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The two-band model of a semiconductor, described by an equation of the Dirac type, is used to
calculate the absorption coefficient of weak electromagnetic radiation by a semiconductor placed
in a constant magnetic field and acted upon by a strong resonant laser field. The dependences of
the absorption coefficient on temperature and frequency are determined for a weak as well asa
strong electromagnetic field. It is shown that the absorption spectrum has a number of
singularities whose positions depend substantially on the magnetic field and on the laser-emission
intensity. The results are compared with those obtained earlier on the basis of a simpler model of

the semiconductor.

A number of recent papers'~ are devoted to a theoreti-
cal investigation of optical phenomena brought about by re-
structuring of the energy spectrum of a semiconductor by
strong laser emission that causes resonant single-photon
transitions of an electron between the edges of the valence
and conduction bands. The used semiconductor model”® is
described by an equation formally analogous to the Dirac
equation. The solutions of the two-band equation determine
the states of the electrons and holes in the narrow-band semi-
conductors PbS, PbSe, and PbTe. Account is taken of the
spin properties of the carriers, and in the presence of an elec-
tric field also of the spin-orbit interaction.

It is shown in Refs. 1 and 2 that allowance for the spin
properties leads to a result that is substantially new com-
pared with an earlier physical one,” a dependence of the qua-
sienergy spectrum of the electrons and holes of the semicon-
ductors on the type of polarization of the strong laser field.
According to Refs. 3-5, the dependence of the quasienergy
spectrum of the carriers on the type of polarization of the
exciting field makes it relatively easy to control the optical
characteristic of the semiconductor.

Another possibility of controlled variation of the opti-
cal characteristics of semiconductor materials acted upon by
intense laser radiation is by using additional static fields. It is
shown in Ref. 6 that the static magnetic field H that causes a
radical restructuring of the carrier quasienergy spectrum
produces substantial changes in the semiconductor recombi-
nation-radiation spectrum. The presence of an additional
parameter—the magnetic-field strength—makes control of
these variations possible.

The present paper is a continuation of an examination,
initiated in Ref. 6, of the optical effects due to the joint action
of strong laser radiation and a static magnetic field. It is
devoted to a theoretical investigation of the absorption of
weak electromagnetic radiation by a semiconductor placed
in a constant magnetic field

H=(0, 0. H) )
and acted upon by an alternating electric field
E(t)=(0, 0, E,sin w,t), (2)

having a frequency o, close to the band gap &, of the semi-
conductor (a system of units with # = 1 is used),
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wo=¢,+A. |A]<Ke,.

It is assumed that the magnetic field is strong enough,
such that

Oy>T™

where wy is the cyclotron frequency of the electron (hole)
and 7 is the relaxation time of the electron subsystem. The
alternating electric field is assumed to be strong in the sense
of satisfaction of the inequality’

Pﬁ)o>>1:".

where p = 2e,Eswq 2<1, s = — (£,/2my)"?, and e, and
m,, are, respectively, the absolute value of the charge and the
effective mass of the electron. We describe the weak elec-
tromagnetic field with the aid of the potential
A = (r,t) = ae ~ ' 4 a*e™"

We describe the absorption coefficient K (@) with the
aid of the approximate solutions obtained in Ref. 10 (see also
Ref. 6) for the case of an external field constituting a super-
position of fields (1) and (2). The use of the semiconductor
model proposed in Refs. 7 and 8 in the problem on hand is of
interest in view of the satisfactory agreement between the
theory based on the use of a Dirac-type two-band equation
and the experimental data on multiphoton magneto-absorp-
tion in the narrow-band semiconductors PbS, PbSe, and
PbTe (Ref. 11).

By simple calculations similar to those in Ref. 5, we get

2.2
K(o)= 2050 31030 pmam2p 9, (). 3)

4drcoe™

1=0,1 m,m'=0,1,2

(0)

Am.m' ((l))= (mns)—zj dp:[ (2—'6".‘0)6111,":'/):2

T4/, (Smom 41 Ommr—1) (P +pin®) ]
XALim(p2) —fm (P U (ps) Une (p.)
—Vulp:) Vo (p:2) PLS(Em(p2)
—En (p) =©) =8 (Em (p.) —Ewm (p:)+0) ]
+[1~fn(p:)=fm (0:)1 [Un(p.)

X Vo (p2) +Vm(p:) U (p:) 1°[8 (E.(p.)tEn (p:)—0,—0)
—G(Em(p:)-'_Em(p:)_0)1|+(1))]} (4)
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m ,m’ (‘0) - J' dpz[ (2—6m,o)6m,m'+6m,m’+l+6m,M'—i] {[jM(pz)

I (P) VU2 (p)V i *(02) [8 (B (p2) —E o () + 00— )
—8(En(p.)—Emw (p.)

=00t ) ]+ [1~fn(p.)~fn (p.) ]

X [Un®(p:) Un'* (p:) 8 (B (p.) +Em: (p.) ~ @)
—Vo2(p) Vo (9) 8 (E (p2) +Em (p.) F0—200) 1}.

(5)
Here
eP'=e, e'*V=e.tie,, e=_a_l_’
U...(p;)—{ [1+ - (;p;)l]} '

Vo (p.)=sign 6.,.(p,){ x“:p(;h) | ]}

-[1-
2
=620+ (2) ] onipa= 22y,

Em(p:) =5 [ (mos)*+pm "+pﬁl"

( 2e,Hm )
- .

p.=
The quantity

En(p.)= “’7"[ 144 (p.)sign 6 (p2) ]

has the meaning of the electron (hole) quasienergy, and its
dependence on the z-component of the momentum p is
shown in the figures. The stationary distribution functions
of the electrons (holes) take the form of the Fermi distribu-
tions®

fn(ps) ={exp[B(En(p:)—wo/2]+1} 1, (6)

where 8= 1/k,T, kg is the Boltzmann constant and T is the
absolute temperature of the heat bath. Expression (6) is val-
id under the conditions

@, p0,<Q, (A/pwe) <K TalT,

in which Q is the photon frequency and 7 is the lifetime of
the electron-hole pair.

The function A%, (@) describes the absorption of a
weak electromagnetic signal of frequency o €w,, due to the
electron intraband transitions and also to the transitions be-
tween the conduction (valence) band and the single-photon
replica of the valence (conduction) band. The function
AL (@) is responsible for the absorption in the spectral
region |@ — wy| €@,, due to quantum transitions of an elec-
tron between the valence and conduction bands, their single-
photon replicas, and transitions between the conduction
(valence) band and its one-photon replica.

All the above transitions occur both when the Landau-
level number m = 0, 1, 2, ... remains unchanged and when it
changes by unity. The first and second types of transition are
due, respectively, to absorption of weak signals with polar-
ization e||H and elH.

In the calculation of the functions (4) and (5) we con-
fine ourselves to the band-parabolicity approximation, as-
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FIG. 1. Quasienergy spectrum of electron at A > 0. Solid lines—valence
band and conduction band; dashed—single-photon replicas of these

bands.
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FIG. 2. Quasienergy spectrum of electron at A <0.
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suming that o, <€£,. Integrating with respect to p, with the
aid of a delta function, we obtain

2 9.3
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Let us use (7)-(9) to study the features of the absorp-
tion of a weak signal of frequency w €w,. We consider first a
physical situation in which e||H. In this case, if 0 < — A < Q,
the semiconductor is transparent at w<{), where
Q, = [Qogm— A)? + (pwy/2)* 1% m=0,1,2,....

The absorption in the region w > Q, is due to quantum
transitions of electrons between the quasienergy bands A
and B’ (i = ¢,v) and decreases as the temperature rises.
The absorption coefficient has in this region a square-root
singularity at the frequency o = Q,,:K(») ~ (0 — Q,,) ">
For A > 0, a gap appears in the quasienergy spectrum of the
semiconductor electrons. At the gap boundaries the spec-
trum has an additional van Hove singularity.!? The trans-
parency region is determined in this case by the inequality
® <pwy/2, and the absorption coefficient has in addition to
the indicated square-root singularities a peak
K(o)~(w —pwy,/2) ~'? at the boundary frequency
o = pay/2.

If elH, there is no absorption in the regions
O<w< (), —Qp)2and oy <o < (Q, + Q)2 atw <wy.
Absorption takes place in the region (Q, — Q,)/2<w < vy
as a result of internal transitions of the electrons. As the
absolute temperature is lowered to zero, the absorption van-
ishes. Absorption at w>(Q; + Q,)/2 is accompanied by
electron transitions between the quasienergy levels 4 ¢ and
B (i = c,v) and decreases as the temperature rises. These
two absorption regions contain the frequencies
o=\, ., +Q,]/2, at which the absorption coefficient
has peaks. At A > w, the transparency region defined by the
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condition wy <w < [w} + (pwe/2)* ] splits into two ab-
sorption regions 0 <w <wy and 0> [0} + (pwe/2)*]">
Absorption peaks exist both at o =1|Q,,, , + Q,,|/2 and
o = [0} + (pwo/2)*]'2. The latter is connected with the
Van Hove singularities located near the quasienergy gap. As
the temperature is lowered, the absorption in the region
O<w<wy decreases to zero, while in the region
o> [w} + (pwy/2)* ]V it increases.

The most interesting singularities are observed for
weak-signal absorption in the spectral region | — wy| €@,.
Let us examine each of the cases e||H and eLH separately.

At e||H we have weak-signal absorption and amplifica-
tion regions separated by transparency regions. The func-
tion K (w) has peaks in each region (absorption and amplifi-
cation). Absorption and amplification result from electron
transitions from the quasienergy band 4 ¢ into the band
A, and from B © into B , respectively. As the tempera-
ture is raised the absolute value of the absorption coefficient
decreases. If 0 < — A <, the location of the amplification
(absorption) region is determined by the condition
0wy — Ny (w20, + Q). The absorption-coefficient
peaks occur at the frequencies w = w, + Q,,- For A > 0 the
semiconductor is transparent in the region w,— pwy/2
<0 <0y + pwy/2.

A weak signal is amplified at w < 0w, — pw,/2 and is ab-
sorbed at 0 = Wy + pwy/2. The frequencies
® = 0y + pay/2, v, + Q,, determine the positions of the ab-
sorption-coefficient peaks.

In the case when elQ) and A < w, there are three trans-
parency regions: Wy — Qo+ Q|2 <0 <wy— oy,
Wyt oy <0 <wy+ Qo+ Q4|72 and oy — |Qy— Q,|/2
<w<a,+ |Q— Q,]/2. A weak signal is amplified at
O <wy— Qo+ Qy/2and 0y — 0y <w <wy— |Qy— Q|72
and absorbed at wy+ |Qy— Q|/2<w<wy+ wy and
®>w+ Qo + Q,]/2. Absorption and amplification peaks
are located at w=w0,—|Q,+Q,,,//2 and
®=w,+ |Q,, +Q,,|/2, respectively. The amplification
in the region wy, — Wy < <wy — [Qy — Q,|/2 is accompa-
nied by two types of electron quantum transitions, between
the quasienergy bands 4 ¢ and B ‘', and also between the
B and A ‘© bands. Electronic transitions of the same type
cause also the absorption in the region
Wy + |Qy — Q|72 <0 <®y + @y Inthis case, however, the
transitions are between Landau-level pairs of the indicated
bands different from those in the case of amplification. As
the temperature is lowered to zero, the amplification and
absorption vanish from these regions. Electron transitions
between the bands B ¢ and B *’ lead to amplification in the
region w < w, — | + Q,|/2 while transitions between 4 7
and 4 ' lead to absorption at @ > @, + |y + Q2,/2. When
the temperature is lowered to absolute value of the absorp-
tion coefficients increases only somewhat in these regions.

If elH but A > w,,, the absorption coefficient

>0 for @<o<w,toxz and 0>,
Hox+(pw./2)) ™,

K

(@) <0 for wi—or<a<w, and @<,

—[oz*+(pw./2)*]™.
At the point ® = w, it reverses sign, and at
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00— [0x*+ (pwo/2) Y] "< <wo—wx

and
0o+ 0r<0<w,+ [0x*+ (pw./2)?]"

it is equal to zero. The absorption and amplification peaks
are produced at frequencies,

O=0,t+ ‘QmiQmH |/2- 0o=0,*t [0, + (P(’)olz) 2]%
and
W=Wo— Igmigmﬂl/zy m0+ [sz_*_ (P(ﬂo/z) z] Ih

respectively. The amplification and absorption in the region
Wy — Wy <O < Wy + @y vanish as T—0 and are due to elec-
tron transitions between the 4 ¢’ and B ¢ and also the B
and 4 ‘© quasienergy bands. The absorption (amplification)
in the region

0> 0ot [0r*t (pw./2)*]" (0<oi— [0+ (pw./2)%]")

is due to electron transitions between the bands 4 ” and
A @ (B and B ). The absolute value of the absorption
coefficient increases at |w — w,|>[w} + (pwe/2)?]"?
when the temperature is lowered.

Accordingto (7) and (8) the absorption coefficient of a
weak electromagnetic signal can be represented in the form

K(o)=K|(0)+K, (o).

where

K (o) ~ley, )3
e.=c—e; e¢;=H/(ell)/H*.

The absorption spectrum of a weak signal with arbitrary po-
larization e is therefore described by the curve obtained by
simply adding the two relations described above, one for
e, = 0 and the other for ¢, = 0.

Comparing the foregoing results with those given in
Ref. 9 (see also Ref. 5) we verify that a constant magnetic
field influences considerably a weak-signal absorption signal
in the presence of strong laser radiation. In the magnetic
field the absorption becomes essentially anisotropic and has
singularities that depend on the field.

The absorption of a weak electromagnetic signal by a
semiconductor in a saturated state and in a quantizing mag-
netic field was investigated earlier in Ref. 13 on the basis of a
simpler two-band model,'* in which no account was taken of
the spin properties of the carriers. It was assumed in Ref. 13
that T=0. We have seen that entire weak-signal spectral
absorption or amplification regions vanish in this case.
Moreover, a case of interest in itself, when A <0, was not
considered in Ref. 13. Assuming, following Ref. 13, that
T=0 and A >0, let us compare the results there and the
analogous results in the present paper.

The main differences are the following:

1. The absorption in the low-frequency region of the
spectrum (w €@,), predicted in Ref. 13, preserves the ani-
sotropy also as H— 0, whereas the absorption coefficient (7)
goes over as H—0 into the anisotropic expression given in
Ref. 14.

2. According to (7), absorption of weak signal of fre-
quency w, located in the vicinity of the frequency w, of
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strong laser radiation (| — w,| €®,) is essentially aniso-
tropic, with the number and dimensions of the transparency
regions dependent both on the intensity of the latter and on
the magnetic field intensity; the expression obtained in Ref.
13 for the absorption coefficient at frequencies w ~w, is iso-
tropic, and the dimension of the only transparency region is
determined exclusively by the intensity of the strong laser
radiation.

Note that if the summationoverm =0, 1, 2, ... in (7) is
replaced by summation over m= 4,1+ 4,2+ 1,... and
the factor (2 — 8, 6,,, ) that takes into account the nonde-
generacy of the lowest Landau level in spin is omitted, then
we arrive, accurate to numerical factors, at the expressions
of Ref. 13, which describes the absorption of a weak signal of
frequency w €w, in the case eLH and e||H. To obtain a simi-
lar correspondence in the region of w defined by the inequali-
ty | — wo| €@, we must put in (7) additionally e, = 0.

In the present paper, just as in Refs. 6 and 13 we use the
homogeneous electric field approximation (2). The spatial
homogeneity of this field calls, strictly speaking, for an addi-
tional investigation. As noted in Ref. 6, one can expect that
the effects due to the finite value of to turn out to be negligi-
bly small upon satisfaction of the inequality A> R, in which
A =2mc/we"? is the laser emission wavelength and
R = (mywy ) is the characteristic dimension of the region
of localization of the electron wave function in the xy plane.

We note in conclusion that allowance for the dissipative
processes (e.g., interaction of the carriers with the crystal-
lattice vibrations) will lead to a finite half-width of the qua-
sienergy levels and to a smearing of the delta functions in (4)
and (5). As a result, the peaks of the resonant absorption
and amplification have finite height. For the semiconductor
parameters, = 0.28eV,m,=0.1m,,e =16, =10""s~!
and for E, = 10° V/cm and w, = 0.1 eV the value K at the
resonance points reaches 5-10° cm ~!.

The author thanks I. V. Belousov for helpful discus-
sions.

V. P. Oleinik, D. I. Abakarov, and I. V. Belousov, Zh. Eksp. Teor. Fiz.
75, 312 (1978) [Sov. Phys. JETP 48, 155 (1978)].

21. V. Beloussov and V. P. Oleinic, J. Phys. C 12, 655 (1979).

1. V. Belousov, V. V. Serzhentu, and V. V. Frolov, Zh. Eksp. Teor. Fiz.
91, 626 (1986) [Sov. Phys. JETP 64, 369 (1986)].

*I. V. Beloussov, V. V. Serzhentu, and V. V. Frolov, Optics Comm. 57,
102 (1986).

1. V. Beloussov and V. V. Serzhentu, ibid. 66, 115 (1988).

$V. V. Frolov, Ukr. Fiz. Zh. 35, 1399 (1990).

"L. V. Keldysh, Zh. Eksp. Teor. Fiz. 45, 364 (1963) [Sov. Phys. JETP
18, 253 (1963)].

®A. G. Aronov and G. E. Pikus, ibid. 51, 281 (1966) [24, 188 (1966)].

°V. P. Elesin and A. S. Aleksandrov, Fiz. Tverd. Tela (Leningrad) 13,
615 (1971) [Sov. Phys. Solid State 13, 540 (1971)].

191, B. Belousov, in Excitions and Biexcitons in Semiconductors [in Rus-
sian], Shtiintsa, Kishinev, 1982, p. 154.

"' A. G. Zhilich and B. S. Monoson, Magneto- and Electroabsorption of
Light in Semiconductors, Leningrad State Univ., 1984.

2A. S. Davydov, Solid State Theory [in Russian], Nauka, Moscow
(1976).

>M. D. Blokh and L. I. Magarill, Fiz. Tverd. Tela (Leningrad) 18, 1487
(1976) [Sov. Phys. Solid State 18, 866 (1976)].

*V. M. Galitskii and V. F. Elesin, Resonant Interaction of Electromagnet-
ic Fields with Semiconductors, Energoatomizdat, Moscow, 1986.

Translated by J. G. Adashko

V. V. Frolov 842



