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Spin transport in polarization 
induced two‑dimensional electron 
gas channel in c‑GaN nano‑wedges
Swarup Deb & Subhabrata Dhar*

A two-dimensional electron gas (2DEG), which has recently been shown to develop in the central 
vertical plane of a wedge-shaped c-oriented GaN nanowall due to spontaneous polarization effect, 
offers a unique scenario, where the symmetry between the conduction and valence band is preserved 
over the entire confining potential. This results in the suppression of Rashba coupling even when the 
shape of the wedge is not symmetric. Here, for such a 2DEG channel, relaxation time for different spin 
projections is calculated as a function of donor concentration and gate bias. Our study reveals a strong 
dependence of the relaxation rate on the spin-orientation and density of carriers in the channel. Most 
interestingly, relaxation of spin oriented along the direction of confinement has been found to be 
completely switched off. Upon applying a suitable bias at the gate, the process can be switched on 
again. Exploiting this fascinating effect, an electrically driven spin-transistor has been proposed.

There are different proposals for electrical control of spin current in semiconductor structures1–4. Narrow band-
gap semiconductors with large coupling (SOC) can serve as the medium for spin manipulation. However, strong 
SOC in such systems enhances spin–flip rate by mixing the spin states of the conduction band, which makes the 
propagation of spin over a sufficiently long distance a challenge5. Dissipationless flow of spin over long distance 
is an important requirement for the development of spin-based logic circuits6,7. The key approach is to use 
narrow bandgap semiconductors for spin control and low SOC semiconductors as link5,8,9. GaN, a wide band-
gap semiconductor with weak coupling, has received overwhelming attention in recent times. Spin relaxation 
mechanism has been studied extensively in GaN bulk10,11, quantum wells12,13 and nanowires14–17. Notably, GaN 
nanorod based spin-lasers with polarization of about 28% has been demonstrated at room temperature18. In fact, 
single-crystal GaN nanostructures are found to show much longer spin diffusion length as compared to bulk. 
Spin-valve effect with a spin relaxation length of ∼ 260 nm has been demonstrated in a single GaN nanowire at 
room temperature16. Interestingly, an even longer spin diffusion length of ∼ 1µm has been observed at room 
temperature in GaN nanowires with triangular cross-section15.

Recently, we have shown the formation of 2DEG in the central vertical plane of a wedge-shaped c-oriented 
GaN nanostructure. In wurtzite GaN, the asymmetric placement of positively charged Ga3+ planes between 
negatively charged N3− planes (equivalently vice-versa) gives rise to a net dipole moment in a unit cell, leading to 
a spontaneous charge polarization along c-direction in the crystal19,20. Spontaneous charge polarization (hence-
forth referred as spontaneous polarization) along c-direction in Ga-polar GaN leads to the build-up of negative 
polarization charges at both the inclined facades. Electrons in the conduction band (for an n-type material) 
thus experience Coulomb repulsions from both the negatively charged facades, which has been shown to result 
in 2D confinement of the carriers in the central plane of the wedge21,22. The study further predicts remarkably 
high electron mobility in this channel, which arises due to the natural separation of the electrons (in the mid-
dle) from the ionized donors (at the boundaries)21. These predictions are also supported by the experimental 
findings of high conductivity23–26 and long phase coherence length24,27,28 for electrons in networks of c-oriented 
GaN nano-wedges. Since the 2D confinement takes place deep inside the structure, the symmetry between the 
conduction and valence band is intact over the entire potential profile. This contrasts with the case of 2DEG 
formed in heterojunctions, where the symmetry is broken due to band offset at the interface. This broken sym-
metry introduces an additional term in the Hamiltonian due to the Rashba effect. The 2DEG, in the present 
case, is thus unique in the sense that it is naturally protected from any geometry driven Rashba field. This has 
motivated us to understand spin transport in this system.

Here, we have theoretically studied electron spin relaxation via D’yakonov-Perel’ (DP) mechanism in the 
2DEG channel formed in wedge-shaped c-oriented GaN nanowalls. Since electron mobility in this system is 
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expected to be significantly high and the wurtzite lattice is non-centrosymmetric, DP is likely to dominate 
the relaxation process29. The kinetic equation for spin density of the conduction band electrons is numerically 
solved to obtain the relaxation times associated with spin projections along different crystalline directions as a 
function of donor concentration and gate bias. Relaxation rate is shown to be a strong function of not only the 
spin-orientation but also the density of the carriers in the channel. Most notably, the relaxation of spin oriented 
along the confinement direction is found to be completely shutdown. Interestingly, the phenomenon is unaf-
fected by any deviation from the symmetrical shape of the structure. Spin relaxation can again be switched-on 
by increasing electron concentration in the channel through gate bias. These findings lead us to propose a spin-
transistor device.

Theory
Spontaneous polarization, P along −ẑ induces a net negative polarization charge (in case of Ga-polar GaN) of 
density ρs = P · n̂ , where n̂ is the unit vector normal to the surface, on the inclined facades of a wedge-shaped 
wall structure, as shown schematically in Fig. 1a. In case of n-type GaN nanowalls, polarization charges on the 
side facades can create a repulsive force to the conduction band electrons resulting in a confinement in the cen-
tral vertical ( 112̄0 ) plane of the nanowall21. Polarization charges at the bottom surface are often compensated/
suppressed by the charges of opposite polarity resulting from the substrate polarization.

Conduction band minimum for wurtzite (WZ) GaN remains spin degenerate even after considering the 
effects of crystal field and SOC30. Lack of inversion symmetry in the WZ lattice results in a k dependent term in 
the Hamiltonian, which can be expressed as5,9–12,14,31,32:

where αR determines the strength of the k-linear Rashba like contribution. This term arises in bulk (even in 
the absence of structural inversion asymmetry) as a result of the built-in electric field due to spontaneous 
polarization12. βD and bD are the Dresselhaus parameters associated with the k3-terms. In case of a 2DEG con-
fined along [112̄ 0] direction (x-axis), one can get an expression for HSO for the conduction band electrons by 
replacing kx , k2x terms in Eq.( 1) by their expectation values32–35. Note that �kx� = 0 for bound eigenstates. HSO 
can thus be expressed as:

HSO can also be expressed as HSO(k) =
�

2
�(k) · σ , where �(k) represents an effective magnetic field and σ is the 

electron-spin. In bulk WZ-GaN, � always lies in xy plane (Eq. 1) and its orientation is decided by the magnitude 
of kx and ky . Interestingly, when 2DEG is formed in ( 112̄0)-plane, the effective magnetic field is always along 
x̂ (+ or −) direction irrespective of the magnitude and orientation of the in-plane wave-vector k‖ , as shown in 
Fig. 1b. However, the magnitude of � depends upon the y- and z-components of k‖ . Below we will see that it has 
a remarkable consequence on the DP spin relaxation properties of the 2DEG in this case.

The D’yakonov-Perel’ spin relaxation equation for the density, Si(t) of the spin projected along î  (where, 

i = x, y, z ) can be written as34,36–38 Ṡi(t) =
∑∞

−∞

∫∞
0

dE(k�)δf τnTr([H−n ,[Hn ,σj]]σi)

−2�2
∫∞
0

dE(k�)δf
Sj(t) where δf  = (f+ − f−) , f± are 

the Fermi distribution functions for electrons with spin ±1/2 . τ−1
n (k�) =

A

4π2

∫ 2π

0
S(k�, k

′
�)[1− cos(nθ)]dθ , 

where S(k�, k′�) represents spin independent momentum scattering rate between k‖ and k′� , θ is the angle between 
the initial and final wave-vectors, A is the box normalization factor for the free part of the wavefunction of the 
confined electrons and Hn =

∫ 2π

0

dφ
2π

HSOe
−inφ.

It can be shown that Ṡx(t) = 0 [see “Supplementary”], which implies that the DP mechanism does not alter 
the spin projection along x̂ i.e., the relaxation time for x component of spin τ sx is infinite. This can also be under-
stood from the following perspective. Since HSO always commutes with σx , Sx remains a good quantum number 

(1)HSO(k) = {αR + βD(bDk
2
z − k2x − k2y)}(kyσx − kxσy)

(2)HSO(k) = {αR + βD(bDk
2
z − �k2x� − k2y)}kyσx

Figure 1.   (a) Schematic representation of the nanowedge structure. Growth [0001] and confinement [ 112̄0 ] 
(a-axis) directions are regarded as z and x-axes, respectively. (b) Arrows represent the direction and magnitude 
of the effective field �(k) seen by the conduction band electrons with wave-vector k in the 2DEG channel.



3

Vol.:(0123456789)

Scientific Reports |         (2021) 11:5277  | https://doi.org/10.1038/s41598-021-84451-y

www.nature.com/scientificreports/

irrespective of the direction and magnitude of k‖ . Note that the statement is valid when all other effects which 
can cause a spin mixing are neglected. Our calculations further show that the relaxation times for y and z spin 
components, which follow 1/τ si = −Ṡi(t)/Si(t) [ i = y, z ], are the same and can be expressed as (see “Supplemen-

tary” for detailed derivation): 1
τ sy,z

= 8

2�2

[

∑

−1,1(C1k� + C2k
3
�)

2τn +
∑

−3,3 C
2
3k

6
�τn

]

 where C1 = (αR − βD�k
2
x�)/2 , 

C2 = βD(bD − 3)/8 , and C3=−βD(bD + 1)/8 are material dependent constants. This is consistent with the fact 
that under the DP mechanism τ−1

z = τ−1
x + τ−1

y  . Therefore, τz = τy is expected with 1/τx = 0 . Note that, the 
phenomena of vanishing spin relaxation has also been reported earlier in various contexts38–40, however, their 
origin is entirely different than what we have discussed here. It should be noted that the inclusion of higher order 
terms [ ∼ O(k4 ) and higher] in the expression of the Hamiltonian (Eq. 1) may in principle contribute to the spin 
relaxation. However, their contribution is expected to be negligible as the Fermi wave-vector ( kf  ) even for the 
2D electron concentration of 1017 m−2 in the well is sufficiently close to the conduction band minimum at the 
Ŵ-point40.

Summary of main results and discussions
As a test case, we have considered a wedge-shaped c-oriented WZ-GaN nanowall with a background donor 
concentration ( Nd ) of 1× 1024 m−3 and dimensions as shown in Fig. 1a. The volumetric charge density ρv(x, y, z) 
and the conduction band minimum, Ec(x, y, z) have been obtained by solving two dimensional (2D)-Poisson’s 
equation with appropriate boundary as well as charge neutrality conditions as described in Ref.21. Note that 
symmetry of the problem ensures that ρv(x, y, z) and Ec(x, y, z) are invariant along y-axis. ρv(x, y, z) is shown in 
Fig. 2a. Formation of 2DEG is evident from the figure. In order to find the bound energy eigenstates, one needs 
to solve the 2D-Schrödinger equation on xz plane. However, due to the weak dependence of Ec(x, z) on z, the 
2D-Schrödinger equation can be approximated as a set of one dimensional (x-dependent) Schrödinger equations 
each of which is associated with a specific z position41. These calculations are carried out at T = 10 K. Figure 2b 
shows the conduction band profile [ Ec(x, y) ] at a depth of 20 nm from the tip. Evidently, the central part of the 
Ec(x) profile goes below the Fermi surface ( Ef  ), forming a trench that extends along the y-direction. E1 denotes 
the first energy eigenstate of the quantum well at that depth. We have extended the calculation for several other 
Nd values. In Fig. 2c, E1 at z = 20 nm and the depth of the well ( vm ) with respect to the Fermi energy are plot-
ted as a function of Nd . Evidently, the separation between E1 and Ef  (also vm and Ef  ) increases monotonically 
with increasing Nd , which can be directly attributed to the increasing free carrier density in the 2D channel with 
increasing donor concentration. It should be mentioned that the range of the donor concentration is chosen in a 
way that only one eigenstate exists around the Fermi level, at that depth from the wall apex. Henceforth, we have 
shown the calculations only for the electrons lying at a depth of 20 nm from the tip of the wall.

Next, we calculate momentum relaxation time, τm (the details of these numerical calculations can be found 
in Ref.21) of the quantum confined electrons limited by the neutral donor scattering, which plays the most sig-
nificant role in deciding the electron mobility at low temperatures in this system21. It should be noted that we 
have considered a spherically symmetric hard wall potential profile for the neutral impurities to calculate the 
scattering cross-section and τm , subsequently. Variation of τm and mobility ( µ ) (in right y-ordinate) with Nd is 

Figure 2.   (a) 3D color plot for the charge density ρv(x, y, z) inside the wedge-shaped c-oriented WZ-GaN wall. 
Tip of the wall has intentionally kept half-uncovered to show the extent of charge distribution along the y-axis. 
(b) A 3D-plot for Ec in yz-plane obtained by solving 2D-Poisson’s equation. (c) Variation of the ground state 
energy eigenvalue and the depth of the potential well with the donor concentration, Nd.
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plotted in Fig. 3a, which clearly shows an increase of τm with the donor concentration. The effect can be attrib-
uted to the increasing separation between E1 and Ef  [i.e., the increasing electron density] with Nd . An increase 
of the separation leads to the enhancement of the electron’s kinetic energy, which results in a lower scattering 
cross-section. Relaxation time for y and z components of spin τ sy,z as a function of Nd is shown in Fig. 3b. As 
expected, the spin relaxation time decreases as τm increases. It should be noted that τ sy,z comes out to be ∼ 100 ps 
for the nanowall with Nd = 0.35× 1018 cm−3 . Interestingly, a few factor change in donor density alters the spin 
relaxation time by about two orders of magnitude. The spin coherence length, Ls = τ svf  , where vf  is the Fermi 
velocity, is also plotted as a function of Nd in the same panel. Note that Ls for the lowest donor concentration 
comes out to be as high as 10 µm.

One way to manipulate spin transport in this system is to control the carrier concentration in the channel 
through gate bias. The idea is that with increasing carrier concentration, the kinetic energy of the electrons 
around the Fermi level increases. This, in turn, can change both µ the electron mobility and τ si  the spin relaxa-
tion time. To calculate these changes, one needs to incorporate the effect of gate voltage in the Poisson equation 
solution. Gate contact and the semiconducting channel together form a capacitor [see Fig. 4a]. When the source 
and drain electrodes are grounded, and a positive(negative) gate voltage is applied, some amount of electrons 
are pumped(removed) into(from) the channel by the power supply. Since the semiconductor is no longer charge 
neutral, the Poisson’s equation has to be solved by satisfying appropriate positive to negative charge ratio condi-
tion (instead of satisfying charge neutrality) to obtain the Ec profiles. The total positive to negative charge ratio 
( rch ) should be less(greater) than 1 when sufficiently positive(negative) gate voltages are applied. The following 
calculations are done with Nd = 1× 1024 m−3 . As shown in Fig. 4b, the gap between E1 and Ef  decreases as rch 
increases. Note that when rch is sufficiently less than unity [high (+)ve gate voltages], more than one bound states 
are formed below the Fermi level.

Variation of µ and τ sy,z with rch are shown in Fig. 4c. As the gap between E and Ef  decreases with the increase 
of rch , µ reduces while τ sy,z enhances. As obtained earlier, the coherence time ( τ sx ) for the spin projected along 
x-direction is infinite as far as DP mechanism (corrected up to ∼ O(k3) term) is concerned . Relaxation of the 
x-component of spin should thus be governed by other processes such as Eliott-Yafet (EY) mechanism29. EY 

Figure 3.   (a) Variation of momentum relaxation time ( τm ), mobility ( µ ), (b) relaxation time for y and z 
component of spin(τ sy,z ) and corresponding spin coherence length ( Ls ) as a function of Nd . All the calculations 
are carried out at T = 10 K.

Figure 4.   (a) Schematic picture of the gated device. (b) Variation of the energy eigenvalues and the depth of the 
potential well with rch . (c) Electron mobility ( µ ) and τ sy,z as a function of rch . All the calculations are carried out 
at T = 10 K.
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spin relaxation time can be estimated to be of the order of a few µ s in this case42,43. This assertion of zero rate of 
DP spin relaxation for x component of spin is strictly valid when a single subband is occupied. However, when 
more than one eigenstates are formed below the Fermi level, DP relaxation is activated even for the x projection 
of spin. This is because the wavefunction for the electrons near the Fermi level becomes a linear superposition 
of multiple eigenstates and �kx� = 0 is no longer holds44,45. Finite value of 〈kx〉 results in a non-zero y component 
of � . Thus, HSO does not commute with any of the spin components resulting in a finite relaxation time even for 
the spin density Sx . This property can be exploited to envisage a different type of spin-transistor. A schematic 
of such a device is shown in Fig. 5a. In this nonlocal spin valve (spin-transistor) device, the pair of contacts in 
the middle is made of ferromagnetic metals (FM), while the contacts on edges are nonmagnetic (NM). The FM 
contact on the left is the spin injector ( FMI ) while the other works as the detector ( FMD ). Consider the case 
when both FMI and FMD are coupled to spin up (with respect to x axis) electrons. At an adequately high nega-
tive gate voltage, when only one subband is filled, the x-polarized spin up current injected from FMI reaches the 
detector electrode without losing its coherence. As a result, the spin current through the channel is high, and 
‘spin-resolved charge voltage’ measured between FMD and NMR will be sufficiently high. Upon application of a 
large positive gate bias, more than one subband are filled. At this condition, the direction of the effective mag-
netic field ( � ), which is the Larmor precession axis of electron spin, get randomized due to successive scattering 
events. As a result, the x projection of spin also relaxes. This should result in a rapid decay of pure spin current 
in the channel between FMI and FMD , as depicted in Fig. 5b. The device can thus act as a spin-transistor. Note 
that, in most of the spin-transistor proposals, a control over spin relaxation is achieved through electric field-
induced change in the effective magnetic field experienced by the carriers in the channel46,47. Here, the goal can 
be achieved by changing the carrier concentration in the channel, which can turn the DP mechanism on/off by 
removing/introducing additional eigenstates below the Fermi level14,44,45. As mentioned before that the nature 
of quantum confinement in this system is such that it preserves the symmetry between conduction and valence 
band everywhere irrespective of the fact whether the nanowedge is geometrically symmetric or not. This results 
in the suppression of the Rashba effect, which comes as an added advantage in maintaining the spin coherence 
of electrons in this system. Note that the present 2DEG system is substantially different from the 2DEG, formed 
at the heterojunction of a-directional GaN/AlGaN as discussed in “Supplementary”.

Conclusions
Spin relaxation of electrons in a 2DEG formed at the central vertical plane of a c-oriented wedge-shaped WZ-
GaN nanowall is theoretically investigated. It has been found that the component of spin projected in the plane 
of the confinement relaxes through DP mechanism with a time-scale of a few tens of picoseconds everywhere 
in the channel, while the spin component along the direction of confinement never relaxes through DP process 
in a part of the channel, where the Fermi-level occupies only one subband. However, by applying appropriate 
positive gate bias, electron concentration in the well can be sufficiently enhanced, which can bring in more 
than one subband below the Fermi-level in most of the channel. In this situation, DP relaxation mechanism is 

Figure 5.   Schematic depiction of the variation of the spin-up (red curve), spin-down (blue curve), and average 
(dashed black curve) chemical potentials across the channel of the proposed spin-transistor. Broken arrows 
show the component of spin-resolved charge current. Red (blue) solid arrows represent +(−)x spin states. The 
green pads stand for the gate electrodes. When a single subband is filled, electron spin always precesses about 
x̂ (+ or −) direction irrespective of any change in the direction of k‖ due to scattering. On the other hand, when 
multiple subbands are filled, each scattering event results in a change in k‖ that alters the direction of effective 
magnetic field and hence the spin precession axis.
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switched-on for the spin component along the confinement direction. One can envisage a spin-transistor, where 
this property can be exploited to electrically manipulate the spin current.
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