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Abstract  
We study the spin-orbit splitting dependent single-coloured multiphoton absorption spectroscopy and spin 
orientation in noncentrosymmetric InSb, GaSb and ZnSe by calculations of spectra for these compounds. 
Calculations are focused on the photon-frequency dependent absorption and spin generation on the basis of 
the Kane model. It is found that the electronic spin polarization (P) depends on the absorption scheme of the 
spectroscopy as well as pumping direction and excess photon energy of exciting carriers. A maximum value 
of P is found to be about 55%. The P reaches its maximum value at the lower energy and sustains shorter 
energy range for InSb. The P is also found to depend on the bandgap energy and spin-orbit splitting. The 
results show that due to a much longer absorption depth multiphoton absorption enhances the spin generation 
and thus spin polarization. 
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1.  Introduction 
Spintronics is the use of a fundamental property of particles known as spin for information processing. 

In many ways, spintronics is analogous to electronics, which instead uses the electrical charge on an 
electron. Carrying information in both the charge and spin of an electron potentially offers devices with 
a greater diversity of functionality. This approach to electronics is emerging that is based on the spin 
sates of the electron rather than on its charge as in traditional electronics [1-5]. This field was initiated 
by the studies of Baibich et al [6] and Binasch et al [7] who showed that a system of alternating 
ferromagnetic and nonmagnetic metal interlayers, with appropriate construction and an applied 
magnetic field, could change an electrical resistance from small (with parallel magnetizations) to large 
(with antiparallel magnetizations) and the changes could be large enough to be called a giant 
magnetoresistance (GMR). The GMR effect found its way to computer applications when IBM 
incorporated a magnetic device known as a ‘spin-valve’ into the read-head of hard disks. This spin 
technology based on metals (metallic spintronics) was established, and there is nothing much to do with. 

However, as semiconductors have more flexibility of controlling both charge and spin, semiconductor 
spintronics has a huge potential of applications and devices. Spintronics is now a multidisciplinary field 
involving physics, chemistry, materials science and engineering and has widely been studied in the 
semiconductors [8,9]. Electronic spin-polarization and its reliable transport in semiconductors is an 
essential condition to be achieved for semiconductor spintronics. For this a high degree of spin 
polarization is required. 

Optically generated spin polarization in semiconductors have been studied [10-12]. Recently, we 
studied two-photon spin generation GaAs both theoretically and experimentally [13,14]. Here, in the 
present investigation, we study the electronic spin orientation and polarization in narrow to larger 
fundamental bandgap semiconductors InSb, GaSb and ZnSe on the basis of the eight-band Kane 
model. These compounds are noncentrosymmetric with cubic structures. InSb and GaSb are the III-V 
group and ZnSe is the II-VI group compounds. InSb (0.235 eV), GaSb (0.813 eV) and ZnSe (2.820 eV) 
have, respectively, narrow, small and wide bandgap semiconductors. We consider the high frequency 
limit [13] in our calculation. It is found that the electron spin polarization depends on the excitation 
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scheme of the spectroscopy, the excess photon energy as well as bandgap energy and spin-orbit 
splitting. In this study, a high spin polarization of maximum 55% is obtained. 
 

2. Energy Bands and spin orientation 
Optical spin generation utilizes eight-band Kane model and optical selection rules for transitions, as 

depicted in Fig. (1). According to the optical selection rules, transition probability from the valence band 
heavy-hole (HH) state to the conduction band (CB) is three times larger than from the light-hole (LH) 
state. As the LH transition generates opposite spins, the optical excitation produces a 3:1 ratio of to 
spin-up to spin-down CB electrons for a left (right) circularly polarized light σ-(σ+) provided that the 
photon energy is low enough to avoid exciting carriers from the split-off band. If n↑( n↓) is the number of 
electrons with spin up (down), the degree of spin (P) polarization, calculated from the definition 

𝑃(𝑟, 𝑡) =
𝑛↑(𝑟,𝑡)−𝑛↓(𝑟,𝑡)

𝑛↑(𝑟,𝑡)+𝑛↓(𝑟,𝑡)
        (1) 

gives a maximum (3+1)/(3-1)=0.5 or 50% spin polarization in bulk semiconductors. A 50% spin 
polarization has not yet been obtained by an optical experiment in a bulk material. In a low-dimensional 
structure (e.g. quantum well), as the degeneracy of HH and LH bands is removed, the optical excitation 
of the HH band produces a maximum P= 1 (100%). However, recent studies with multiphoton excitation 
and full-band calculations show that more than 50% spin polarization could be achieved in some 
semiconductor materials [13,14]. Optical excitation with a σ+( σ-) orients spins along the direction parallel 
(antiparallel) to the direction of the light propagation. 

 

  
      
Fig. (1) (Left) Eight band model: A scheme showing the heavy-hole (HH), light-hole (LH) and split-off (SO) bands of a 
semiconductor. The eight band-states (counting each spin state: spin up ↑ or spin down, ↓) comprise six p-like valence 
band (VB) states (HH, LH and SO bands) and two s-like conduction band (CB) states. (Right) Selection rules for 
transitions: Numbers 1, 2, and 3, respectively, denote transition probabilities for LH, SO and HH valence band (VB) to CB 

 
As a multiphoton process, if we consider the simultaneous absorption of two-photon with different 
colours, then the absorption condition is 
𝐸𝐶 > (ℏ𝜔1 + ℏ𝜔2) > 𝐸𝑔        (2) 

Where EC=Eg+Δ is the SO to the CB energy, Eg is the energy gap at k =0 (the fundamental bandgap) 
and Eω1,ω2=ħω1+ħω2 is the two-photon energy. However, for single coloured two photons the one-photon 
and two-photon energies are Eω=ħω and Eω2=ħ2ω respectively. We consider here the later case. An 
illustration of the one-photon and two-photon excitation schemes showing the excitation pulse for one-
photon (ω) and two-photon (2ω) coupling the initial and final states in the VB and CB bands is given in 
Fig. 2, where Ep=ħωp is the probe beam energy. As can be seen, the two-photon pump beam takes a 
photon of frequency half. The probe pulse (ωp) tuned to the band gap excitation resonance (ħωp≈Eg) 
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Fig. (2) One-photon and two-photon spectroscopy: An illustration of the one-photon  (left) and two-photon (right) 
excitation schemes showing the excitation pulse for one-photon (ω) and two-photon (2ω) coupling the initial and final 
states in the VB and CB bands. The probe pulse (ωp) tuned to the band gap (Eg) excitation resonance. Here Eω=ħω, 
E2ω=ħ2ω, and Ep=ħωp are the one-photon, two-photon pump and probe beam energies respectively. The two-photon pump 
beam takes a photon of frequency half 

 
3. Theoretical model and calculations 
We estimate the electronic spin-polarization by calculating the both one-photon and two-photon 

photo-generation rates of electron spin density for InSb, GaSb and ZnSe compounds with Eg ranging 
from 0.235 to 2.820 eV. In the calculations, in order to neglect the many-body and electron-phonon 
interactions, we consider the low frequency limit in the perturbation theory [15]. As optically excited hole 
spin relaxation is extremely fast, their polarization is effectively zero, and can be neglected. For an 
electric field E the two-photon spin generation rate can be written as 

𝛀̇ = 𝜒𝑖𝑗𝑘𝑙𝑚𝐸𝜔
𝑗
𝐸𝜔
𝑘𝐸𝜔

𝑙∗𝐸𝜔
𝑚∗

 
where χijklm is a fifth rank pseudotensor symmetric on exchange of indices, which for the doubly 
degenerate band case  is obtained from the Fermi’s golden as [13,17] 

𝛀̇ = (
2𝜋

𝑉
)∑ ⟨𝑐𝐤|𝛀̂|𝑐′𝐤⟩𝑐,𝑐′ ,𝑣,𝐤 S

𝑐′,𝑣,𝐤

(2)∗
S𝑐,𝑣,𝐤
(2)

Λ𝐤      (3) 

where the dot on the symbol denotes its time derivative, V is the normalized volume, 𝛀̂ is the spin 
operator, |𝑛k⟩ is a Bloch state with energy ħωn(k) and  

'

1
2 ( ) 2 ( )

2
cv cv            k

k k
     (4) 

The two-photon absorbed amplitude is 

 (2) 2

c,v, , ,S ( / ) { . ( )}{ . ( )}/ ( )c n n v nv

n

e E     k
E v k E v k k

   (5) 
The two-photon absorption (2PA) is incorporated by the frequency term 2ω in Eq. (4). Here 𝑣𝑛,𝑚(𝐤) =

⟨𝑛𝐤|𝑣̂|𝑚𝐤⟩   and 𝑣̂ is the velocity operator. Similarly, the optical generation rate of the 2PA electron-hole 
pairs can be obtained as 

𝑛̇ = (
2𝜋

𝑉
)∑ |S𝑐,𝑣,𝐤

(2)
|
2

𝑐,𝑐′ ,𝑣,𝐤 𝛿{2𝜔 − 𝜔𝑐𝑣(𝐤)}      (6) 

 

We arrive at the following relation for the light incident along 𝑧̂, specified by polar angles θ and   
relative to the cubic axes, 

𝛀 × 𝑧̂̇ = ∓𝜒2𝐴|𝐄𝜔|
4 [1 +

(2𝜒2𝐵−𝜒2𝐴){𝑠𝑖𝑛
2(2𝜃)+𝑠𝑖𝑛4(𝜃)𝑠𝑖𝑛2(2𝜑)}

4𝜒2𝐴
]    (7)                                          

The angular term of this equation ap(θ,φ)=sin2(2θ)+ sin4(2θ)sin2(2φ) is an important function, which 
shows the cubic anisotropy in pumping, i.e. the angular dependence of pumping in spin-excitation in the 
cubic system. The term ap(θ,φ) as a function of θ and φ is plotted in Fig. (3), where the cubic anisotropic 
behaviour is clearly seen. 
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Fig. (3) The contour plot of ap(θ,φ) as a function of θ and φ which shows the variation of spin generation due to the 
anisotropy of pumping.  

 
In order to calculate the spin polarization we first calculate the interband transition matrix elements using 
the eight-band model, as shown in Fig. (1). The parameter-values used for this calculation are taken 
from [16,17]. Kane wave functions [18] for CB and VB bands in the k.p approximation are 
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where c, 1, 2 and 3 denote CB, HH, LH and SO bands respectively for up (↑) and down (↓) spins. The 
basis functions X, Y, Z and S refer to a coordinate system depending on k. The coefficients a, b and c 
also depends on k, and for small value of k they are approximately  
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where ζ=Eg/Δ, p is the electron momentum operator originated from the interacting Hamiltonian of the 
light field and m* is the electron effective mass of the CB. For k =0 they reduces to the values as given 

in Table I of Ref. [15] for the Kane wave functions. As for example, for the k = 0 case, the states |𝐽, 𝑚𝑗⟩ 

for the spin degenerate two conduction bands are 

1 1
,

2 2
S



         (17a) 

1 1
,

2 2
S


 
         (17b) 

and similarly for the others. Using these wave functions, transition matrix elements were calculated. In 
the 2PA process the final state involves a conduction electron and a hole. The electron may be either 
one of the conduction bands (up and down states) c↑ and down c↓, and the hole may be in one of the 
six valence bands (Fig. 1). We finally obtain the expression for the electronic spin polarization P, defined 

in Eq. (1), as 𝑃 = −2(Ω̇ ∙ 𝑧̂)/(ℏ𝑛̇). The polarization P due to one-photon excitation is obtained by 

replacing the frequency term 2ω by ω and the two-photon amplitude by the one-photon amplitude in Eq. 
(4).  
 

4. Results and Discussion 
Electron spin polarization as a function of excess photon energy for multiphoton excitations was 

calculated for semiconductors InSb, GaSb and ZnSe. The calculated results are shown in figures (4) 
and (5), where the spin polarization is plotted as a function of the excess photon energy ΔEω=ħω-ħωp ≈ 

ħω-Eg and ΔE2ω=2ħω-ħωp ≈ 2ħω-Eg, respectively, for the one-photon and two-photon excitations. As 
expected, the spin polarization P increases with the excess photon energy for the lower excess energy 
and remains almost constant up to ~200 meV for GaSb and ZnSe and then decreases. The decrease 
is very pronounced for InSb. The P reaches its maximum value at the lower energy and sustains shorter 
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energy range for InSb. The maximum value of P is about 55% for the two-photon excitation. The P 
reaches its maximum value at the lower energy and sustains shorter energy range for InSb.  

 

 
 
Fig. (4) Spin-polarization as a function of excess photon energy ΔEω≈Eω-Eg=ħω-Eg excited by one-photon for InSb, GaSb 
and ZnSe 

 
 
Fig. (5) Spin-polarization as a function of excess photon energy ΔE2ω≈E2ω-Eg=ħ2ω-Eg excited by two-photon for InSb, 
GaSb and ZnSe 

 
For the higher excess energy, the polarization decreases rapidly due to the mixture of LH and HH 

states with the SO valence band states which have an opposite sign. The LH and SO band transitions 
create the same electron spin orientation and the sum of their inter-band matrix elements is equal to the 
HH inter-band dipole-transition matrix element. There is still a sizeable degree of electron spin 
polarization even at excess energy higher than the spin-orbit splitting energy. The results agree well 
with those for GaAs [13,14]. 

Although the maximum optical spin-polarization for an unstrained bulk sample is expected to be 
much more in the present theory, the maximum has experimentally been observed to be less because 
of the unexciting carriers in the bottom of a bulk. In a bulk sample there might have some background 
unpolarized electrons, which might not be excited by single-photon excitation [19]. For an optically 
generated electron density n(0)=n↓(0)+n↑(0), there is a background density of unpolarized electrons in 
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bulk materials. However, P obtained spectroscopically with a single-photon excitation is much less, not 
more than 40% [20]. 

On a comparison between figures (4) and (5), it can be seen that a two-photon excitation enhances 
the spin polarization. This is because it takes the advantages over one-photon spin spectroscopy due 
to a much longer absorption depth, which allows spin excitation in the deep level, i.e. throughout the 
volume of a thin bulk sample [21-23]. 

It thus can be concluded that due to a much longer absorption depth highly spin-polarized electrons 
can be produced optically by the two-photon excitation of the bulk semiconductors. However, the spin 
polarization would decay with time due to the randomization of the initial spin polarization by the 
Dyakonov-Perel (DP) spin relaxation mechanism [2]. The DP spin relaxation occurs in semiconductors 
lacking inversion symmetry in noncentrosymetric crystals due to the spin precession about an intrinsic 
magnetic field induced by the presence of the SO interaction HSO=(ħ/2)Ω.beff, where the effective single-
electron Hamiltonian H=H0+HSO includes the SO interaction term (SO Hamiltonian, HSO). The self-
consistent electron Hamiltonian in the Hartree approximation accounts for the interactions with 
impurities and phonons as well. The effective magnetic field, given near the bottom of the Γ-valley of the 
cubic structure [24] 

2 2 2 2 2 2

eff
ˆ ˆ ˆ( ) ( ) ( )x y z y z x z x yk k k x k k k y k k k z        b

   (18) 
is a vector depending on the orientation of the electron momentum vector with respect to the 

crystal axes xyz and causes the electron spin to process, where ki (i = x, y and z) are the components 
of the electron wave vector and γ is the SO coupling coefficient and is given by 

𝛾 =
𝜁ℏ2

√2(𝑚∗)3𝐸𝑔

{1 −
𝐸(𝐤)

𝐸𝑔

9−7𝜂+2𝜂2

3−𝜂
}       (19) 

where ξ  is a dimensionless material-specific parameter which gives the magnitude of the SO splitting 
and η=Δ/EC. The DP spin processes according to the quantum-mechanical description, like of the 

equation of motion 𝛀̇ = 𝐛𝐞𝐟𝐟 × 𝛀. The scattering reorients the direction of the procession axis, making 
the effective magnetic field random and trajectory dependent, which leads to spin dephasing or 
relaxation. 

The spin polarization P as a function of SO slitting ∆ for the excess photon energy of 200 meV, 
excited by one-photon and two-photon for InSb, GaSb and ZnSe is shown in Fig. (6). As can be seen, 
P decreases with ∆ for one-photon and two-photon excitations, while P increases with ζ, the ratio of the 
bandgap energy to the SO slitting (Fig. 7). The ζ of InSb, GaSb and ZnSe are 6.997, 1.084 and 0.293 
respectively, which means that maximum P is observed for InSb. This might be due the possibility of 
exciting carriers from the SO bands, as discussed earlier. 

 

 
 
Fig. (6) Spin-polarization as a function of ∆ for the excess photon energy of 200 meV, excited by one-photon (circle) and 
two-photon (triangle) excitations. The ∆ of InSb, GaSb and ZnSe are 0.235 eV, 0.813 eV and 2.820 eV respectively 
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Fig. (7) Spin-polarization as a function of Eg/∆ for the excess photon energy of 200 meV, excited by one-photon (circle) 
and two-photon (triangle) excitations.  

 
5. Conclusions 
Single-colour multiphoton spectroscopy, spin generation and spin polarization in 

noncentrosymmetric InSb, GaSb and ZnSe were investigated on the basis of the Kane model. It was 
found that the electronic spin polarization depends on the excitation scheme of the spectroscopy as well 
as the excess photon energy of exciting carriers. A maximum value of P was found to be about 55%. 
The P reaches its maximum value at the lower energy and sustains shorter energy range for InSb. The 
P was also found to depend on the bandgap energy and spin-orbit splitting. On comparison, it was clear 
that the multiphoton spectroscopy enhances the electron spin generation and polarization over single-
photon absorption in these compounds. The possible reasons were discussed. The results were also 
discussed on the basis of dominant spin relaxation mechanism.  
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