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The absorption of electromagnetic radiation by band carriers whose motion is quantized by a magnetic field is 
considered. It is shown that the electronic transitions with spin flip that take place on photon absorption and 
LO-phonon emission result in resonance of the absorption coefficient (combined phonon resonance-CPR). 
The line shape of the CPR is investigated and the parameters of the resonance peaks are determined. The 
results are compared with the experimental data. 

PACS numbers: 72.20.Jv, 63.20.Hp, 7 1.36. + c 

1. INTRODUCTION 

Absorption of electromagnet ic  radiation by  band car- 
riers under conditions i n  which the i r  motion is quan- 
t ized by a magnetic field l eads  to var ious  resonance 
effects.  Part of such effects  is connected with the  scat- 
te r ing  of the carriers by optical phonons. A compari- 
son of the  existing experimental  da ta  with the  r e s u l t s  
of theoret ical  r e s e a r c h e s  i n  th i s  region gives essen-  
t ia l ly  good agreement;  however, as is noted in the  re- 
view of Ref. 1, a number of experimental  r e s u l t s  h a s  
not yet  found theoret ical  explanation. In part icular ,  the  
nature of the resonance found experimentally in  n-InSb 
at the frequency w, = w,+ g p p  + w,, f o r  longitudinal 

polarization of the  electromagnet ic  f i e l d  r e m a i n s  un- 
clear. 

A s  follows f r o m  the  frequency condition of t h i s  res- 
onance, it is obviously determined by the electronic  
transitions with spin f l ip  upon absorpt ion of a photon 
and emiss ion  of a longitudinal optical phonon. The  spin 
flip in the  electronic transition can b e  connected in t h i s  
case e i ther  with the  interact ion of the  band e lec t ron  
with the high-frequency electromagnet ic  field or  with 
the  spin-phonon interaction. We sha l l  consider  both 
cases. Resonance i n  the  absorpt ion of electromagnet ic  
radiat ion on account of spin-phonon interact ion w a s  
studied theoretically in Ref. 3, where  it was shown that  
the  resonance in the  case of an isotropic  energy spec- . 
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trum of electrons a r i ses  in the presence of transverse 
polarization of the wave and is due to the interaction 
with the transverse optical mode; the interaction with 
LO phonons does not lead to spin-cyclotron-phonon res- 
onance. 

The excitation of spin transitions by an electromag- 
netic field has been studied both theoretically and ex- 
perimentally? These transitions can be excited by 
both the magnetic and the electric component of the 
field. However, in the case of strong spin-orbit inter- 
action the intensity of the absorption line under the ac- 
tion of the electric component is several orders  above 
the intensity due to the magnetic excitation. The cir- 
cumstances set forth above indicate that the resonance 
observed in Ref. 2 is connected with combined phonon 
transitions (CPT)-spin transitions excited by the elec- 
t r ic  component of the field and accompanied by the 
emission of L O  phonons. 

We consider the electromagnetic-radiation absorption 
due to CPT in semiconductors with the symmetry of 
zincblende (for example, n-InSb). Here two types of 
combined transitions a r e  possible: transitions connec- 
ted with the presence in the electron dispersion law of 
terms -F? due to spin-orbit coupling, and also transi- 
tions connected with the dependence of the g factor of 
the electrons on the quasimomentum K? The first  type 
of transition depends on the orientation of the magnetic 
field relative to the crystallographic axes and deter- 
mines the anistropic part, while the second determines 
the isotropic part of the absorption coefficient due to 
CPT. 

2. ANISOTROPIC PART OF THE ABSORPTION 
COEFFICIENT 

The CPT matrix elements in the lowest approxima- 
tion in electron-phonon and spin-flipping electromag- 
netic interaction can be determined with the help of the 
general expression 

Here E is the energy of the system, I f ,  +) r I v, i q ,  H )  

is the wave function of the non-interacting electrons, 
phonons, and photons; the signs i indicate the direction 
of the spin; v i, q, H determine the state of the elec- 
trons, phonons, and photons, respectively. Interac- 
tion with optical longitudinal phonons is described by 
the Hamiltonian H, with matrix elements 

(+, v, o I H ~ ~ v ~ ,  f, *q)=*icq[N(q)+112f  ' l ~ l " ~ 6 i p = ~  p/*hq=) 

x 6 (p,,  p,'+hq,) esp {*2ifrqVpJpnZ)M~~- ( k q ~ ) ,  (2.2) 

where I v*) = Ip,,p,, I*), c4  is the Fourier transform of 
the electron-phonon interaction :tential, N(q) is the 
number of phonons, 

MI,. (q,) =exp {-ihzq,q,/pn') exp {i(lr-1) c p ) Q c i f  ( f i q ~ l ~ x )  (2 -3) 

and the function QJr(x) is defined by the expression 

Here L:;'(x) is a generalized Laguerre polynomial, p, 

= ( 2 r n * i i ~ , ) ~ / ~ ,  w, is the cyclotron frequency, and q, 
and cp a r e  the polar coordinates in q space. 

The matrix elements of the spin-flipping interaction 
H ,  a r e  easily determined by using the results of Ref. 5. 
In the dipole approximation, we obtain 

where V is the normalization volume, w is the frequen- 
cy of the electromagnetic wave, N(w) is the number of 
photons, L =8(6,rn*m,~/Pi~)~/c', c p  is the dielectric con- 
stant, 6, is the parameter of band divergence due to 
the spin-orbit interaction and to the absence of a center 
of inversion; 1 and j a r e  the numbers of the Landau le- 
vels, a ,  /3,y run through the values 1, 2, and 3, with 
a =1 for the left, a =2 for  the right, and (Y = 3  for the 
longitudinal polarization; S, = -1, S, = 1, S, =O; P* =m*/ 
rns,ms=2mo/g, m, is the mass  of the free electron, m* 
is the effective mass; the operators a, and the coeffi- 
cient B,, , a r e  defined in Ref. 5. The angular depen- 
dence of the matrix elements (2.5) is determined by the 
coefficients B ,,,. 

Using the expression (2 .I)-(2.5), after cumbersome 
transformations which involve the recurrence relations 
for  the Laguerre polynomials, we obtain an expression 
for the CPT matrix elements in the form 

where 

and 

To obtain the absorption coefficients due to CPT, (2.6), 
we use the well-known expression6 

where n is the concentration of electrons, N(w) is the 
number of photons in the initial state, and the operator 
Avi indicates thermal averaging over the initial states. 
Substituting (2.6) and (2.7) in (2.8), after tedious calcu- 
lations, we obtain for the case of longitudinal polariza- 
tion (a =3) of interest to us  the singular part of the ab- 
sorption coefficient 

in the form 

8n1"nL$'h ( h o )  "hoo)'iiaRaLw-w, 
jy,;, = ------- 

m . Z ~ ~ 2 ( k , ~ ) .  [~ -exp( -$ ) ]  
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where a, and a, a r e  dimensionless constants of elec- 
tron-photon and electron-phonon interactions; the de- 
tuning from resonance is 

No is the Planck distribution function of the phonons. 
The angular dependence of the longitudinal resonance 
is determined by the functions 

As follows from (2.10), A3(w) is also a slowly changing 
function of the frequency, except for singularities of no 
interest to u s  a t  the points w =2w,+gpJf and w = w, 
+ gpJf. KO@ ~ A Q  1 */2kol' is a Macdonald function that 
has a logarithmic singularity a t  the point of resonance 
AQ=O. 

We note that q t ( w )  for the other initial spin state has 
a form similar to (2.9), the difference being a different 
angular dependence of A3(w), determined by the coeffi- 
cients B,,, with indices p/ other than those in (2.10) and, 
in addition, w- in (2.9) is replaced by w,. 

The functions w, and w, a r e  determined for a nonde- 
generate electron gas by the expressions 

In addition to the singular part  (2.9), K; I has a lso  the 
following regular part that is regular a t  the point of 
resonance: 

where K,(E lAS2 1 */2kOl' is a Macdonald function of f irst  
order. At the resonance point, Kf? vanishes. 

A s  follows from (2.9), the singular part of the absorp- 
tion coefficient has the same singularity both for the 
longitudinal ( a  = 3) and for the other transverse ( a  = 1,2)  
polarizations; however, the angular dependences deter- 
mined by A,(w) differ for a l l  three values of (right, 
left, and longitudinal polarization). 

3. ISOTROPIC PART OF THE ABSORPTION 
COEFFICIENT 

Using the results of Sheka and McCombe7 it  is not 
difficult to determine the matrix elements of the elec- 
tron-photon interaction operator which reverses  spin 
because of the dependence of the g factor of the electron 
on the quasimomentum. 

For a longitudinally polarized wave and an initial 
state (+ I ,  with account of the inequality f iwH/~ ,<<  1, 
we obtain in the given approximation 

where K, = ( e ~ / c t i ) ' / ~ ,  c, is the width of the forbidden 
band, A is the spin-orbit splitting, and 

Using the expressions (2.1), (2.2), and (3.1), we obtain 
the CPT matrix elements for the considered case in the 
form 

<+,v ,O,  OlRlv', *q, -x., ->=*ic,N"(w) [N(q)+'lr*l/z]'" 

We substitute (3.2) in (2.8) and make use of the relation 

we therefore obtain the following expression for  the iso- 
tropic part K:,, (the transition from the initial spin state 
(+ I )  

naRar ( t i eo )  Yzo,,R2m'ga (RoH-gpoII) 
K"= Bo (koT)  "m. (itoH-g$oH-hw)' 

It can be shown that for a transversely polarized wave, 
the matrix elements of the effective Hamiltonian vanish. 
Therefore the isotropic part  of the absorption coeffic- 
ient, which is due to the CPT, appears only in the case 
of a longitudinally polarized wave. 

4. DETERMINATION OF THE PARAMETERSOF THE 
RESONANCE PEAKS AND THEIR COMPARISON WITH 
EXPERIMENT 

As follows from the expressions (2.9) and (3.4), the 
form of the resonance peaks is determined essentially 
by the asymptotic forms of the Macdonald function a t  
small and large values of the argument: 

K ~ ~ - ~ ~ ( ~ ~ ~ T I A ~ A Q I )  (4.1) 

a t  h ( A Q  1 /2k0T >> 1. A s  follows from (4.1), the absorp- 
tion coefficient has a logarithmic singularity a t  the res- 
onance point AO =O; the resonance peak is strongly 
asymmetric; since the behavior of K;f to the left and 
right of the resonance point (4.2) is significantly differ- 
ent. 

It must be noted that the anisotropic part of the inten- 
sity of the peaks depends weakly, (2.9) on I I ,  and the 
isotropic part  does not depend a t  all, (3.4), on I f .  The 
dependence on I is determined by the function w, .  The 
product w,w, and also No- exd-fiwo/ko~} determine the 
nost significant dependence of the intensity of the peaks 
on the temperature and the intensity of the external 
magnetic field, a s  follows from (2.9) and (3.4). 

The emission peaks on the curve K(w) in the actual 
case wH> w,, which corresponds for n-InSb to a field 
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H > 32 kOe, a r e  located a t  the points 

and the absorption peaks a r e  located a t  the points 

The principal contribution to the intensity is made by 
transitions from the lowest sublevel (I =O,I =m).  The 
intensity of the absorption peaks is smaller by the 
factor exp(-Rwo/koT) than the emission peaks, and a t  
the temperatures of interest (koT << Rw,) their contribu- 
tion is negligible. For larger m,  the intensity falls off 
a s  m-3 with increase in m. 

For an estimate of the amplitude and ahlf-width of 
the resonance peaks, we introduce the phenomenolgical 
damping parameter y , which is determined by the basic 
mechanism that limits the height of the peaks. Then 
the absorption coefficient is determined by the expres- 
sion 

r(o)=ReK(hlAQ+iyI). (4.3) 

We obtain an estimate from this expression for the in- 
esity of the principal line in the form 

and for the half-width, the estimate 6 w - y .  

It is evident that to observe the resonance the ordin- 
ary  conditions of strong and quantizing magnetic field 
must be satisfied namely 

iioH>iiy, tioaBkoT. 

We now determine the ratio of the isotropic and aniso- 
tropic parts of the intensity of the absorption line. 
Using (2.9) and (3.4), we get 

It must be noted that resonance is observed against the 
background of cyclotron resonance and lattice absorp- 

tion. However, the lat ter  gives a monotonic back- 
ground, which can be eliminated by measuring r(H) 
- r(0). Taking into account that in the distant region 
of the wings of the cyclotron resonance line I?,, 
- c~,a,?zn/rn*w~, and using (4.3), we obtain the estimate 

We now make several  numerical estimates for the 
case of n-InSb and upon satisfaction of the conditions of 
observation of the effect experimentally? At n - 2 x 1016, 
H- 100 kOe, T - 30 K, and y - 10'' sec-', it follows from 
(4.6) that r,,,/r,, - 1, which means that the line should 
be rather weak; for the intensity and halfwidth from 
(4.4), we have c,- 0.2 cm"; R6w = 1 meV, which agrees 
well with experiment.' 

As  follows from (4.5), the ratio ri/ra - 5; therefore, 
under the conditions of the discussed experiment, the 
basic contribution to the absorption is made by the iso- 
tropic part ,  which is due to the dependence of the g 
factor on the quasimomentum. 
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