Mi(pdi,—r*s,,),

aj(ey) = +Myd4,, °
bi(e)) = M3,
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bi(e) = My (réy,+p*dy,),
bie) = —Maglpd1,~1*52,),
bi(e) = M0, 2.5)
where v
M, = —X-'[k(cd—m?) +m(|p|>+]|r[2)],
My, = X~Y(cd+km—|p|*—r]?),
My, = X—lc(cd—mz——lplz-— |r|2),
. My, = X etk +m). . (2.6)
The normalization factor is equal to }
X2 = (cd—mz—lplz—lrlz)x
X [c2+k2+]plz'-l-‘lrIZ—Zc(kSu +p*S , FrES )]+
+2(k +m) (ed—m?— |p|2— [r|?) X
 [(|p]2+ |r|?) (k +m—cSy; —6Sp,)—clk +m) (p*S, +1*Sy3)]+
+k+mA(|p2+|rHx
x-[c2+m?+ !plz + IrlZ—ZékmS22'+p*S12 +7%813)] @7

and

AN

d=d, = g+J— —
8q \27'

k = k =‘8qS11+L11;

m = m, = €,S,y+ Ly,

P =p, = S12t Ly, ;
r=r, =¢&S;3+Ls ' (2.8)
The two-centre wave functiéns Y(r; g,) calculated in this way are normalized

[ W7 (s e )P7(r; & )dar = 80y

In these formulas A4 is the energy difference between the neighbouring impurity
sites dire to the local electric field

A = V(r)—V(r) 2.9)



N 645

and Sy, and L, are the the overlap integrals ‘and the matrix elements of Coulomb potential,
respectively. They are defined as follows

Sy = CFU(r)IF* (),
2
Lu'u = <Fu,(ri)

i F"(r .)> : (2.10)
K ’
The explicit expressions for S, and L,,, are given in our earlier work [10].
" The investigation of the hole energy ¢, in the lowest states requires the solution of
a fourth-order equation (see Eq. (2) in the paper [5]). We are interested in the solution of
this equatlon in the range of the separation between the acceptor pair for which the overlap
of the localized wave-functions of the 1nd1v1dual acceptor centers is small, We restict our
calculations to these separations 2R for ‘which | u|2 < 0.03. The fourth-order equation
can be solved analytically. The solutions with an accuracy to the second order terms in the
overlap integrals are of the form

—J+-<s+ VB ;)(L+ *g?f@) 5.0

2 4

1,4 = — ; B \2 s
i B
1—‘(s+ */—A§>.

2

(s P ) 2
S A
b= almas £ 1 (s 2]

(5? =Q{W§Z+¥[1'—( —‘?A;)z]}, Q.12)

and the resonance energies Wy, and Wy, are equal to

(2.11)

where

(o ) (o2,

—J(S— \? é) + (L— ‘/;Aé), (2.13)

S = AL +c3Ay+AAS+H (3 -3c3) (PmP + Pn® + mPn)4s,

Wes

I

- and

L = c¢}A} + A+ c3A5+(c5—3¢3) (Pm® + I’n* + mznz)/_li,
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= H{e3[(3n® = 1)° +3(2 — m*)*] +4c3{n* (1 — n®) + Pm?]}. (214
Here /, m, n are the cosines of the angles between the vector 2R and the (1, 0, 0), (0, 1, 0),

(0, 0, 1) crystal directions, respectively. The functions 43(R), A2(R) (v = 1...5) are given
in the paper [10].

3. Transition rate

In the dipole approximation the transition rate of a hole from the energy state ¢,
to the energy state &, with absorption of phofon at 0°K is equal to

Here Li(w) is the intensity of light, /V is the unit vector lying along electric vector of

light wave, w is the frequency of light and w,, = (s, —g,)/h.
In the approximation of slowly varying envelope functions F#(r) the dipole matrix

element is expressible in the form
(P ]rN[ Py =

G

4 4
= ¥ % a0 epaie) CF* (e NIE(r))>+

b (e)b(e,) <F¥(r)irNIF (r;)> +
+aly ()ble)) <F*(r)|rNIF*(r)> +
+b7 (ep)al(e,) CF*(r)|rNIF (r))]. ' 3.2

When we choose the origin of the coordinate system at the midpoint between the two
acceptors
Ri = R’ Rj = "'R’

the matrix elements with both F functions centred at the same site reduce to the very
simple form
— (F¥(r)|rNIF(r)y = (F*(r)|rNIF*(r))) = RNS . (3.3)
The matrix elements with F functions centered at different sites ’
Nyyij = SF*(r) e NIF (r)))
Ny = SF*(r)leNIF*(r)) ' 349

puji
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have the property:

*

=N ey .

nu'ij

N

waji
The matrix N, has the following symmetry:
Ny Nip Nizo Ny
~Ni; Ny» Ny3 =Ny _
—Ni5 =N33 N3y Ny |- @.5)
—~Nis Nis =Ni» Niy -
Thus there are only six independent N,
For calculations of the integrals (3. 4) the coordinate system in- which the functions:
F*r) in formulas (2.1) are given, is rotated in such a way as to make z-axis parallel

to vector 2R which in the nonrotated coordinate system has the form R = R(], m, n)..
The spheroidal coordinates are used [11]

X = x; = R[(&>— 1)1 —1)]"* cos ¢,

yi =y; = R[(E*-1(1 —712)]1/2 sin @,
7y = R(fn+1),

z; = R(én—1),

0<o<2m I<é<om; ~1<y< L . (3.6)

The calculated N, depend on the pair. separation 2R and its direction (J, m, n)..
They are of the form - .

Ny = iﬂ:(mev—‘ lNy){C%[(l._ n2)Y1 — n2_Y2] - _\_/2_3_ cpes[(3+ nZ)Y1 _(1 " nz) Yz]} ]
Ny, = —in(mN,—IN,) {c%[(l —-n?)Y, —n’Y,]+
+ l/; c,¢3[(3 + n?)Y;—(1- nz)Yz]} s

. - ;
Ny = 5 eses{[—2Imn(Y; + )N, +n((31 +m? + DY, +(1—2m* —3n>)Y,)N,—

—m((5—n®)Y,—(1+nH)Y,)N,]+
+i[n((? +3m? +4)Y; +(1~ 2l2—3n2)Y2)N 21mn(Y1+Y2)N =
—l((S "2)Y1 (1+" )Yz)N 1k

T —
Nis = 5 (i+ 1) {243 SLIm* = )N+ m(n® — )N, +n(1* ~ m*)N,] +

+icyeq[m(1 =217 =3n*)N, +1(1 —2m?— 3n*)N,+4ImnN,]},
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Ny = nqe3[(A1=1Y, = I*Y,] (nN,—mN )+ = cacs[2lmn(Y, + Y,)N, +
+n‘((1+n2)Y1—(1—nz)Yz)Ny—m((lz—m2+2)Y1—(m2—12)Y2)N,]+

—] V3 eyes[n((L +n2)Y, — (1=n®) V)N, +2Imn(Y, + Y,)N,—
—(m* = +2)Y; — (I =m*) )N, ] =ic3[(1—m*) Yy —m*¥,] (1N, — lNz)} :

3 :
Nyy=m { —3[(1-1%)Y; ~I*Y,] (nN,—mN,)+ % cyes[2Imn(Y; + YN, .+
+n((1+1*)Y; — (1 —n>) YN, — m((I> —m* +2)Y, —(m* - P)Y,)N,] +

§ . 1
+i \/—— czcs[n((l + nZ)WYl'—-— (1- nZ)Yz)Nx+21mn(Y1 + Yz)Ny—-

=U(m? =P +2)Y, — (P —mH)Y,)N, ] —ic[(1 = m®) Y, — m> Y,] (nN.— lN,)} <))
Here
7o 1+ 10+45+1()5+ 1051 _,
T — — — — —_ —— —_— e .
! 70 o a ol o ot
yoo T AF 55 30 105 1057 _,
2T 70 L2 a a2 & ot o €
AR
o =—, (3.8)
ra
. . ¥ i
The calculated transition rate is
L 4n2e2 '
W, ——i7; Lo(@)d(w,p— ) (Wo + Wy + W), (3.9)

AT ERR
where
Wo = (RN)Z{Pf+P§(Ipflj+ %) (paf> +1rg?) +2 Re [Py Po(p,p+ 1)1},
Wy = (RN)" 2 Re {P1Py(p;N12+7N13)+PiPs(peN15+7,N13) +
+P2P4(|Pf|2+|"f-|2) (qu*12+qu;3)+
+PyPs(Ip,|* +1r,1*) (pyN12+1,N13)}
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Wy = P3Ny s> +IN1uf?) +[P3ps % +1r %)+ Pip, 2 + 17D ] (IN12 2+ N 52 +
+ Pe(Ip, 2 +1r %) (P + 1) (N512 4+ N5 %) + '
+2Re {P3P4[N11(pr=;2+rfN§3)+N’i4(rfN12_pr13)] +
—PsPs[Nu(PqN;z"i‘qujs)"‘N;a,("qNu —pgN13)]+
+P3YP6[N22N;4("qu+"qu)+N11N22(7’ﬂ‘;—PfP;)—N14N;37';"7'Z“N14N23Pf1’q"
—N11N23(pjr;+pqr})]+
+PyPs[N,pypy+ Nisryry— IN 5 2rsry~ N5 Pp, o+
] ,+N~*12N§3(rqu+rqp,)+N12Ni3(rfp;+rqp;)]+
+PuPo(p1* +1741%) [N2o(N 1200+ N137) + Noo(Ni3p,— N7 ] +
= PsPolp,* +17,J%) [N2o(N120+ Nisr)+ Noo(Ni5p,— Np,rD1)- (3.10)

Here .
P = Msstq—MuMm,

P, = M4fM4q—M2szq,
Py = MSfMIq'_leM349
Py = MMy + M, M,,,
Ps = My My +Mjy;M,,,
Py = szM4q—M4fM2q. : 3.11)

An analysis of the matrix elements Ny shows that the order of their magnitude is mainly
the same for all directions of the vector R. N, wa@re about eight orders of magnitude smaller
than (RN) for the smallest possible R and their to ratio (RNV) decreases as the pair separation
R increases. The other functions depending on R — the functions Py ¥, and P; are of the
same order of magnitude for a given pair separation. Therefore in the formula for the
transition rate, W, is about eight orders of magnitude larger than W;, and larger than W,
about sixteen orders. Hence, one can restrict oneself with sufficient accuracy to this first
term W,. Thus the transition rate can be presented in the form

7'52 2 .
W, = T To(@)5(eogp— @) [Py +DPy(e AL+ A3) (e, AL+ AHPRN)?  (3.12)

where
D =} {3151 —m®)? +4cici(n*(1—n?) + Pm?)}. (3.13)

In the hydrogenlike approximation of the acceptor ground state function the second
term in the square bracket vanishes, and P, goes over into a form analogous to that for
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the n-type. Py is proportional to the square of the resonance energy, which for a pair
with a.given separation is about the two times larger for the p-type Ge than for the n-type.
This causes an increase of the absorption in the p-type.

The second reason which probably causes an incr ease of the absorption is the existence
of the term proportional to P, which is e.g. two times larger than P, for the / = m = 12
direction. The larger value of the resonance energy in p-type can also explain the shift
of the maximum of the absorption towards shorter wavelengths. In fact for some average
pair separation equal to % nN)‘” 3 where N is the majority concentration, the lafger
value of the resonance energy causes the larger value of the energy difference between the
two-centre states of the pair and then necessitates the absorptiqn of a more energetic
photon by it.

One might ask, why do the discrepancies between #- and p-type Ge occur in the absor-
ption, whereas the dc and ac conductivities in both materials are very similar? The answer
is, that the dominant contribution to the hopping conductivity comes from the so-called
polar pairs. It was shown in [12] that for these pairs the results of a hydrogenlike model
of acceptors agree qualitatively with the results from the model based -on the Schechter
wave functions. For the so-called resonance pairs (with 4 & 0) which are most important
for the absorption, predictions of both models differ substantially [5]. The agreement
between the experiment and theory obtained by Tanaka for microwaves in p-type Ge
is to some extent due to his procedure of adjusting the Bohr radius.

The authors wish to express their gratitude to Professor M. Suffczyfiski for continued
interest and encouragement through all phase of the work, and to Dr J. Mycielski and
Dr J. Blinowski for many valuable remarks and discussions.
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