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By optically heating free electrons in highly doped n-GaAs up to electron temperatures 
of about 1000K with short and very powerful mid- or far infrared light pulses, electrons 
can be redistributed between three different valleys: degenerated nonparabolic Γ -, 
anisotropic L- and X-valley. As the effective masses and the mobilities of the free 
electrons in the three valleys are very different, the population modulation induces 
changes in the dielectric permittivity function and hence optical nonlinearities[1,2]. We 
derived a novel appropriate quantum-mechanical model, which describes the impact of 
the different valley geometries and the many different intervalley deformation 
potentials. 
 
1. Introduction 
 
 In n-GaAs, the separation between the Γ - and X -valleys is considerably large 
(almost 500 meV) and usually the influence of the X -valley electrons on GaAs optical 
properties is neglected. Powerful mid-infrared (MIR) light pulses, however, can 
increase the electron temperature of highly doped n-GaAs up to about 1000K. In this 
superheated situation a considerable amount of conduction electrons is already 
transferred to the X -valley. Therefore existing opto-electronic models have to be 
corrected at high electron temperatures when free electron gas is distributed between 
three different valleys: central Γ -valley, the L-valley and the X -valley. 
 
2. The model of GaAs optical properties calculation 
 

To treat the effect of free electron absorption in GaAs, we use a rigid quantum 
mechanical approach. In this paper we take into account the distribution of conduction 
electrons between the nonparabolic Γ -valley, the ellipsoidal L - and X -valleys and 
absorption mechanisms connected with electron transitions between all equivalent and 
nonequivalent energy valley minima. 

By using Drude’s model we can write down the expression for the dielectric 
permittivity eε  at medium infrared wavelength: 
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where XLp ,,,Γω , , ,L XnΓ  and , ,L XmΓ  are the plasma frequency, the electron concentration 
and optical effective mass of the Γ −=, L - and X - valley electrons, respectively and ω  
is the electromagnetic wave angular frequency. The values , ,L XτΓ  are directly connected 



with the absorption coefficients by Γ −=, L  - and X -valley electrons and can be 
determined from the solution of the photon kinetic equation described in Ref.[1,2]. The 
total absorption coefficient eα  by Γ , L  and X -electrons is given by the expression: 
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The absorption mechanisms in the X -valley are subdivided between intravalley 
and intervalley ones. The main intravalley mechanisms are due to the electron 
interaction with impurities and optical phonons. The intervalley absorption mechanisms 
by free electrons are induced by electron interaction with ,L−Γ  ,LL −  X − Γ , X L−  
and X X−  intervalley phonons. These mechanisms are described by the five 
intervalley deformation potentials: ,LΓΛ  ,LLΛ  ,XΓΛ  LXΛ  and XXΛ .  

In order to calculate the dependence of the absorption coefficient eα  or the 
dielectric permittivity ( )eε ω  on the laser intensity W  we have to know the dependence 
of electron temperature et  on W . This dependence can be found from the solution of 
the stationary balance equation: 

PWe =α                                                                                                           (3) 
Here P  is the total power transferred to the lattice by the heated free electron gas during 
the energy relaxation process. The stationary regime corresponds to a situation where 
the optical pulses are much longer than the relaxation times of the involved nonlinear 
mechanisms and short enough to avoid any thermal heating of the lattice. The 
estimations show that optical pulses with nanosecond duration satisfy the stationary 
regime conditions for 1000t K≤ .   

The total power transferred to the lattice is given by:                                                
L X L L X X LX XLP P P P P P P P P PΓ Γ Γ Γ Γ= + + + + + + + +                                       (4) 

where , ,L XPΓ  is the power transferred to the lattice by Γ -, L - and X - valley electrons, 
respectively, taking into account only intravalley and equivalent intervalley transitions. 
All other mixed terms describe the power transferred to the lattice as a result of 
nonequivalent intervalley L−Γ , XΓ −  and L X−  phonons emission by conduction 
electrons. Substitution of Exp.(4) into Eq.(3) leads to the equation for the electron 
temperature dependence )(Wte  and using Exp.(1), to the final intensity dependent 
absorption coefficient and dielectric permittivity. 
 
3. Results of numerical calculations and discussion 
 

The material parameters of GaAs used in the numerical calculations are given in 
Ref.[1-3]. For the intervalley deformation potentials, the values copied from literature 
scatter as much as about one order of magnitude [3,4]. This leads to a large uncertainty 
of intervalley transition contributions to free electron absorption process.  

The influence of X -valley electrons on the absorption coefficient and dielectric 
permittivity is proportional to X -electron concentration Xn  for small values of Xn . 
One can calculate that the relative concentration of X -electrons at 1000t K=  is about 
9% for 18 3

0 7.6 10n cm−= × . The optical effective mass of X -electrons is considerably 
larger than that of L -electrons ( / 2.87X Lm m ≈ ) and Γ -electrons ( / 3.88Xm mΓ ≈  for 

Kte .1000=  and 18 3
0 7.6 10n cm−= × ). Therefore, the transfer of electrons from the Γ -



valley to subsidiary valleys leads to a drastic decrease of the effective plasma frequency 
2 2 2

, , , ,p ef p p L p Xω ω ω ωΓ= + + . The larger optical effective mass of X -electrons results in 

a stronger influence of these electrons on the ,p efω  value and the absorption coefficient. 
In this sense the influence of a small X-electron concentration is amplified by the factor 

/X Lm m  compared to the influence of the same small concentration of L - electrons.  
The main intervalley contribution to the absorption processes connected with 

the X - valley is given by L X−  intervalley transitions. This is explained by the large 
density of states in the L -valley for electron energies close to the X - valley bottom and 
the large difference of electron optical effective masses in X -and L -valleys. The 
influence of intervalley deformation potential constants on the absorption coefficient is 
especially large at high electron temperatures. The uncertainty interval for the XΓΛ , 

LXΛ  and XXΛ  coefficients leads to an absorption uncertainty of (16-38)% at electron 
temperatures )1000700( KtK e ≤≤ . Hence, the absorption contribution of X -valley 
electrons is considerable and has to be definitely taken into account at 

Kte )1000900(~ − .  
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Fig. 1 The intensity dependent absorption coefficient for different effective deformation 

potential values expressed in 109eVcm-1. Doping concentration no=7.6x1018cm-3.  
 
In experiments, only the intensity dependent absorption coefficient can be 

measured. Generally ( )e Wα  depends on all X -valley intervalley deformational 
potentials XΓΛ , LXΛ  and XXΛ  separately. Increase or decrease of these values leads to 
the appropriate increase or decrease of the absorption coefficient. As the main 
contribution to absorption coefficient is given by LXΛ  value we can suggest that the 
influence of X  valley on ( )e Wα  dependence can be approximated by a following 

combination: 2 2 2( )LX X XXa ΓΛ = Λ + Λ + Λ�  where a  is a small value and depends on the 
doping concentration. This suggestion is confirmed by numerical calculations. 
Dependencies of ( )e Wα  are plotted in Fig.(1) for the doping concentration 

318
0 106.7 −×= cmn  and different values of ,XΓΛ  LXΛ  and XXΛ  that are chosen to 

satisfy the condition: 9(0.965,0.776,0.6) 10 /eV cmΛ ≈ ×�  for the upper, medium and 



lower curves, accordingly (here 0.1a = ). Analogous results for 318
0 105.2 −×= cmn  are 

obtained with 04.0=a  and for 318
0 101 −×= cmn  with 025.0=a . 

Therefore, experimental measurements of ( )e Wα  can provide only the value of 
Λ�  if deformation potential constants LΓΛ  and LLΛ  are known. For this reason LXΛ  
evaluations become more accurate for its larger value, smaller doping concentration and 
for the cases when XΓΛ  and XXΛ  are known more precisely.  

The analysis of the real part of dielectric permittivity versus intensity shows that 
for a doping concentration 318

0 107~ −× cmn  the influence of X -valley electrons is 
very small for relatively small MIR intensity 2(6 8) /W MW cm≤ − . The inclination 
angle of Re( ( ))Wε  dependence and the nonlinear index of refraction 2n  at these 
intensities depends on the LLΛ  value (see also Ref.[2]). For larger intensities 

2/40~ cmMWW  when electron temperature Kte 900~  the influence of X -valley 
electrons becomes considerable and has to be taken into account.  

 
4. Conclusions 

The analytic quantum mechanical model describing absorption of medium 
infrared light by superheated free electrons distributed between degenerate nonparabolic 
Γ−valley and anisotropic L - and X - valleys in highly doped n-GaAs was developed. 
All particle interactions giving the main contribution to absorption coefficient have been 
taken into account (the intravalley electron-optical phonon and electron-impurity 
interactions and the interactions of electrons with different types of intervalley 
phonons). The proper model describing the power transferred to the lattice from the 
heated electron gas was also elaborated. These models enable to calculate the intensity 
dependent MIR absorption coefficient and dielectric permittivity. It was shown that X-
valley electrons give a considerable contribution to nonlinear dielectric permittivity and 
MIR absorption coefficient eα  for electron temperatures Kte )1000900( −≥ . The 
influence of X  valley on MIR absorption coefficient for a fixed doping concentration 
can be approximately described by an effective deformation potential 

2 2 2( )LX X XXa ΓΛ = Λ + Λ + Λ�  where a  depends on the doping concentration.  
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