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Fourier-transform spectroscopy has been employed to observe the far-infrared absorption
resulting from the 1s to 2p shallow-donor-impurity transitions in CdTe. At zero magnetic field
the absorption was found to occur at 87.3+ 0.3 cm"!. This value compares very well with the
prediction of the simple hydrogenic model for shallow-donor-impurity states. The Zeeman
splitting of the (Ls— 2p) transition was studied in magnetic fields as high as 165 kG. By using
the magnetic field to tune energy of the 2p, m =+1 state first into that of the 1s state plus one

LO phonon and then into that of the 2p,

=-—1 state plus one LO phonon, it was possible to

make the first quantitative determination of the effect of the electron—LO-phonon interaction
upon bound electrons. The experimental results were found to be in good agreement with a
theoretical calculation for the enexrgy levels of bound polarons. Furthermore, the study of the
magnetic field dependence of the (1s— 2p, m == 1) transitions has also shown that there are no
strong polaron effects due to the electron—TO-phonon interaction in CdTe.

I. INTRODUCTION

We have employed Fourier-transform spectro-
scopy to study the far-infrared optical properties
of hydrogenic shallow-donor-impurity states in »n-
CdTe. There are two distinct areas of interest in
this study. First of all, we wanted to investigate
the CdTe donor-impurity transitions themselves
since prior to our initial observation® these transi-
tions had never been observed. Secondly, and
more important, by studying the Zeeman splitting
of the (1s~ 2p) transition at high magnetic fields
we were able to make the first quantitative deter-
mination of polaron shifts (i. e., shifts due to the
electron-LO-phonon interaction) of the energy lev-
els of a bound electron. We have also developed a
novel theoretical approach which quantitatively ac-
counts for observed polaron phenomenon,

This paper is organized in the following manner.
In Sec. II we present the experimental observations
of shallow-impurity transitions in »-CdTe and com-
pare the experimental data with theoretical predic-
tions based upon a hydrogenic model of the shallow-
impurity states where no polaron effects have been
included. Section III discusses qualitatively the ex-
perimental manifestations of the polaron interac-
tion. Section IV describes a new theoretical cal-
culation of polaron effects upon hydrogenic Zeeman
structure. Finally in Sec. V a quantitative com-
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parison between theory and experiment is given.
II. SHALLOW-DONOR-IMPURITY PROPERTIES

Far-infrared studies of shallow-donor-impurity
transitions in n-GaAs®? have indicated that the
simple hydrogenic model gives a fairly accurate
description of the impurity energy levels. CdTe is
similar to GaAs in that it is a zinc-blende material
characterized by a conduction-band minimum at %
=0 and an isotropic electron effective mass. Thus,
it is reasonable to use the simple hydrogenic model
to predict the zero-field impurity-transition fre-
quencies in n-CdTe. We are particularly inter-
ested in the (1s~ 2p) transition since it is the
strongest transition and also because the Zeeman
splitting of this transition can be very accurately
calculated by variational methods in the hydrogenic
model.* According to the simple hydrogenic model
the (1s - 2p) transition frequency in zero magnetic
field is given by

Ezp"Els=%R ’ (1)
where R, the effective rydberg, is given by
R =®m*/m, € . (2)

Here ® is the atomic rydberg (13.6 eV), m* is the
effective band mass of the electron, m, is the free-
electron mass, and ¢; is the low-frequency dielec-
tric constant. In applying the hydrogenic model to
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FIG. 1. Ratio of the transmission spectrum of n-CdTe at
H=0 to the transmission spectrum at H=40 kOe.

CdTe we take m*/m, to be equal to 0. 0963 +0. 0008
(determined by millimeter cyclotron resonance)®
and the value of the low-frequency dielectric con-
stant to be 9.6+0.2.% From Eqgs. (1) and (2) one
expects that

Egs—Eq =3 (1144 cm™)=86+3 cm™ . (3)

In order to look for far-infrared absorption in
n-CdTe the transmission of a sample 2.6 mm thick
was measured with a Fourier-transform spectrom-
eter. The sample was an undoped, zone-refined
crystal with a peak mobility greater than 30000
cm?V1tsecand a room-temperature carrier con-
centration of approximately 5% 10*5 cm™.

By taking the ratio of the transmitted-intensity
spectrum at zero field to that obtained at sufficient-
ly high magnetic field it is possible to discriminate
against field-independent absorption and to mea-
sure separately zero-field and “high”-field ab-
sorption lines. An example of such a ratio spec-
trum is shown in Fig. 1, where the “high” magnetic
field spectrum was taken at H=40 kOe. The zero-
field (1s — 2p) transition appears as a valley in Fig.
1, where a minimum is found to occur at 87.3
+0.3 cm™, in good agreement with the prediction
of the hydrogenic model.

Since our transmission measurements were per-
formed in the Faraday configuration, the presence
of the magnetic field splits the (1s ~ 2p) transition
into the two observable components (1s~2p, m
=+1). These components are seen in Fig. 1 as
peaks at 79,0 and 115.5 cm™.

The strength of the 87. 3-cm™! absorption at zero
field was found to decrease as the temperature was
increased—a temperature dependence which is
qualitatively consistent with our identification of
this absorption as an impurity transition. The ab-
sorption at 20 °K was found to be about 20% greater
than that at 60 °K. Since kT at 60 °K (which is
equal to 42 cm™) is only 36% of the impurity bind-
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ing energy we would not expect that all of the do-
nors would be ionized at this temperature.” No at-
tempt was made to identify the chemical nature of
the shallow-donor impurity or impurities.

Figure 2 shows the absorption coefficient a(w)
corresponding to the ratio of the transmission
spectra in Fig. 1. It is calculated from the equa-
tion

R(w)=e *@0

where R(w) is the measured ratio of the transmis-
sion spectra, and d is the thickness of the sample,
We see that the full width at half-maximum of the

zero-field (1s - 2p) absorption coefficient is about
4,5cm™.

The observation of the (1s— 2p) transition at

87.3+0.3 cm™ implies that the effective rydberg

is equal to 116 cm™ if we negléct central-cell cor-
rections. ®® Therefore, we expect that the zero-
field (1s - 3p) absorption should occur at &(116
em™)=103 cm™. There is in fact a small dip in
Fig. 1 at about 105 cm™, However, the magnitude
of this dip is only slightly greater than the noise
level. Hence our identification is not conclusive.
In Fig. 3 we have plotted the experimentally de-
termined magnetic field dependence on the (1s - 2p,
m==+1) transition frequencies. Fields as high as
165 kOe, which is the limit for conventional Bitter
solenoids, were employed. The size of the dots
representing the experimental points is larger than
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FIG. 2. Frequency dependence of the absorption coef-
ficient for the (1s— 2p) transition in n-CdTe at H=0.
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FIG. 3. Plot of the experimentally determined mag-
netic field dependence of the (1s—2p, m ==+ 1) transition
frequencies in »~CdTe. The solid lines represent the
predictions of Larsen’s variational calculation for the
shallow~-donor-impurity states.

the experimental error. In general, the experi-
mental error in the determination of the absorp-
tion frequency was +0.3 cm™. The magnetic field
values are accurate to within 0.5%. The positions
of impurity absorptions were found to be indepen-
dent of temperature in the range 1.4-30°K. It was
not possible to observe the (1s - 2p, m==1) ab-
sorptions in the 130-200-cm™! region due to strong
restrahlen absorption.

The solid lines in Fig. 3 represent the theoreti-
cally predicted magnetic field dependence of the (1s
- 2p, m==1) transition frequencies based upon the
variational calculation of Larsen® for the Zeeman
splitting of a hydrogenic atom. This calculation
includes a correction for nonparabolicity but does
not include the effect of the electron-LO-phonon
interaction. ¥ The theoretical curves were cal-
culated using the value of (0.0963 +0. 0008)m, for
the CdTe effective mass® and a value for the ryd-
berg which was adjusted to bring theory and exper-
iment into agreement at zero magnetic field (R
=116.0 cm™). Although it is likely that some do-
nor-central-cell correction exists, this effect is
expected to cause only very small monotonic devia-
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tions from a theoretical fit based entirely on the
effective-mass approximation. *#° In Fig. 3 no at-
tempt was made to correct for central-cell effects.

Although the experimentally determined mag-
netic field dependence of the (1s-2p, m=-1) tran-
sition agrees well with the theory, the agreement
is distinctly poorer for the (1s-2p, m=+1) tran-
sition, where significant deviations occur. These
deviations result from the electron-LO-phonon in-
teraction. We will show in the next sections that a
careful study of these deviations makes it possible
to determine quantitatively the effect of this inter-
action.

III. POLARON EFFECTS: QUALITATIVE FEATURES

As we have already pointed out, electronic en-
ergy levels in polar crystals are shifted by the
electron-LO-phonon interaction. These perturba-
tions are called polaron effects; they will be par-
ticularly marked for the higher-energy member of
a pair of levels whose energy separation is close
to the long-wavelength, LO-phonon energy Zwy .

In some cases it is possible to “tune” the separa-
tion of a pair of electronic levels by means of ap-
plied magnetic field or stress and observe the
magnitude of the relative level shift as the (theo-
retical) separation of the unshifted levels ap-
proaches 7w, from below and then exceeds this val-
ue. Experiments of this kind demonstrate a char-
acteristic discontinuity of the level separation at
7iwg which has been called the polaron-pinning ef-
fect.

The first experimental observation of pinning
was made in InSb, !! and the effect has been studied
extensively in this material. *-1® Because of the
low conduction-band mass in InSb, the electronic
levels are relatively easy to tune to the required
separations in a magnetic field. However, InSb is
so very weakly polar that polaron effects are ob-
servable only when the level separations are very
close to 7wy. Although serious quantitative cal-
culations of polaron shifts in InSb have been at-
tempted®!” the results cannot be considered re-
liable. Perhaps the most important reason is that
the polaron shifts should be quite sensitive to the
degree of homogeneous broadening of the lower
state of the pair when the pair is separated by an
energy very close to 7iw,. This effect has not been
considered in either Ref. 16 or Ref. 17. It should
be relatively important in cyclotron resonance. 18
Furthermore, in the InSb impurity-pinning experi-
ments the impurity ground state and an infinite
number of excited impurity levels are crowded into
an energy interval AE (with AE < 7iw,) just below
the bottom of the »=0 Landau band. In Ref. 17
only a few of these states are taken into account;
it is hard to see how to include the rest, and yet
also hard to see a priori why they should be ne-
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FIG. 4. Plot of the experimentally determined mag-
netic field dependence of the (1s—2p, m == 1) transition
frequencies in n-CdTe. The solid lines represent the
predictions of the theoretical calculation for the effect of
electron—LO-phonon interaction upon the shallow-donor-
impurity levels. o is taken to be 0.4.

glected.

Because CdTe is much more polar than InSb and
because the impurity levels do not bunch up in en-
ergy near the impurity ground state, polaron ef-
fects can be observed at level separations quite
far from 7wy, where neither of the objections
above have any force. Thus from the point of view
of the theorists CdTe is a “cleaner” material than
InSb for the study of polaron effects.

The first quantitative check on the validity of the
Frohlich model of electron—LO-phonon interaction
was made by Waldman et al. ** who measured the
cyclotron-resonance-absorption fields in »-CdTe
at a number of fixed incident-photon frequencies
below wy. Polaron shifts were observed at fre-
quencies as small as 0. 3w,. One would expect
that shifts similar in magnitude to those found in
cyclotron resonance could be observed in the mag-
neto-optical spectrum of the donor.

The behavior of hydrogenic donor levels in rel-
atively weak magnetic fields and unperturbed by
polaron effects is known experimentally from mag-
neto-optical measurements in GaAs. %3 This ma-
terial is, like InSb, only very slightly polar so that
to a good approximation the donor energy levels are
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unaffected by polaron shifts (except, of course,
when pairs of levels become separated in energy
by ~7#wy). Furthermore, quite accurate variational
wave functions are available for some of the low-
lying hydrogenic levels.*

It is not difficult to understand qualitatively the
direction of the deviations of the experimental
points in Fig. 3 from the transition energies ex-
pected for the case of vanishing electron—-LO-pho-
non interaction. Second-order perturbation theory
(to be discussed in Sec. IV) tells us that as a result
of the electron-LO-phonon interaction a given un-
perturbed level ! will be repelled by the one-phonon
virtual state located at the energy E, +7%w,, Where
E, is an unperturbed energy level of the hydrogenic
atom in the magnetic field. Thus, each unper-
turbed level is repelled by an infinite number of
levels. The strength of the repulsion is propor-
tional tol(E; — E, —iw,) "' times a squared matrix
element. As E, approaches E, +7%w, the repulsion
effect clearly becomes stronger and stronger.
Hence, in Fig. 3 the 2p, m=+1 state is seen to be
pushed down in energy as it approaches Eq g4+ 7w,
(dotted line) from below and pushed up as it ap-
proaches this energy from above. At higher fields
the 2p, m=+1 level starts to approach E,, .1
+iwg from below and is therefore again pushed
down in energy. Results of quantitative calcula-
tions are represented by solid curves of Fig. 4,
where the effect of the repulsion from E,, ,..,+ 7w
is also taken into account.

Another way to convince oneself that the elec-
tron-LO-phonon interaction is playing an impor-
tant role in the data of Fig. 3 is to plot the ob-
served energy difference Ej, .01 — Ezp -y 25 2
function of magnetic field (see Figs. 5 and 6).

What is particularly interesting about such plots
is that in the absence of band nonparabolicity and
electron-phonon interaction this energy difference
is given by*

EZ}, m=+1 = Eap,m=-1= ﬁwc (4)

for all values of the magnetic field B, where w, is
the parabolic-band cyclotron frequency given by

w.=eB/m*c . (5)

Equation (4) states an exact result, not one which
depends on our particular choice of variational
trial functions. Moreover, the presence of cen-
tral-cell corrections can hardly affect the validity
of this equation because the wave functions cor-
responding to the 2p, m==+1 states, having odd
parity, vanish at the donor center. Thus, mea-
surements of the Zeeman splitting defined in Eq.
(4) should provide a clean way of isolating polaron
phenomena. Such measurements are shown in
Figs. 5 and 6.

Although it is almost possible to pass a straight
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FIG. 5. Plot of the experimentally determined mag-
netic field dependence of AE,=Ey, 5,1 ~Eg m=-yfor (1s
—2p, m=+1) transition frequencies below the LO-phonon
frequency. The solid lines represent the predictions of
the theoretical calculation for the effects of electron-
phonon interactions characterized by =0, a=0.3, and
a=0.4.

line through the experimental points and the origin
in Fig. 5, the slope of any such line would be too
small for (5) to be obeyed. In Fig. 6 any straight
line through the experimental points has a large,
positive, zero-field intercept (in the neighborhood
of 40 cm™!) and a slope which is much smaller than
expected on the basis of (5). Furthermore, band
nonparabolicity alone cannot account for these ef-
fects as shown by the curves marked a=0 in the
figures, where nonparabolic effects are included.
Before turning to discussion of quantitative cal-
culations of the polaron shifts we wish to point out
that the experimental data displayed in Fig. 3 can
be used to determine whether the electron-TO-
phonon interaction plays a role in perturbing the
donor levels. Previous studies in InSb have given
contradictory results regarding this possibility. 4+
If a long-wavelength, electron-TO-phonon interac-
tion were present in any significant strength the
2p, m=+1 state would be coupled to the 2p, m=-1
plus one TO-phonon states. This coupling would
result in strong pinning effects in the magnetic
field region near 151 kOe, where the unperturbed
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energies of these states are nearly equal. For

this range of magnetic field the (1s—~2p, m=+1)
transition energy is ~225 cm™. As can be seen in
Fig. 3 the behavior of the (1s —2p, m=+1) transi-
tion shows no indication of any pinning effects in

this frequency region.

IV. WEAK-COUPLING THEORY OF THE POLARON
ZEEMAN EfFECT

The Frolich Hamiltonian® H for the coupled im-
purity-phonon system can be written, neglecting
band nonparabolicity,

H=H1+H2+H3, (6)

where H, is the Hamiltonian for the hydrogenic do-
nor electron in a magnetic field, H; is the energy
operator for the LO phonons, and H; is the Froh-

lich electron-phonon-coupling interaction. Thus,
we have
Hy=[p - (e/c) Al¥/2m* —(e¥/ ey, (7)
Hy=Tiwo2ubib; ®)

2\1/2 1 - -
H3=(2—1%%e—) 2 7 (i b£+ e o). (9)
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FIG. 6. Plot of the experimentally determined magnetic
field dependence of AE,=Ey, .. 1~ Egp m=.1for 1s—2p,
m =+1) transition frequencies above the LO-phonon fre-
quency. The solid lines represent the predictions of the
theoretical calculation for the effects of electron-phonon
interactions characterized by =0, =0.3, and o =0.4.
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In the above equation A is the vector potential for
the applied magnetic field, Zw, is the energy of a
long-wavelength LO phonon, b; is the creation op-
erator for an LO phonon of wave vector k, Vis
the crystal volume, and the effective dielectric
constant € characterizing the lattice polarizability,
is given in terms of the high- and low-frequency
dielectric constants €., and ¢;, respectively, by

S — (10)
To simplify the notation we write Eqs. (7)-(9) in

“polaron units” wherein energies are measured in
units of 7w, and lengths in units of the “polaron

radius” 7, defined by 7,= (i/2m*wy)"/% Employing
these units we write Eqgs. (7)-(9) as
H =% -2RY?/r, (11)
szz;béb;, (12)
Hy=2v, (e ¥ pl+ e'FF 1), (13)

~ .0 We ) . 9
=i —=-729, -t —+75% —i— |
( ox 4(.()0 ¥s By 4(.00 ’ °74 ’

1
R,=% @'ggg' (ﬁw ) =impurity ls binding energy

~ Ao 1/21
e (v73) %

and

divided by 7w, ,

a=l(_1__i) 1 e (14)

2 € €0 /1 wWo Vp

Our procedure is to treat H; as a perturbation
on the eigenstates of Hy+ Hj in a modified and
simplified form of second-order Wigner -Brillouin
(WB) perturbation theory. We start from the WB
expression for the perturbed energy of the ith level
of a hydrogenic atom in a magnetic field of strength
B:

8 ,(B)=E,(m*, B)+@;‘§Js

d%kv I(nie'"“'lz)lz
XEJ' é,(';g EE-1 (15)

Here E,;(m*, B) represents the unperturbed (o =0)
energy of an eigenstate of H;. The independent
variable m* is at this point redundant; it reminds
us that that level E, is calculated from H, in (7)
using the band mass m*.

There are a number of obstacles preventing us
from evaluating (15) exactly. Not the least of these
is that we do not know the energies and wave func-
tions of all the impurity states. Nevertheless, it
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is possible to evaluate (15) approximately in such
a way that we need only know the 1s, 2p,,.,; and
2p n-0 Wave functions as a function of B in order to
calculate the level shifts relevant to the interpreta-
tion of our data.

To do this we iterate the identity

1 1 En—é’i—k2>
= - 1
E,-8,+1 1+F° <1 E,-8;+1 (16)
to obtain®
1 1 = = 33(14FD) )
E,-8,+1 ST <1_6"+6 TE,-8,+1/
(17)
where
5=(E, -8 -£5/(1+F%) .

In the present experiment §; does not deviate
very strongly from E;, its unperturbed value, so
that we can replace 8, by E; in those terms of (17)
which are not sensitive to which of these quantities
are used. Thus, in (17) we approximate 1 —5,,+55
by 1-6,+62 where

6,=(E,—E, -FK5)/(1+F£%) . (18)
Using Eqgs. (17) and (18), we rewrite Eq. (15) as

8,B)-E;,m*B)=T1+Ty+ T3+ Ty, (19)
where

Q = o Iile Iy
=2 Wj d3kv? j—']:zzﬂl—cfk,
n

(20)
- |<ue-*“'|n>|2
TZ-E e )3§ d3kv T 5., (21)
(ile T 1n) 1%
-~ Goy j‘”k LR
(22)
(ile™®TIn) 12
Ty=2i (z—“"jd K 5B - B me, B =10
(23)
with
Q=V/73.

In the Appendix we show how T+ T,+ T5 can be
evaluated exactly. Here we merely quote the re-
sult

8,(B)=—a+E;(m*, B) ~ka(il#li)+Ty. (24)

Since E;(m*, B)= (il #* - 2RY?/~ |i) we can write

(24) as
8,(B)=—a+(il(1-ta)i®-2RY ¥y i)+ T,

= ~a+E(m**, B)+T,,
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where m** = polaron mass = (1+3 a)m*.

So far, although we have made some small ap-
proximations on (15), we have not really produced
any simplification, since T, is as difficult to eval-
uate exactly as the original perturbation expres-
sion. However, we expect contributions of all
states |n) to T4 to be small except for the states
for which the energy denominator in (23) is small.
The reason for this is that the matrix elements
[(ile”®F|n)|%in (23) should tend to be peaked at
those values of k such that E, - E;=E, - §, ~k%
This means that 33 should be small where the ma-
trix element is biggest, and unless a term in the
sum on # in (23) is enhanced by a small energy
denominator, its contribution to T, can be ne-
glected.

If the initial unperturbed state [i) is taken to be
the 1s state, the term T, can be entirely neglected,
according to this argument. Likewise in this ex-
periment the 1s - 2p,._; transition energy is always
substantially smaller than 7wy, and T, can be ne-
glected (although in calculating the 2p,,._, level for
Fig. 4 we have, in fact, included the contribution
of the 1s state in 7, neglecting all other states).
On the other hand, in calculating the energy of the
2p .-+1 State we have replaced the sum on |#) in T,
by a sum of the three terms representing the con-
tributions of the 1s, 2p,.,, and 2p,, states to the
value of T,. ‘

A further approximation to 7y which we have
made is to replace E,(m*, B) in the denominator
by the renormalized energies — a+E,(m**, B). In
this way we have sought to include some of the ef-
fects from higher-order perturbation corrections.?

All wave functions used in evaluating matrix
elements were calculated at each field of interest
using variational trial functions of the type de-
scribed in Ref. 4, Nonparabolic corrections were
calculated by setting @ =0 and using the method de-
scribed in Ref. 4. These corrections were then
added to the results of the polaron perturbation
calculation to obtain the final calculated level en-
ergies.

Theoretical curves in Figs. 4—6 were computed
using the value @=0.4 deduced from the magnetic
field dependence of the polaron mass observed in
cyclotron resonance experiments in CdTe. The
value of the rydberg chosen was 116.0 cm™, which
was determined by fitting the zero-field 1s-2p
transition energy. Thus, so far as the magnetic
field dependence of the transition energies is con-
cerned, the curves shown employ no adjustable pa-
rameters. In view of this and the nature of the ap-
proximations involved, we feel that the very close
agreement between theory and experiment may be
somewhat fortuitous.

We must admit that the approximations intro-
duced here in the polaron calculations are very

difficult to justify from first principles. They are,
rather, motivated by our experience in handling
simpler polaron problems (the perturbation theory
for free polarons, 2 for polarons in a Coulomb po-
tential alone, # and for polarons in a magnetic field
with no Coulomb field present®). In this connec-
tion it is important to realize that except for our
truncation of 7,, none of our approximations alter
the behavior of the original perturbation expres-
sion (15) to order o as a~0, at least in the mag-
netic field transition-energy regions of interest in
this experiment.

Our expansion procedure for obtaining (19) from
(15) before truncating means intuitively that we are
extracting some contribution to the perturbed en-
ergy from each term of the sum on # in (15) while
taking the exact contribution of only a few of these
terms. [Using a simple coupled-mode approach, ¥’
that is, truncating (15) directly, we have been un-
able to produce a satisfactory fit to the experi-
ment. |

Perhaps our most important approximation is
the truncation of T,. The accuracy of this approx-
imation has been studied in detail for the weak-
coupling ground-state energy in two limiting cases:
(a) finite magnetic field, zero Coulomb field® and
(b) zero magnetic field, finite Coulomb field. %
For case (a) completely neglecting T, (which con-
stitutes the weak coupling-polaron effective-mass
approximation) is found very accurate when 7w,
<nwy, while the same approximation in case (b)
leads to an excellent ground-state energy when R
2 hwy. Since no pinning can occur for the ground
states, it is not necessary to save any terms-in T,
in the ground-state calculations. In view of these
results we can reasonably expect that our trunca-
tion procedure will lead to quite accurate energy
levels for CdTe donors in the range of magnetic
fields studied here.

We obtain a better fit using a=0. 4 than using
a=0.28, the value which one would infer from
Frohlich’s formula (14). This interesting result
is consistent with the cyclotron-resonance findings
of Waldman and co-workers.'® Nevertheless, we
would want to be more confident of the accuracy of
our theory for the bound polaron in a magnetic field
before drawing any far reaching conclusions about
the validity of the Frohlich Hamiltonian in CdTe.
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APPENDIX

We show here how to evaluate terms T,, T,,
and Ty exactly. By completeness, we have

Ty=-(o/2n%) [[d*k/R¥(1+2)]=-a . (25)
In order to evaluate T,, we note that
T (By =By = 19| (i] ¥ |m) |
=Z},,(E,,—E,)(i|e':';}i)—kz, (26)
T (B, - E,) (] e"%F|n) (n] 5
= (i|[e™®, 1] e i)
= (i| By(#+K) - By3) | i) = (i| 2 - 2K #]4) . (27)

Now any impurity state |Z) has a definite parity.
Hence,

—(i|2k-#|i)=0. (28)

Using Egs. (27) and (28) in conjunction with Eq.
(26) gives

Zin(E, - B, — )| (] e | ) |2
=(i| i) -R2=E*-E?=0. (29)

Therefore, T,=0.
We now evaluate term T noting that

20 (Ey—Ey k)2 | (i | e | )| 2
=23 (E, —E¢)2|<i|e"i';‘] n”z

-2, 2k%(E, - E,) | (i e | n)| 2424 . (30)

The first term in Eq. (30) can be evaluated as fol -
lows:

T (By =B )| (] 75| m) |2
=20 (B, = B (i €| n) (n] | 1)
= (i [le™®F, By, Hy) 7| iy = - (i[(2K- 7+ 22| )
= (i) 4k M2|3) + (G| 4R2(K- 7)|d)+ B2 . (31)

Using Eq. (28) in conjunction with Eq. (31) we find
that

Tl =B )?| (1] &7 | n) | 2= 4 (| (k- 9% a)+ 22 .
(32)
Equations (27) and (28) give the result

-2 2R E, - E)| (] e | )y | 2= - 22t . (33)

Using Egs. (32) and (33) in conjunction with Eq. (30)
we then obtain

(B, =By - E?| (i €% | n)| 2= 4 G| (R %)2]4) .
(34)
Hence, we see that

Ty=—8a/m) [ dk[(i| (k- D?|i)/Q+£H*] . (35)

Upon performing the required integration we find
that

Ts=-%a(i|#®]i) . (36)

Having evaluated T;, T,, and T3, we can now
write Eq. (19) as

8,(B)~E,m*, B)=-a-ta(i|#liy+T,. (37)
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The parametric generation of plasma waves from coherent electromagnetic radiation in
semiconductors is considered. Three mechanisms which lead to a parametric instability are

discussed.

In the first mechanism the incident-radiation frequency matches the plasmon fre-

quency. In the second case the plasma is allowed to drift, and radiation at twice the plasma
frequency induces an instability. In the third instance two beams at frequencies w, and w;~2w,
create a parametric instability. Application of the theory to InSb indicates that it should be
possible to excite all three types of instabilities with currently available technology.

I. INTRODUCTION

The parametric excitation of plasma density
waves in gaseous and solid-state plasmas has been
of considerable interest, both theoretically! and
experimentally. 2 These parametric excitations
describe the nonlinear coupling of a radiation field
to the density oscillation modes of the plasma.
Many authors have considered the joint excitation
of electron plasma oscillations and ion acoustic
or phonon waves in multicomponent plasmas. In
such cases the radiation field couples to the system
regardless of the smallness of the photon wave num-
ber. As a matter of fact one can set £ -0 and still
obtain the parametric instability. A direct conver-
sion of photons to plasmons has been described by
Jackson.® There the finite wave number of the
photon plays a strategic role and the instability
vanishes when 2~ 0. The parametric instability
represents the absorption of a photon with fre-
quency w; and the creation of two plasmons at
w,~ zw,. Although the direct conversion of a pho-
ton into two plasmons is of interest, no experi-
mental observations have been reported, presum-
ably since this is a weak instability.

In this paper we consider a new nonlinear mech-
anism for the direct conversion of photons into
plasmons. A preliminary account of this work
has been presented elsewhere.* It is well known

that at weak field strengths this process is for-
bidden since a single transverse photon cannot ex-
cite a single longitudinal plasmon, Only in the
presence of a surface or inhomogeneity, for exam-
ple, would the breaking of translational symmetry
permit such a process to proceed. Our mechanism
involves the interaction of two photons to produce
two plasmons. This nonlinear interaction results
from the nonparabolic momentum-energy rela-
tion for a single electron. 5 Since it is a nonlinear
process it becomes important when the field be-
comes sufficiently intense, asin the case of alaser
field.

We have also calculated the down-conversion of
a photon into two plasmons, similar to the case
discussed by Jackson.® However, we consider a
drifting electron gas with a nonparabolic energy-
momentum relation. We obtain an instability even
for the long-wavelength case, i.e., 2~ 0. The in-
stability grows stronger with increasing drift ve-
locity and may become the dominant process for
converting a photon, having a frequency w;=2w,
into two plasmons.

We also consider the possibility of having a
stimulated down-conversion process. The inci-
dent beam consists of two waves at frequencies
w; and w; — 2w,, respectively, The latter wave
stimulates the down-conversion of the former wave
with the emission of two plasmons.



