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In a previous paper the absorption of electromagnetic radiation at 0°K in the wavelength region from 100
to 800 g and from 500 u to 2.5 cm in #-type silicon and germanium, respectively, has been investigated
theoretically. The model used was that of photon-induced hopping of an electron between the ground states
of donors without phonon participation. The results obtained are compared in the present paper with the
theory of Tanaka ef al. It is shown that at the short wavelengths the main contribution to the absorption
is given by the “polar pairs”’ neglected in the treatment of Tanaka et al. In Sec. 3 of this paper the contribu-
tion to the absorption given by the photon-induced hopping accompanied by the emission of a phonon is
investigated. This contribution is rather small in #-Ge but important in #-Si at short wavelengths. The range

of validity of our results is also discussed.

1. INTRODUCTION

HE phonon-induced hopping of a carrier from a
neutral majority impurity center to an ionized
one in compensated semiconductors has been studied
in the impurity conduction range, both experimentally
and theoretically, in ac electric fields up to frequencies
of about 10" cps.!—5 The energy differences for these
transitions are given by the Coulomb potential of the
nearest ionized minority center and the external elec-
tric field.

To explain a part of their experimental results con-
cerning microwave absorption in p-type Si, Tanaka and
Fan* proposed another hopping mechanism, namely
photon-induced hopping without phonon participation
(““direct absorption process”). This mechanism of ab-
sorption was studied experimentally and theoretically
in the microwave range by Tanaka et al.5 It was also
used in the paper of the present authors® (denoted
hereafter by I) to compute the absorption at shorter
wavelengths in #-type Si and Ge at 0°K. We were
interested in the wavelength region from 100 to 800 x
and from 500 g to 2.5 cm in Si and Ge, respectively. In
these wavelength regions at 0°K the photon-induced
hopping is the only possible mechanism of absorption;
other absorption mechanisms, such as lattice vibra-
tions, excitations of neutral impurity centers, and free
carriers, are, in principle, absent here. Also the absorp-
tion by phonon-induced hopping vanishes at 0°K.2

In the first part of the present paper we adapt the
theoretical results of Tanaka ef al. to our case of n—~type
Si and Ge at 0°K and compare the formula obtained
with the results of paper I. This comparison gives an
estimate of the range of validity of the approximations
used by Tanaka et al. which are not used in I. In par-
ticular it is shown that at short wavelengths the main
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Phys. Rev. 134, A256 (1964).
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contribution to the absorption is given by the “polar
pairs” of donors. The contribution from these pairs was
neglected by Tanaka ef al.; therefore we obtained a
higher absorption coefficient in I.

In Sec. 3 we calculate the contribution to the absorp-
tion coefficient given by photon-induced hopping ac-
companied by the emission of a longitudinal acoustic
phonon. These transitions must not be confused with
the simultaneous absorption of a photon and emission
of a phonon which takes place in the phonon-induced
hopping because in our case the energy of the photon
is higher than that of the phonon. The possibility of
photon-induced hopping accompanied by the emission
of phonons occurs in our case because of the dependence
of the equilibrium position of the lattice atoms on the
state of the carrier. It is shown that the contribution
given by photon-induced hopping accompanied by the
emission of one phonon becomes important at shorter
wavelengths and has a quantitative, but not qualitative,
effect on the wavelength dependence of the absorption
coefficient. This effect is rather unimportant in Ge but
important in Si. In both materials the contribution
given by photon-induced hopping accompanied by the
emission of more than one phonon is unimportant.

Unfortunately our results cannot be compared with
experiment at the present time because, as far as we
know, no appropriate experimental data are available.

2. DIRECT ABSORPTION

In their paper Tanaka et al.5 investigate theoretically
the absorption of electromagnetic radiation by direct
absorption processes. They compare the formula ob-
tained for the real part of the conductivity with their
experimental results for microwave absorption in Si at
the frequency 9 Gc/sec. This comparison seems to be
unjustified because the relaxation energy Ergr of the
lattice deformed by interaction with a carrier localized
on an isolated majority center is larger in #- and p-type
Si than the energy difference #w for transition at the
frequency used. In such cases the carrier-phonon inter-
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action cannot be treated as a weak one,? as was done by
Tanaka ef al. and also in our paper I and in the present
paper.

On the other hand the upper limit for the concentra-
tion IV of the majority impurities given by Tanaka et al.
seems to be too low. They consider that the localized-
pair model is applicable if the average distance R*
= (4rN/3)~1/3 between majority impurities is much
larger than the separations in the pairs giving the main
contribution to the absorption. This assumption means
that in the immediate neighborhood of a pair there is
no other majority center. It seems, however, that the
localized-pair model is valid in the theory of photon-
induced hopping even in the case of the existence of such
a center if the Coulomb potential of the ionized minority
impurity at the position of this center is different from
the potentials at the positions of the two impurities
of the pair. Therefore the restriction (20) used by us
(for other reasons) in paper I, which means that the
separations in the pairs giving the main contribution to
the absorption must be smaller than 2.2R* should
probably justify the use of the localized-pair model.

In their paper Tanaka et al. obtained the formula for
the real part of the conductivity due to the direct
absorption processes in the case of kT>>#w and a
single spherical parabolic energy band. To compare
their results with ours we must, first of all, adapt their
formula to the case #T<<%w. This introduces the factor
2kT/hw. In our range of concentration N, compensa-
tion K, and wavelength X\ we have \a/€/2<4 and thus
we can obtain from the real part of the conductivity the
absorption coefficient « in the form

a 7T(5/3)ew NaR3 (w)

K % R*

¢y

K is the compensation, i.e., the ratio of minority- to
majority-center concentration. ¢ and ¢ denote the static
dielectric constant and the velocity of light, respectively.
a is the radius of the orbit—for the time being, in the
hydrogen-like ground state—of the carrier at the ma-
jority impurity center. R(w) is the larger of the two
solutions of the equation

2|Wgl=tw,

where W g, the resonance energy, is given in the case of
hydrogen-like centers by the formula

|Wr| = (2¢/3ea®)R exp(—R/a).

R denotes the distance between the two centers of the
pair.

In Fig. 1 we give the dependence of the absorption
coefficient per unit compensation on the wavelength of
radiation for n-type Ge at various concentrations of
donors computed in paper I (solid curves). Curve A

7J. Mycielski, Phys. Rev. 125, 1975 (1962).
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F1c. 1. The dependence of the absorption coefficient given by
direct absorption processes, per unit compensation, on the wave-
length of radiation for #-Ge at various concentrations of donors.
The solid curves are taken from I; the curves A and B are com-
puted for T=0°K on the basis of Tanaka ef al.’s considerations
(see Ref. 5) for the spherical parabolic and many-valley band

structures, respectively. The curve A is fitted by the choice of
the donor orbit radius.

was computed for N=6.0X105 cm™3 from Eq. (1)
(e=16.0) with =58 A chosen to obtain the best fit
to the corresponding solid curve. The agreement be-
tween the two curves seems to be excellent, except for
the short wavelengths, but this is accidental because in
our calculations for #-type Ge we used another form of
the resonance energy Wrg.

To adapt the results of Tanaka ef al. to the case of
n-type Ge (or n-type Si) we must take W in the form
given by Miller and Abrahams® and used by us in I:

(W gDav= (2m'%*/9€%a?nn'2) (R/a)*? exp(—2R/a). (2)

( )av denotes the average over all directions of the
vector R. # is the number of conduction-band minima
(6 and 4 for Si and Ge, respectively) and n denotes

n=(a/b)*—1.

Here (and in the following) a is the transverse orbit
radius of the donor ground state; 4 is the longitudinal
radius.

Equation (1) holds in #-type Ge (or #-type Si) band
structures with the sole modification that ¢ is the trans-
verse orbit radius and R(w) is the larger of the two
solutions of the equation

2 ((sz)“)l/z;_ ) ’ (3)

where (W g%,y is given by Eq. (2).
Curve B in Fig. 1 gives the dependence of the ratio
/K on the wavelength of radiation computed from the

8 A. Miller and E. Abrahams, Phys. Rev. 120, 745 (1960).
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modified Eq. (1) for n-type Ge at N=6.0X10* cm™3
(e=170.8 A, =18.8). The agreement with the corre-
sponding solid curve is rather poor, especially at the
shorter wavelengths—the absorption computed by us is
much higher. The dependence of « on N given by Eq.
(1) is that « is proportional to N*? and the position of
the maximum on the a-versus-A curve given by this
formula does not depend on N. On the contrary, at
A=3X10"! cm the dependence of « on N in our results
is rather that « is proportional to about N®7; the posi-
tion of the maximum shifts to shorter wavelengths with
increasing N.

In their theory, Tanaka et al. take into account only
the homopolar impurity pairs, i.e., the pairs for which
the difference A of the Coulomb potential of the ionized
minority impurity at the positions of the two centers
of the pair is smaller than 2|Wg|. It must be observed
also that the calculations are done (both in Tanaka et
al.’s paper and in our paper I) under the assumption
that the overlap integral is small enough. This re-
striction is not fulfilled for the homopolar pair in #-type
Ge if 2| Wg| equals the photon energy with A smaller
than about 3X10~! cm.

The discrepancy between Eq. (1) and the results of
our theory, in which all the pairs were taken into
account, shows that at the short wavelengths the main
contribution to the direct absorption is given by the
pairs for which A>2|Wg| (the so-called polar pairs). At
a given energy difference between the two states of the
carrier, the separation R in the polar pair is larger than
in the homopolar one. Because of this, at least one-half
of the total absorption coefficient is given throughout
the whole range of N’s in our calculations (see paper I)
by the pairs with small overlap integrals.

In the range of the shortest wavelengths, in which we
have a sharp drop of the absorption coefficient (at
N=6.0X10"% cm™3 in zn-type Ge « is proportional to
about A*7), Eq. (1) cannot be used for still another
reason, namely, that in the derivation of this formula
there is involved an essential assumption that R(w)
>>eR*hw/e?, and this is not fulfilled at our shortest
wavelengths. At these wavelengths the absorption
drops mainly because the number of polar pairs with
small separations R and high potential difference A is
low.

Equation (1) also cannot be used to explain the drop
of the absorption coefficient at long wavelengths on the
two upper curves in Fig. 1 because the assumption
R(w)<<2R* used by Tanaka et al. is not fulfilled there
and the number of appropriate homopolar pairs is
overestimated.

In their paper* Tanaka and Fan pay attention to
the fact that the pairs of majority impurities with ex-
ceptionally small R and large |Wg| act as traps (so-
called molecule-ion traps). Even at 0°K these traps
will be ionized and a part of the majority centers
nearest to the minority impurities will be neutral. This
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effect was not taken into account in our calculations
nor in the derivation of Eq. (1). The estimate of the
concentration of molecule-ion traps given by Tanaka
and Fan [we have introduced into their Eq. (27) the
factor 3 which was there erroneously omitted] shows
that at our highest donor concentrations (2.0X108
cm~ and 6.0X10% ¢cm=3 in Si and Ge, respectively)
the trapping effect can be important even at the highest
compensations (K=0.2). At lower donor concentrations
the trapping effect can limit the validity of our results
to not too small compensations.

3. PHOTON-INDUCED HOPPING WITH
PHONON EMISSION

The equilibrium position of the lattice atoms depends
on the state of the carrier and this gives the possi-
bility of photon-induced hopping accompanied by the
emission of a phonon, the phonon energy being smaller
than the energy of the photon. We shall now investigate
the contribution to the absorption coefficient given by
such processes taking into account only the longitudinal
acoustic phonons. A single deformation-potential con-
stant and a Debye spectrum of phonons will be assumed.
The transition rate at 0°K from an arbitrary electron
bound state 4 to the electron bound state @ with the
simultaneous absorption of a photon and emission of a
phonon is, according to the formalism developed for
weak electron-phonon interaction by Lax, Burstein,
and Gummel®1°

Wap!= (4r2¢*/ch?e'?) exp(—pB)|(a|r|d)-n|?
X / Flotwo)I (w)dew. (4)

We denote by n the unit vector parallel to the
electric vector of radiation and by 7 (w) the intensity of
the radiation per unit interval of the angular frequency
w. —hwo represents the electronic energy difference
between the states a and b (in a nondeformed crystal
lattice) plus the difference of the lattice relaxation
energies in the two electronic states. At 0°K

B= / f@)do',
0

and f(w’) is the distribution function of the lattice
relaxation phonons.

Let us now consider the states ¢ and & as the lowest
two states of the electron at the ionized donor pair (for
the wave functions of these states see I). As was shown
in I, if the overlap integral .S for this pair is small,

§<0.03, (5)

9 M. Lax and E. Burstein, Phys. Rev. 100, 592 (1955).
"H. Gummel and M. Lax, Ann. Phys. (N. Y.) 2, 28 (1957).
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we have
B (A4-452W7?) (A4 W) 8, , ©)

00

E?
Bo= /U(T)TdT. @)
2w2hvid) o

A is as before the potential difference at the pair and
W denotes

W=Wer—3SA+Z. )]

Z originates from the inhomogeneity of the field of the
ionized acceptor in the region of the two donors of the
pair. E; is the deformation-potential constant and v
and d denote the sound velocity and the density of the
crystal, respectively. U(r) is by definition

U ()= (m) f | o) | exp i) | () |02

u(r) is the wave function of the electron in the ground
singlet state of an isolated donor. The integration is
over all directions of the unit vector Q.

As was shown in I, if (5) holds and

W'R/v>3, ©)

R being as before the vector connecting the two donors
of the pair, then at 0°K

F= (B’ /20 h0°d) (A2H-4S°W?) (A2+4W?) 1

XU (w'/v)0(w’). (10)
6(w’) is by definition
0()=1 if o'>0,
=0 if «'<O0.

We shall denote by Evr the relaxation energy of the
lattice deformed by interaction with an electron local-
ized on an isolated donor. This energy is’

2 00

'021 / ()7
U(r)rdr.
d 0

We can use the formalism of Lax, Burstein, and
Gummel (i.e., treat the electron-phonon interaction as
a weak one) if the energy of lattice relaxation Ery is
small compared with the positive energy difference AE
between the two states of the electron at the pair (in
a nondeformed crystal lattice). Accordingly, we shall
assume that

Epr=

AE>2E. (1)
As was shown in I, if (11) and (5) hold, we have

wi=—AE/h, AE(AMH-4W2)12) (12)

and the assumption (11) can be rewritten in the form

(A24-4W?)12>2E 5. (13)

It was also shown in I that under the assumption (5)

[{a|r[d)-n|*= (R-n)*(W+3SA)*(A*+4W2)~1.  (14)
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We use I (w) in the form of a & function. Because of
Eq. (12), the assumption (9) must then hold in the form

[hw— (A24-4W2) 2 R /h>3 (15)

where w is the angular frequency of the monochromatic
electromagnetic radiation.

Summarizing, under the assumptions (5), (13), and
(15) we have, from Egs. (4), (6), (10), (12), and (14),

Watl = (QE2/chite! %)
X exp[ —Bo(A24-4S2W2) (A2+4W?)1]
X (W+ESAPR(A2H4S2W?) (A4 W?)-2
X [heo— (A24-4W2)12]U{[o— (A2-+4W2)112] /o)
X 0l Aw— (A>+4W?)2](R-n)2,  (16)

where I is the intensity of the radiation. One can see
that in the case A<2|Wg| (i.e., in the case of the
homopolar pair) the approximation A=0 cannot be
used here.

We shall investigate the case of small compensation,

K<0.2. 7

We neglect the dipole potentials given by the ionized-
acceptor-ionized-donor pairs present in the crystal and
we assume that in the region of the donor pair the field
of the nearest acceptor is homogeneous enough to
neglect Z in Eq. (8). These two assumptions will be
discussed later. We have

A (e2/€)(1/R.—1/Ry),

where R, and R; are the positions of the two donors
of the pair relative to that of the acceptor (R=R;—R,
and R,<R;). Following I we obtain the absorption
coefficient given by photon-induced hopping with pho-
non emission

—4rNR?
a'=hwKN3 / dv, exp———— dvsW il

Ry>Ra

(18)

Wa' is given by Eq. (16) where I is replaced by 1. If
Bo is not much larger than unity, we can, using (5),
replace A’+4522 in the exponent in Eq. (16) by A2

Now we introduce, as in I, the following approxima-
tion: in Eq. (18) we replace W z? and S? by (W g?)y and
{(S%)av. According to Miller and Abrahams,8 for n-type
Si and Ge, (W g?)ay is given by Eq. (2) and

(SHav=(x112/18n7'2) (R/a)"? exp(—2R/a).
These equations are correct, if (5) holds in the form
(S2)ut2<0.03.

(19)

(20)

Because of (20) the assumptions (13) and (15) now
have the form

(A2+4<WE2>B.V)”2> 2ELR 5
[fw— (A244(W 2)av) IR/ hv> 3.

(1)
(22)
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Using (20), changing the variables in Eq. (18) and integrating over three of them we obtain finally (R, R,

and A have the same meaning as before)

1672 2E2KN3w * (#2024 W R2)av)1/2
1l
/R(u)

dRR¥W g*)av f
3chiid

0

AA(A2H4(S2)ar WV %) av) (A2+4(W £?)av) 2

X [ — (824 4W &) av) /%] exp[—Bol? (A*+4W 2)av) " JU{[hwo— (A+4W *)av) "/ M} (R,A), - (23)

with

Ra2 eRaA —3
I(RA)= / R:(l — ) exp——~3——dRa ,
Ra1

where
Ra=¢*/eA+3R— (¢!/ A +1R)12,
R, = (e?R/eA+1R¥)12—3

R(w) is as before the larger of the two solutions of Eq.
(3). If these solutions do not exist or if the larger of
them is smaller than @, then R(w)=a.

The assumptions (20)-(22) were essential for the
derivation of Eq. (23). Therefore, we can use this
formula only if the contribution from the range of R
and A in which (20)-(22) are not fulfilled does not
play the main role in the absorption. #» must be much
smaller than the ionization energy of a donor and the

aN-200
NS0 1y N-b20en”

c-N-600'tm"
-6 {4 N-towon

5

N
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-~

absorption coefficient /compensation (cm’]
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FiG. 2. The dependence of the absorption coefficient per unit
compensation on the wavelength of radiation for #-Si and #-Ge
at various concentrations of donors. Broken curves correspond to
direct absorption, dotted curves to absorption with the emission
of one phonon. Solid curves give the sum of these two absorptions.

—4rNRS
(24)

intensity of radiation must be small enough to avoid
the “saturation effect,” i.e., a serious change of electron-
state occupation.

In Eq. (23) we neglected, for the same reasons as
in Eq. (18) in paper I, the contribution from the pairs
for which the distance between donors is smaller than a.

Because (W g?).y decreases rapidly with increasing R,
the main contribution to the absorption coefficient of
Eq. (23) is given by R’s within a few ¢ from R(w), i.e.,
by the pairs for which |Wg| is of the order of #w. From
this and from the first term in the second integral in
Eq. (23) one can observe that the main contribution is
given by the pairs for which A is of the order of
2({W g?)av)"/2 Because of a sharp drop! of the function
W' U(w'/v) at @' >wmaex’ [wmax’ being the position of the
maximum of «'U(w'/2)], the contribution from the
pairs at which AE<&w— hwma’ is small (also because
at such pairs |Wg|<w).

We assumed before that the field of the acceptor is
homogeneous so that we can neglect Z in Eq. (8). This,
as well as the whole procedure of obtaining the two-
center electronic states, cannot be justified in the case
of jumps “through” the acceptor (|Z]| is then of the
order of |Wg|). The same reasoning as in paper I
leads to the conclusion that the contribution from the
jumps ‘“‘through” the acceptor can be neglected if

N<8/rR}(w). (25)

Asin paper I we can show that under our assumptions
the main contribution to the absorption is given by
R,S (wN)™3 and by the electron jumps within the
volume including one acceptor.

4. NUMERICAL RESULTS AND DISCUSSION

In Table I we present the values of the material con-
stants used by us. The values of 8, and Err were taken
from the paper by Myszkowski and Gémutka! and
fwmex’ Was computed from the formulas for the func-
tion U(7) in n-type Si and Ge given in the same paper.

The numerical computations of the ratio «!/K given
by Eq. (23) were performed for the concentrations
of donors 2.0XX10'7 and 6.2)X10'7 cm™2 in Si and 6.0
X 10 and 1.9X10'® cm™3 in Ge. The results are given

1 A, Myszkowski and S. Gémuika, Phys. Rev. 134, A1102
(1964).
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TasBLE I. Values of the material constants.

9 d a Fomax’ | Ex ELr

Material € (105 cm/sec) (g/cm?) (&) 7 (eV) (eV) Bo (eV)
n-Si 11.7 8.3 2.3 22.1 4.2 2.2X10°3 15 0.43 8.0X10~*
n-Ge 16.0 49 5.4 70.8 18.8 44X10 114 0.059 2.5X10°¢

in Fig. 2 (dotted curves) together with the correspond-
ing direct-absorption curves taken from paper I. The
sum of the two absorptions is also plotted. As in paper I,
we are interested in Aw smaller than one-fourth of the
ionization energy of a donor. In the ranges of the maxima
of the a! curves and at shorter wavelengths, the con-
tribution given by R’s and A’s fulfilling (20)-(22) is
not smaller than about one-half of a. The curves are
plotted up to values of A such that this contribution is
about 109, of a'. Our results, especially at long wave-
lengths, are, therefore, semiquantitative. In both ma-
terials in the ranges investigated, of w and N the
assumption (25) is fulfilled.

The effect of o on the total absorption coefficient is
important at short wavelengths in Si. Instead of ap-
proximate proportionality of the absorption coefficient
to A5, given for N=2.0X10" cm™® by the direct ab-
sorption processes, we have the total-absorption co-
efficient approximately proportional to X*3. In Ge the
contribution of a! to the total absorption coefficient is
small.

As mentioned above, the main contribution to ! in
the ranges of the maxima of the ! curves and at shorter
wavelengths is given by pairs with R fulfilling (20),
i.e., R23a, and by the phonons with energies fulfilling
(22). At these wavelengths R(w)<3a. As stated before,
R’s outside the region of a few ¢ from R(w) do not
give an important contribution to o!. Thus the main
contribution is given by R’s about 3a-5a. Taking R=4a
and combining this with (22), we estimate that the
phonon energies are higher than about 1.9X1073 eV
and 3.4X10~* eV in Si and Ge, respectively. As men-
tioned above, the contribution from the transitions
with phonon energy higher than #wn., i.e., 2.2X1073
eV in Si and 4.4X10~* eV in Ge, is rather small. Thus
in the ranges of the maxima of the o! curves and at
shorter wavelengths the phonon energies are about
hwmex’. It is interesting to observe that this is similar
to the differences between the positions of the maxima
on o! and a curves which in both materials and at all
concentrations are equal to about 1.4%wmay’.

In deriving the formula for the absorption coefficient
a!, we neglected the dipole potentials of ionized-ac-
ceptor—ionized-donor pairs present in the crystal.
Because in the ranges of the maxima of the o! curves
and at shorter wavelengths the main contribution to
a! is given by the pairs at which AE~#w— fwmax’, and
because A is of the order of 2((Wjz?)ay)¥? and R is
about 4a, we can show by reasoning similar to that
given in paper I that we can neglect the dipole poten-

tials in the derivation of o! if
K< [e(fuo— uomax’)/4ae N2,

In the ranges of the maxima of all our o! curves and at
shorter wavelengths this restriction is weaker than the
restriction (17) used by us; a similar situation occurred
also with respect to the restriction (21) of paper I for di-
rect absorption at these wavelengths and concentrations.

The compensation K must be not too small, in order
to avoid the effect of molecule-ion traps.

The assumption 7=0°K should be interpreted to
mean that 27 is much smaller than both AE and the
phonon energy. Because in the ranges of the maxima
of the a! curves and at shorter wavelengths these two
energies are of the same order, it is sufficient to assume
kT<<hw, as for the direct absorption.

We shall now estimate the contribution to the ab-
sorption coefficient given by the processes consisting
of simultaneous absorption of a photon and emission
of two phonons. If we take into account at 0°K both
one-phonon and two-phonon processes then according
to Lax, Burstein and Gummel®® we must replace the
function f(w,) in Eq. (4) (Awe=hw—+#wo being the
energy of the emitted phonon) by

o[ Nf(@)de 26
f(w,)+5/0 o) f@)de (26)

In the second term, corresponding to the two-phonon
processes, fw, is the sum of the energies Aw,— i’ and
hw' of the two emitted phonons. Using the function f
in the form of Eq. (10) and taking into account that

(A*-452W2) (A 4W2) 1< 1,

we obtain that the ratio of the second to the first term

4

expression (22)
~

0 - H-a-6e
”ﬂ nld
w/lsec’]

Fic. 3. Expression (27) estimating the ratio of the transition
rates with two-ﬁhonon and one-phonon emission as the function
of the sum of the angular frequencies of the emitted phonons in
n-Si and %-Ge.
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in (26) is smaller than

LE/4nhvbdw U (we/v)]
X/u'(we——w’)w'U[(we—w')/’v]U(w'/'u)dw'. 27)
0

The results of the numerical computations of (27)
are given in Fig. 3. One can see from this figure that
in #-Ge the two-phonon processes are unimportant
as compared with the one-phonon processes. In #-Si
the second term in (26) has the maximum at w,=8X 10"
sec! (about 2wmex’). Thus the main contribution to
the absorption with two-phonon emission will be given
by the pairs at which w,~8X10? sec™. One can see
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from Fig. 3 that at such values of . the one-phonon
process is about three times more frequent. Therefore,
in #-Si also we can neglect the two-phonon processes
as compared with the one-phonon processes.

It seems that the processes consisting of simul-
taneous absorption of a photon and emission of more
than two phonons can also be neglected in both
materials.
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Isotope Shift of a Low-Lying Lattice Resonant Mode*
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A sharp and very low-frequency lattice absorption due to a lithium resonant mode has been found in
KBr:LiBr. A large frequency shift with lithium isotopes has been observed. The experimental results can be
understood with a simplified lattice model in which both nearest-neighbor force constants and the mass of
the impurity are varied. It is concluded that the resonant mode comes from a remarkable softening of the

forces between the impurity and the surrounding lattice.

HE dynamics of a heavy substitutional isotopic
impurity in a lattice has been approximately
described in terms of two kinds of lattice modes,
namely, approximate phonon modes and resonant
modes.!~® The phonon modes are similar to modes in a
pure crystal, while the resonant modes are localized
around the impurity position. For an alkali halide
lattice with the appropriate substitutional impurity, a
resonant mode in which the impurity vibrates with a
markedly different amplitude than does the correspond-
ing atom in the host crystal is expected to be strongly
infrared-active. The absorption of far-infrared radi-
ation by a lattice mode activated by a heavy substi-
tutional impurity has been reported.* Recently, a sur-
prisingly low-frequency lattice absorption has been
identified with the very light impurity Li* in KBr.5
In this note, we wish to report the observation and

* Supported in part by the U. S. Atomic Energy Commission
and the Advanced Research Projects Agency.

1 On leave of absence from the Department of Physics, Hok-
kaido University, Sapporo, Japan.
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interpretation of a large frequency shift with lithium
isotope of the resonant mode in KBr. The experimental
results can be understood with a simplified lattice
model in which both nearest-neighbor (n.n.) force
constants and the mass of the impurity atom are
varied. A fit gives n.n. force constants which are about
0.69%, of the host-lattice force constants. Finally, for
such large force-constant changes, the expression for
the resonant-mode frequency simplifies to an Einstein
oscillator form.

High-purity single crystals of KBr doped with small
concentrations of Li®Br and Li’Br have been grown in
an argon atmosphere by the Kyropoulos technique.®
From thermal-conductivity measurements on both
quenched and annealed crystals, the substitutional
impurity centers appear to consist of individual lithium
ions.” Far-infrared transmission measurements from a
frequency of 90 to 12 cm™ have been made on these
doped crystals. The apparatus for these measurements
has been described elsewhere.* The samples were main-
tained at 1.5°K by helium exchange gas in contact with
the sample and with a liquid-helium reservoir.

The impurity-induced absorption coefficient has been

6 The crystals were grown by the M. S. C. Crystal Growing
Facility at Cornell University.
7F. C. Baumann, Bull. Am. Phys. Soc. 9, 644 (1964).



