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Abstract 

We use the method based on kinetic equations to analyze the influence of inten-
sity and polarization of incident light, concentration of impurities with unfilled 
3d or 4f shells and long-term relaxation times of conduction electrons and mag-
netic ions upon the degree of spin polarization. In case of spatially inhomogene-
ous stationary states, the distribution of band electrons is shown to oscillate in 
space, with a transition to spatially homogeneous distribution for infinitely thick 
sample. It is also demonstrated that the maximum spin polarization degree ηe for 
the band electrons can be reached for the thickness of semiconductor film com-
parable to the diffusion length for the minority carriers. 
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semiconductors 
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Introduction 

One of the most efficient methods for creating spin-polarized electrons in semiconductors 
and manipulating their spin state is optical absorption of circularly polarized light [1–4]. 
Recent interest in this method has been mainly due to its possible applications in spin-
tronics [3, 5], for which efficient techniques of generating spin-polarized electrons in 
semiconductors are of crucial importance. The optical techniques become especially im-
portant when the electrical injection of electrons from ferromagnet to semiconductor is 
ineffective, since their conductivities are incompatible [6]. 
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Optical absorption of circularly polarized light generates nonequilibrium distribu-
tions of spin and charge densities and can also induce spin and charge currents [2]. Com-
bining this effect with electric and/or magnetic fields applied to semiconductor, one can 
efficiently manipulate the electron spin and spin currents. 

The processes of optical excitation are associated with the carrier relaxation, which 
includes various relaxation channels. A lot of researches have been carried out on various 
spin relaxation mechanisms in semiconductors under different conditions (see, e.g., [1, 7, 
8] and references therein). In this work we involve the carrier relaxation through partial 
relaxation times related to different relaxation mechanisms. Among them, we take into 
account a long-term relaxation (LTR) of electrons localized at impurities. We formulate a 
problem of nonequilibrium stationary state created by optical excitation in the case of 
several relaxation channels. We consider a model semiconductor with impurities and 
assume that the optical excitation brings the electrons from deep impurity levels to the 
conduction band. It should be noted that the electron transitions of this type could be 
more effective than those from the valence bands to the conduction one, especially in case 
of indirect interband transitions like those occurring in Si. 

The approach commonly used for describing nonequilibrium properties of semicon-
ductors under conditions of optical generation of carriers is based on the kinetic equations 
[9]. We use this method in order to describe spin dynamics in the semiconductor with 
deep impurities. In the absence of spin-polarization processes, the method has previously 
been used to describe photorefractive effects in InP doped with Fe [10]. It has also been 
employed in the problem of spin-current generation in the spin-polarized p-n junctions 
and solar cells [11, 12]. The case of stationary and spatially homogeneous semiconductor 
subjected to circularly polarized light has been studied by us in Ref. [13]. In this work we 
consider spatially inhomogeneous states in a semiconductor whose surface is illuminated 
by light. 

Our considerations apply to a large class of semiconductors with magnetic impuri-
ties. Such systems are of current interest due to ferromagnetic ordering of the magnetic 
moments at low temperatures. The role of optical excitation is then double. First, the exci-
tation of free carriers leads to increasing indirect interaction between the localized mo-
ments [14, 15] and, second, the optically induced polarization of electron gas favours 
some orientations of magnetic moments of the impurities. The latter corresponds to the 
magnetic polaronic effect [16, 17]. 

As said above, we consider a semiconductor with deep impurity levels [13] and de-
scribe the dynamics of non-equilibrium systems of spin-polarized electrons in the conduc-
tion band and electrons localized at the impurity levels created by elements with unfilled 
3d or 4f shells. We assume that the semiconductor is illuminated by polarized light of the 
frequency that corresponds to the conditions of absorption by the impurity. The concen-
trations of spin-up (↑) and spin-down (↓) electrons in the conduction band, as well as 
those located at the impurity levels, can be described by the equations including one-
dimensional continuity equation and the Gauss’s law. A presence of the LTR is taken into 
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account for the band electrons and the magnetic ions, together with the effect of thermal 
ionization at the impurity level and the spin-spin interaction of the band and impurity 
electrons. Both the drift and diffusion terms are considered for the total current density. In 
our previous works [13, 18] we have studied in detail the influence of the different pa-
rameters on the stationary spatially homogeneous distribution of the conduction electrons 
and their spin polarization. In this study we present results on the spin polarization degree 

of the band electrons (ηe) and the magnetic ions (ηi) for the cases of stationary and spa-

tially inhomogeneous distributions. 
The paper is organized as follows. Basic theoretical considerations are outlined in 

section 2. The main numerical results are presented in section 3. Final conclusions are 
given in section 4. 

Theory 

We consider the model semiconductor with the shallow impurity levels, which are com-
pletely ionized at the operation temperatures. These levels are created by donor and ac-
ceptor impurities with the concentrations Nd and Na, respectively. An additional impurity 
with the unfilled 3d or 4f electron shell (the concentration NT) is introduced to create a 
deep level in the band gap. Such a situation is typical for GaAs:Mn, GaN:Mn and InP:Fe 
systems [10, 19, 20]. To be more specific, we assume that the conductivity of the semi-
conductor under consideration is of n-type and its band structure is like that of InP:Fe [10, 
20]. In this compound, the iron impurity embedded in the tetragonal indium phosphate 
lattice can exist in two different states: Fe2+, with the equilibrium concentration of the 
localized electrons nT0, and Fe3+, with the equilibrium concentration of the localized 
holes, pT0. 

Let the semiconductor is illuminated by circularly polarized light with the frequency 
corresponding to the impurity absorption and enabling transitions between the deep level 
and the conduction band. Then the linear transport of spin-polarized electrons along the z 
axis can be described by the following equations [13, 21]: 
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and V0 denotes the bias voltage. Differentiating Eq. (5) over time and using Eqs. (1)–(4), 

one obtains 
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with the total electric current ↓↑ += jjjn  and the time-dependent, though coordinate-

independent, integration constant j0 representing the current through the sample in spa-
tially homogeneous case. It is worth mentioning that the system of Eqs. (1)–(4) is written 
for the case when the incident light flux is completely absorbed by the sample surface. 
Using the dimensionless variables 

TN

nn
n ↓↑ += , 

TN

nn
n ↓↑
−

−
= , 

TN

NN
N ↓↑ += , 

TN

NN
N ↓↑

−
−

= , 
0E

E
E = , στ t= , 

l

z
x = , 

(10) 

and 

* * * *

*
, ,

0
1 2 3 2

0

1 1
( ), ( ) 1,

2 2
1

( 1), ( 1), ( 1),
2

, , ,

, , ,

, ( ) ,

, , ,

L R R L R

T

L R L R D A T

n T n n

k I I k I I

d z d z d z

z z z

N

I SI R N N N

qN E D
a a a

l l

α α α β β β γ γ γ

α β γ

α β γ

α α β β γ γ
α σ β σ γ σ

σ
µ µ
σεε σ σ

± ± ±

↓ ↑ ↓ ↑ ↓ ↑

↑ ↑ ↑

= − = + +

= ∆ ± = ∆ ± = ∆ ±

= = =

∆ = ∆ = ∆ =

= = −

= = =

 (11) 

we transform the system of Eqs. (1)–(4) and (9) into 
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Balance equations (12) to (16) allow to determine the dependence of n , −n , N , 

−N  and E  on the governing parameters (I*
L,R, R, ∆α, ∆β, ∆γ, zα, zβ and zγ). The physical 

quantities entering Eqs. (12)–(16) are as follows: the intensities IL
* and IR

* of the left- and 
right-hand circularly polarized light waves, the cross-section S of the ionization centres, 
the thermal excitation rate σ, the inverse LTR time for the magnetic impurity subsystem 

↓↑,β , the electron recombination rate ↓↑,γ via the impurity centres, the inverse LTR times 

for the conduction electrons ↓↑,α , the electron drift mobility nµ  (assumed to be inde-

pendent of spin orientation), linear unit of the scale l and, finally, the stationary inner 
electric field E0. The other parameters have their usual meaning. 

In case of a stationary, spatially homogeneous solution of Eqs. (12)–(16) we find that 

the concentration 0n  is a solution of the equation [13] 
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where the coefficients as, bs and cs are specified in Appendix A. The expressions for the 

remaining variables, 0
−n , 0N , and 0

−N , can be calculated using the known solution for 

0n  [13]. 

For the case of stationary and spatially inhomogeneous distributions, one can find 
that the concentration n  becomes a solution of the equations 
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The parameters N  and −N  may be found using the known solutions for n  and −n  

as 
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where 
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and the relations for ),(1 −nnL  and ),(2 −nnL  are given in Appendix B. 

Based on the solutions for n  and −n , one can determine the stationary spatially in-

homogeneous polarization degree of the band electrons, 

n

n
e

−=η .       (21) 

The stationary spatially inhomogeneous polarization of electrons at the impurity centres 

may be derived in a similar way, 

N

N
i

−=η .       (22) 

As the system given by Eqs. (18) does not allow exact analytical solution, it has been 
solved numerically, using the Runge-Kutta method of the fourth order [22]. 

Results and discussion 

The set of governing parameters considered above may be divided into two subsets. The 
first one would describe external parameters such as the polarization type and the inten-
sity of the light wave I*

L,R, as well as the type and concentration of the magnetic impuri-

ties (accounted via the parameter TAD NNNR /)( −= ). The second subset includes inter-

nal parameters of the semiconductor (zα, zβ, zγ, ∆α, ∆β and ∆γ). In our calculations we have 

taken the values 14 34 10 m /sγ −= × , 4 -18 10 sσ = × , 22 -32 10 mD AN N− = × , 
22 -37 10 mTN = ×  and 10µml =  (see [10, 19]). The values of zα,β,γ are characteristic for 

III-V semiconductors [20]: 5.2=αz , 3/4=βz  and 25.1=γz , whereas the parameter 

3*
0 =I  has been chosen so as to fit the spin polarization degree of electrons ηe calculated 

theoretically to the corresponding experimental data ( 08.042.0 ±=eη  for GaSb [23] and 

06.046.0 ±=eη  for Ga0.7Al0.3As [24]).  

Fig. 1 presents the concentration distribution n for the band electrons as a function of 
distance, starting from the sample surface. As one can see, the distribution in the vicinity 
of the surface manifests damping oscillations, the amplitude of which coincides with the 
stationary spatially homogeneous distribution on the back side of the sample (i.e., the side 
opposite to the illuminated one). Eqs. (12)–(16) form a set of non-linear differential equa-
tions. Under significant external influence they may involve self-organization processes 
[26], which appear in the system as oscillatory states observable in Fig. 1. It is worth em-
phasizing that, for the fixed values of parameters, the linearly polarized light increases the 
concentration of band electrons by a factor of three, due to transitions between the impu-
rity level and the conduction band. At the same time, the left-handed circularly polarized 
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light enables obtaining two-times higher concentration values, while the carrier concen-
tration obtained under the action of the right-handed circularly polarized illumination 
increases only by 150%. 

 

Fig. 1. Spatial distributions of 
electron concentration in the 
conduction band for different 
polarizations of the incident light 

wave: IR
*, IL

* and 3* =LRI  for the 
curves 1, 2 and 3, respectively. 
The inset represents spatial 
distributions of electron concen-
tration at the impurity level for 
the same polarizations of the 
incident light. The intrinsic con-
centration for InP is 

13 -31.3 10 min = ×  [25]. 

It is worth mentioning that the data presented in Fig. 1 can be interpreted as a con-
centration distribution along the film thickness ( )(xn ), whenever the film growth process 

allows controlling of the latter thickness. As seen from Fig. 1, the space distributions 
)(xn  and )(xN  for InP:Fe may be roughly divided into three regions, depending on the 

sample thickness: (1) thin films ( 10µml < ; distance-damping concentrations), 

(2) samples of intermediate thicknesses (15 75µml< < ; oscillatory concentration distri-

butions), and (3) thick samples ( 80µml > , both )(xn  and )(xN  change insignificantly 

with coordinate and tend to their spatially homogeneous values in the limiting case of 
infinitely thick samples [13]). 

Our analysis has shown that the functions )(xn  and )(xn−  could be approximated 

with a marginal error of 2% for any incident light polarization by the formula  

xPPxPePxn xP
5431 )cos()( 2 ++= − .     (23) 

For more particular cases, one can also use the following formulae: 
(a) right-handed and linear light polarizations 

2
65431 )cos()( 2 xBxBBxBeBxn xB +−+= −

− ,   (24) 

(b) left-handed light polarization  
2

65431 )sin()( 2 xBxBBxBeBxn xB +−+= −
− .    (25) 

The values of the parameters appearing in Eqs. (23)–(25) are summarized in Table 1. 
We have verified the validity of our parameters Pn and Bn (n = 1 to 6) when substituting 
them into Eqs. (23)–(25) and (19). The results obtained in this way have been compared 
to those of numerical calculations, resulting in the maximum mismatch of 1.5%. 
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The positions of broad ηe maxima seen from Fig. 2 correlate with the experimental 
value of the diffusion length lD [22] and show no dependence on the incident wave po-

larization. The largest ηe value for the fixed parameters is achieved for the left-handed 
circularly polarization of light, the intermediate one – for the linear polarization and the 

lowest – for the right-handed circular polarization. In the limiting case ∞→Dll /  the 

spin polarization degree ηe tends to its stationary homogeneous value ηe
0 [13]. 

Table 1. The parameters entering Eqs. (23)–(25). 

 IR=3 IL=3 ILR=3 

P1×10-7 0.8842 0.4724 1.475 
P2 0.6326 0.3686 0.540 
P3 3.0357 3.1983 2.988 
P4×10-5 1 2 3 
P5×10-8 1.799 -5.426 -0.8725 
B1×10-7 2.368 -6.210 5.131 
B2 0.3737 0.8619 0.4110 
B3 3.070 2.5254 3.0115 
B4×10-5 0.6386 1 1 
B5×10-8 0.3938 1.079 0.9256 
B6×10-11 0.9701 3.572 2.740 

Fig. 3 demonstrates that the increase in the LTR for the spin sub-system of the band 
electrons occurred under left-handed circularly polarized illumination leads to increasing 

ηe, while the linearly or right-handed circularly polarized incident waves decrease this 
value. For the right-handed light the changes in the spin polarization degree are more 
pronounced than those obtained in case of the linear polarization. The dependence of the 

spin polarization degree ηi on the incident-light polarization manifests a similar character 
and differs only by magnitude. 

 

Fig. 2. Spatial distributions of 
spin polarization degree of 
the band electrons for differ-
ent polarizations of the inci-
dent light wave: curve 1 cor-

responds to 0*
0 =I  and 

curves 2, 3 and 4 to IR
*, IL

* 

and 3* =LRI , respectively. 
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Finally, it follows from Fig. 4 that the increase in the LTR time for the spin subsys-

tem of magnetic ions makes the values of spin polarization degree ηe closer to each other. 
This value decreases with increasing LTR for the left-handed polarization. On the con-

trary, it increases for the right-handed circularly polarized light. At last, the ηe value for 
the linearly polarized light remains practically invariable when the LTR changes. 

Conclusions 

We have described stationary spatially inhomogeneous dependence of the concentrations 

of spin-polarized electrons and the polarization degrees ηe and ηi for the conduction band 
and the magnetic impurities. Our results refer to the diluted magnetic semiconductors 
subjected to influence of polarized light. We have used the numerical results obtained 
with our analytical expressions for describing spatially oscillating distributions of the 
concentrations of band electrons under the conditions of different polarizations and con-

 

Fig. 3. Spin polarization 
degrees for the band (ηe) 
and impurity (ηi, primed 
numerals) electrons as 
functions of LTR of the spin 
subsystem for different 
polarizations of the incident 
light wave:  
1, 1' – IL

*;  
2, 2' – ILR

*;  
3, 3' – IR

*. ηi represents the 
absolute value for the case 
of left-handed polarization 
of the incident light. 

 

Fig. 4. Dependences of 
spin polarization degree for 
the band (ηe) and impurity 
(ηi, primed numerals) elec-
trons on LTR of the spin 
subsystem of magnetic ions 
for different polarizations of 
the incident light wave:  
1, 1' – IL

*;  
2, 2' – ILR

*;  
3, 3' – IR

*.  
The absolute values of the 
spin polarization degree ηi 
are plotted for the left-
handed incident polariza-
tion. 
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stant intensity of the incident light. It has been shown that the spin polarization degree ηe 
of the conduction-band electrons as a function of sample thickness represents a curve 
with a peak, the position of which corresponds to the film thickness close to the diffusion 
length of minority carriers. 
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Appendix A 

The coefficients in Eq. (17) may be written as  

[ ]

11 11 22 222

11 22 11 11 22 22 11 11 22 222 2

1
( ) ( ) ,

1 1
, ,

s

s s

a d b c d a b
z

b d a d c b c a b c a c a c
z z

γ γ
γ γ

γ γ
γ γ γ γ

+ −

+ −

 = + + − ∆

 = − + + = + ∆ ∆

 (А1) 

where 

11 22

11

22

11 22

1
, (1 ),

1

1
(1 ),

1

1
1 (1 ),

1

1
1 (1 ), .

1

R

R

R
R

R
R

z d
a k k R a k d R

z d

zd
b k k d R

d z

zk
b d k k d R

d z

zk
c d d R c k k R

d z

β α
γ

β β

βα
γ

β β

β
α γ

β β

β
α γ

β β

−
−

+

−
+

+

− −
+

+ +
+

 −
= − + = − − +  

 −
= − − + −  + 

  −
= + − − + − 

+  

   −
= + + − = +   +      

   (A2) 

All the other quantities entering the above formulae are explained in the main text. 

Appendix B 

The coefficients in Eq. (18) may be derived as follows: 
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