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The theory of the intraband magnetoabsorption is derived in the quantum limit for semiconductors with
ionized impurities. The 0—0 and 0—1 transitions are considered. For cyclotron-resonance-inactive
polarization a logarithmic divergency of the absorption coefficient at cyclotron frequency is obtained. No

such singularity exists for parallel polarization.

I. INTRODUCTION

In the last few years, many observations of
cyclotron-resonance harmonics in semiconductors
were reported. Some of them were ascribed to
the electron-impurity interaction (see, e.g., Ref.
1). Magnetoabsorption due to this interaction was
studied theor'etically by several authors.2”® Usual-
ly, electrons were treated as bound to impurities
and the transition rates between their discrete
states were considered.?? The present authors
have recently calculated the magnetoabsorption
in the quantum limit for free electrons, i.e., as-
suming that the impurities are ionized.*® This
treatment is justified for high concentrations of
impurities, and also if 2T is of the order of or
higher than the binding energy in a magnetic field
(but much lower than %Zw,). These conditions are
usually fulfilled in narrow-gap semiconductors.
Transitions 0—#»’ for »’ > 2 were studied, and it
was shown that logarithmic divergencies of the
absorption coefficient appear at all w=#'w, for
both cyclotron-resonance-active and -inactive
polarizations, but not for parallel polarization.
The contribution given by the composition fluctua-

tions in mixed semiconductors was also calculated.

A magnetoabsorption peak for cyclotron-res-
onance-inactive polarization was observed also
for w=w,.® The purpose of the present paper is
to extend the results of Ref. 5 (hereafter referred
to as I), to the case of impurity-induced trans-
itions 0—~0 and 0—1 for both cyclotron-resonance-
inactive (CRI) and parallel (f:][ﬁ) polarizations.
Therefore, we consider the free electrons in the
quantum limit, interacting with the radiation field
and with some random time-independent potential.
This potential will then be identified with the po-
tential due to the ionized impurities distributed
at random. The case of a mixed semiconductor
with fluctuations of band edge due to composition
fluctuations will also be considered. We assume
a nondegenerate parabolic and spherical conduc-
tion band and we neglect spin effects. Plasma and
screening effects will not be taken into account.

II. MAGNETO-OPTICAL TRANSITION RATES

In the weak-radiation approximation, the effec-
tive-mass Hamiltonian for an electron of the
charge ~e¢ and the effective mass m* in the static
magnetic field H along the z axis, can be written
in the form

k=3,+U+3C,, (1)
where
_ n* [az x .0\ 321
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We have assumed here a uniform oscillating
electric field of radiation of the form

Re [E exp(-iwt)], w>0, (5)

where E is a complex vector. The vector potential
is chosen in the form

A®, 1) =(0, Hx, 0)+ (c/w) Im(Ee-tv?), (6)

and the scalar potential of the radiation vanishes.
A= (cfi/eH)'/? is the usual magnetic length. v(q)
are the Fourier components of the random potential
due to crystal imperfections. In Eq. (3) the sum-
mation runs over all g +#0 allowed by a periodicity
box:

qa=(277/La)Qa (a=x,y,2), (7

where @, are integers. To keep U real we have
to assume

V(-9 =v*@). ®)
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The eigenstates of 3, are the Landau states Ik,k,n)
of the energies

8k'"=h‘wc(n+%)+h‘2k§/2m* , 9)

where #=0,1,... and w,=eH/cm*. k, and &, have
the form

ko=@T/L)K, (a=9,2), (10)

where K, are integers. If the electron is in the
periodicity box, its center of the orbit should be
in a position between ~3L, and 3L,. This yields

be written in the form

3¢, coswt +3C, sinwt+ U, (12)
Let us define

¥, =3¢, + 336, . (13)

We will use the second-order perturbation calculus
and neglect terms of higher than second order in
U. We assume w#* w, and consider only CRI or

E || # polarizations, i.e., we put

E_=iE,. 14
a condition 5= 1E, (14)
Denoting
2 2
~-L,/2M®<k,<L_/2)3*. (11) E,=27/%E +iE)=2'/3E (15)
The perturbation given by Eqs. (3) and (4) can we have
" n1/2

R R |3C, | B2 RIn" Y= ~ (Fe/m *©)B g0 vy Sy s [iE et o + (L/NE 0" 28 0, )] (16)
(R R 0™ |3C|RIRIN"Y = —(He /m *w)B k;Gk.z.,k,z,[—iE;‘k;’énm ot (L/NE*n™ /25, ., 1 (17)

With our assumptions, it follows from Eqs. (16)

and (17) that for & e 8 ey

TR |5C, | BRI R n")=0 . (18)
For & ko < é o

RIEIR™ |5 | RIRIN")=0 . (19)

T 1
W, kyk,n)—»lky-pqy,(;‘#q",l,) =§F5<w —ﬁ(é’kt‘"t"’ - 5,2‘"))

+

Epunnt 8

k‘w'. n'

X <k;,kx,(,n” '3(; Ikykznxgkzw' n = é.k‘;n" ).1 2 .

We consider here only the case of quantum limit
at low temperatures. Therefore, only transitions
0-7" with photon absorption are possible. As al-
ready mentioned, we restrict our calculations

For é’kz,,,, = é’k‘"
(i’ |36, | R2RIN"Y=0. (20)
For §upm =84
2 z
RIEIN" |3, | Ry n)=0. (21)

Thus, the second-order perturbation calculus
gives for & o 8 kens i.e., for absorption process,
the transition rate

- Z (ky+ qys kz+qv n’ IJC* Ik;,k;’n”

" Tt e
kyk;n

S, at8
k"n‘ k‘n

X (k;’k;'n” | U |kykln>(gk'z' = é’k‘n)-l

wize Byt dyy kot g n’ |U|RJRIN")

(22)

0-0 and 0-1 transitions.

Contributions to the transition rates are visual-
ized on Fig. 1.

The matrix elements of U are (see paper I)
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eyt Gy kgt g | U Ryk,0)= (3A2)™ /2" 1)/ 2 2 exp (~iN%k,g,)
- .

X exp(-ziN’q, q,)iq, + q,)"" exp(-iVg)v(@), (23)
where summing over ¢, we omit ¢,=0 if g,=¢,=0. (16), and (23), into Eq. (22). Using the formula
We have denoted

2202 4 . L.L
qi=q;+q, (24) D exp [zkz(q;—q,)k,]=——"—§’-2m [ (25)
As we want to calculate the absorption, we need Ry

only the value of W, kykg O~ | Rysay, keraz, n' ) AVETAZED
over all k,. We will denote it by W(k,, 0; q,,q,,n’). strictly valid for L,/27/2\, a =x, y, being inte-
To obtain W, we use Fig. 1 and insert Egs. (9), gers), we find for »’=0,1

_ e? )
Wk, 034y 4o ') =T 55—z 5(“’ -n'w, -W(Qiﬂ“ 2k.61.))

” , ) 2 2
L e e @ (12,1 gy + 121

91/2 q
*otor ey o RelE ED g, Im(E, EN)]) . (26)
I
III. INTRABAND MAGNETOABSORPTION Byp= 722 N, @7)

IN THE QUANTUM LIMIT

and N, is the electron concentration. The condi-

In the quantum limit, electro ly all
d 1, Ton occupy onty tion of the quantum limit reads

the states with n=0 and |k,| <k,,, where
fw, > %k2, [2m* (28)
or
e, <1. (29)

Power absorbed per unit volume because of
transitions from all occupied states (of n=0) to
all empty states of quantum number »’ (»’=0, 1)
will be denoted by P,,. To calculate it, we have
to multiply the expression (26) by 7Zw, to sum over
all occupied states (accounting for spin degener-
acy) and over all final empty states, and to divide
by L,L,L,. Then we can perform summation over
k,, and replace the random variable |v(q)|? by its
value {|v(q)|2),,.” Taking into account Eq. (8),
using the notation

0-0 01

(v@ =L, L, L |v@ [Dars (30)

FIG. 1. Contributions to the transition rate [Eq. (22)]
for transitions 0—~0 and 0 —~ 1. Vertical transitions are
due to radiation and the oblique ones to the potential of and replacing the summation over § by integration
crystal imperfections. we obtain finally
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eq
= 152 - <
Py= 16’n’4ﬁ3 f d® q, exp( 27\ )[1‘;23 dq,-€ <w

2
q;‘(lEng(-j—:a:)"zﬂE,lzq‘

ﬁkZE 926
2m* ) .[ dq{l
g5

2t/2 qz *
*olas oy 4xReE.E2

)+q,Im(E E* ])(I v@) %, (31)

2 .
P1=e(w>wc--g%i’)«ez/wﬂ“ﬁzm*w)f d?q, q% exp(-32\%q )f dq,.q; >

s 2 2 21
XQE"' 2(w+w)2 e _% w(w+w)

We have denoted here

2m* /
qn=|kzF—<k§F+ 2 wc)>‘ 2, (33)
- 2 2m /2
Qee=Rp+ (R2p+ (w=-w,) (34)
22 2F 2ZF
2m * i/2
q23=—kzF+ <kiF+ 73 w) > (35)
Am * 1/2
qz4=ktF+ (kEF'l' F/a ) ’ (36)
2m*  \1/2 37
‘1z5=kzF‘<kiF__h—'—w> ’ ( )
Zm* 1/2
6= Rapt (kzzF"‘ 7 w) . (38)

By definition € =1 if the indicated inequality is ful-
filled, and equals zero otherwise.

For w=w,|P, has a divergency. Close to w=w,,
i.e., for

Iw w |/w < 2>t2krF’ (39)

there is

P= L,

e? n(%hzk ipwc)
2567 *m *w? lw—w,l

x [ arq.qtex(- @@, @0

where

4.=(9+, 95, 0). (41)

There is no divergency of P, for any w>0.

We will identify now the potential U with the po-
tential given by ionized impurities (point defects)
present in the semiconductor. Suppose there are
S types of such ions. Z,e and N, (I=1,...,5) are
the charge and concentration of the I-type ion, re-
spectively, (Z, may be a positive or negative in-

g1

lg, Re( E1)+q, Im(E,ED) @ % (52)

teger). Neutrality requirement yields the con-
dition

S
Z,N,=N,. (42)

Using the Poisson equation and assuming a per-
fectly random distribution of ions, we obtain

(|v@) |?)=167%*DN,/K%¢*, (43)

where « is the dielectric constant of the crystal
and

}s: 2V 44
D= Z,N— . ( )
1=1 e

It is always D>1. D=1 only if all Z;=+1. If
all Z,=Z (Z>0) then D=Z. Suppose, finally, that
there are both positive and negative ions of the
charges Ze (Z>0) and —Ze and concentrations .
N, and N_, respectively (ZN, - ZN_=N,). Denoting

C=N_/N, (45)

(C is the compensation ratio if all donors and ac-
ceptors are ionized), we have

D=2(1+C)/(1=C). (46)

Inserting Eq. (43) into Egs. (31) and (32), and
multiplying by

87T/CK1/2(IE+|2+ |E,|2), (CY)]

we obtain the absorption coefficients K { and K
due to 0—0 and 0~1 transitions, respectively,
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4eDch (IE Iz IE iz)-l

K(; cﬁS .)/2

|E, |2 h’k2
X{g—é—z[fl(%hzqi —AGN ¢%,)+exp(3X°g2,;) Ei(-32%2,) — exp(27°q3,) Ei(-5\%g2, -<<w<—L>]

(w+ w,)

2m *

X@(%xzq 5) —A(EN2g%) +exp(3X%g2) Ei(—3\%2,) — exp(332¢3, )El(—ahq.sJ

2
LB
wz

[exp(%hzq 4 Ei(=32%2,) —exp(3X%2,) Ei(-32%3, -<<w<ﬁif->

2m*

x[exp(3X%qZe) Ei(-22%q2,) — exp(3)3%¢%;) Ei(—3)%2 ]]} (48)

2 6
Kl=c <w > w, _ﬁk,F> 4e°DN,w,

2m* ) chi3kd 2w

(12, [+ [E[5

x(—lﬁ*—l——)-[(lnxzq 20 exp(z\%g2,) Ei(-32%2,) - (1+ 32%¢%) exp(z2%¢%) Ei(-32%2)]

2(w+

IE,|

2
+ —5—[2X%, exp(3Ngl) Ei(-23"gh) - 32°¢;, exp(3Vq3,) Ei(-3Xq3, ]). (49)

The exponential integral function is defined (for
x<0)

o

Ei(x)=— f %e" dt. (50)

We have also denoted (for x>0)

A= f 1n(1+t)e'“ L (51)
For w close to w, there is
N A A
x 1n<%-’i—gﬂ!—) . (52)

242 - 23" |E, |2
KS‘:,:e B85 vo(1 — vo)m wc] (|E+|2+ IE‘|2)-1 {_._*___2.

T2ch°Nit 2w

nq—'—“h —e<w<ﬁk"’> In Q6 ]
2m*

r

If we identify the potential U with the position-
dependent band edge in a mixed semiconductor with
composition fluctuations, then for a perfectly ran-
dom alloy (see paper I)

(lv@ %= Bo (1 =v,) . (53)

N is the number of unit cells per unit volume, v,
is the average composition of the alloy of the type
A,.,B, (or A,_,B,C, etc.), and B, is a material
parameter. For simplicity, we have assumed that
another material parameter appearing in Eq. (53),
Yo, 1S equal to zero. Inserting Eq. (53) into Egs.
(31) and (32), and multiplying by expression (47),
we obtain the absorption coefficients K § and K {

due-to 0~0 and 0~ 1 transitions, respectively,

(w+w,) 9z3 9z
E,|? nk? '
B [0, - g2 - < Zn;;’)%wqis—qis)]}, (54)
2
Kf=€( > ti‘) [ezﬁgvo(l—vo)m*zwi/ﬂzcﬁsNKllzw]
L[ 21E, | |E, |2
x(|E, |2+ |E,|?) 1[W Inlez —';o%'}éxz(tﬁrqzu)] (55)
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For w close to w, there is
¢~ [e2B20,(1 — vo)m*2 /2% chi °NK' /2]

29
x |E[(E, |7+ |B, [ (3

o= w,] (56)

IV. DISCUSSION

Summarizing our results, for both CRI and EH-I:I
polarizations and for all frequencies the absorption
is nonvanishing due to the presence of ionized im-
purities (point defects) or/and composition fluc-
tuations. For CRI polarization there is a loga-
rithmic divergency of the absorption coefficient
at w=w,.

To estimate the value of the absorption coef-
ficient due to ionized impurities (point defects)
let us consider the following numerical example
corresponding roughly to n-type Hg, ,;Cd, ,;Te
atlow temperatures: k=10, m*=0.02m,, N,=6.8
x 10 em~3, D=3 (as for, e.g., Z=1 and C=0.5),
and H=50 kG. Plasma effects should not be im-
portant for the normal incidence on a semicon-
ductor plate, as Zw,=21 meV (w, is the plasma
frequency) and 7Zw,=29 meV. The quantum-limit
condition is fulfilled as %hzki,,.=0.5. The magnetic
length A=115 A, K}+K for E,=0 (CRI polariza-
tion) is plotted on Fig. 2. It seems that the diver-
gence should be rather easily observable.

Using the above parameters, and taking v,=0.25,
N=1.5x10? cm™3, and B,=0.5 eV, we obtain from
Egs. (52) and (56) that for w close to w, there is
K¢/K=2.2x1073,

In the present paper we have not taken into ac-
count the scattering-induced broadening of the

T 1T TT
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FIG. 2. CRI absorption coefficient due to ionized im-
purities (transitions 0—0 and 0 — 1) vs frequency for the
numerical example discussed in the text.

Landau levels. This broadening may seriously
affect the shape and magnitude of the absorption
at w=w,. Because of that we cannot compare
quantitatively our results with the experimental
data of McCombe et al.® The other reason is that
the sample presented in Ref. 6 is not degenerated
enough (as 7 %2,/2m*~kT). Nevertheless, if the
parameters of this sample are inserted in our
Eq. (52) (with D=1), the absorption coefficient is
of roughly the same order as in Ref. 6.
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