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Abstract In this work we calculate the spin-flip transition
rates, considering the phonon modulation of the spin—orbit
interaction. For this purpose will use the spin—phonon inter-
action Hamiltonian proposed by Pavlov and Firsov. We com-
pare the contributions of the electron—phonon deformation
potential (DP) and piezoelectric (PE) coupling to the spin
relaxation. We reveal the importance of an appropriate de-
scription of the electron Landé g-factor in the calculation of
the rates. Our results demonstrate that, for narrow-gap ma-
terials, the DP interaction becomes the dominant one. This
behavior is not observed in wide or intermediate gap semi-
conductors, where the PE coupling, in general, governs the
relaxation processes.

Keywords Quantum dots - Spin relaxation

1 Introduction

Spin dephasing is one the most critical aspects that should
be considered in the elaboration of proposals of quantum
computation based on single spin states as qubits in quan-
tum dots (QD’s) [1]. Due to the long electron spin dephas-
ing times reported [2], the spin of an electron localized in
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a QD has been suggested as good quantum bit candidate.
In the previous few years there has been an increasing ef-
fort in studying how to manipulate and control processes
that involve transitions between spin states due to the re-
cent applications in spin-polarized electronics and quantum
computation [3].

In this work, we calculate the spin-flip transition rates,
considering the phonon modulation of the spin—orbit inter-
action [4, 5]. In this approach, the Hamiltonian which de-
scribes the transitions with spin reversal due to the scatter-
ing of electrons by phonons can be written in a general form
as

H=Vy+ylo x VVpl-(p+e/cA), (1

where Vpp is the phonon operator, y is related with the
strength of the electron—phonon interaction, (h/2)o is the
spin operator, p is the momentum operator and A is the vec-
tor potential related with the external magnetic field B. A de-
tailed discussion of (1) can be found in the original work of
Pavlov and Firsov [4, 5] or Romano et al. [6, 7].

In QD systems where the asymmetry of the confine-
ment potential (Rashba effect) is small or can be neglected,
our main results are relevant. We consider a spin relax-
ation mechanism completely intrinsic to the system, since
it is based on the modulation of the SO interaction by
the acoustic phonon potential, which is independent of any
structural properties of the confinement potential.

We evaluate and compare the contributions of the
electron—phonon deformation potential (DP) and the piezo-
electric (PE) couplings to the spin relaxation. We have ob-
served the necessity to have an appropriate description of
the Landé g-factor in the calculation of the rates. For in-
stance, the variation of the InAs g-factor from negative to
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positive values (—14.4 to +0.2) modifies, in several orders
the magnitude, the spin-flip scattering rates.

In the frame of the one-band effective mass approxima-
tion and considering the presence of an external magnetic
field B applied normal to the plane of the QD, the electron
lateral wave functions can be written in cylindrical coordi-
nates as [8]
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where C,; = +/n!/[m(n 4+ |I])!] is the normalization con-
stant, Ll,,l are the generalized Laguerre polynomials, n () is
the principal (azimuthal) quantum number, and y (o) is the
spin wave function of spin variable o,. The corresponding
eigenenergies are E, ;- = 2n + |l| + 1)h$2 + (I /2)hw. +
(0/2)g(E)uup B, where 2 = (a)(z) + w2/4)1/2, measures the
competition between lateral (wp) and magnetic (@) confine-
ments, 0 = +1(—1) for spin up (down) orientations, up
is the Bohr magneton, a = (FL/m(E).Q)l/2 is the effective
length and w. = eB/m(E). The energy dependence of the
electron g-factor and effective mass m are calculated using
the Roth formulas [10],
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Here P = (h/mo)(iS|p;|Z) represent the inter-band matrix
element, and E = E,, ; » is the electron energy measured
from the bottom of the conduction band. For InAs the value
of A is comparable to the fundamental gap, thus we can
expect significant variations of the electron g-factor with
the size parameters. The available experimental results have
revealed the strong influence that small dot sizes exert on
the values of g-factor. In our model, we also consider the
effects of the Dresselhaus contribution that provides addi-
tional admixture between spin states. For 2D systems, the
linear Dresselhaus Hamiltonian can be written as

Hp = %(prx - pry)a (5

where p; = —ihAV; + (e/c)A; with i = x,y and B is the
Dresselhaus coupling parameter for this confinement. If the
confinement potential in the z-direction is considered highly
symmetrical, then VV, ~ 0 and the Rashba contribution can
be safely ignored. We calculated the spin relaxation rates,
W, via the Fermi Golden Rule at 7 ~ 0-K considering tran-
sitions between ground-state Zeeman levels. The tempera-
ture dependence for one-phonon emission rate is determined
from W = Wy(ng + 1), where np is the Bose distribution
function and W, is the rate at T = 0 K. As well known,
when the temperature 7 < 5 K, one can safely approximate
the Bose function as ng + 1 ~ 1 and thus, W ~ Wy [9].
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2 Results and Discussion

The calculations were performed for a parabolic InSb QD
at T ~ 0 K. We only have considered electron transitions
between ground-state electron Zeeman levels (0,0, 1) —
0,0,J) and (0,1,]}) — (0,1,1). In Fig. 1(a) we have
plotted the spin relaxation rates for the ground-state Zee-
man transition as a function of the effective lateral QD size
ro = ~/h/m(E)wo and B. We clearly identify a region of
strong spin coherence, defined by B > 1 T and rg > 100 A.
In this regime, the relaxation times t are in the ns order and
this is an important feature for spin qubit engineering. In the
B < 0.1 T regime, the relaxation times are approximately
of few us. This spin frozen region is not robust against the
temperature and will disappear whenever the thermal energy
is larger than the spin transition energy. The plot in Fig. 1(b)
shows the spin rates for (0, 1, |) — (0, 1, 1) transition. As
in the previous case, the strong coherence regime is defined
approximately by B > 1 T and ry > 100 A. However, the
relaxation times, in this region, are two orders of magnitude
faster than for (0, 0, 1) — (0,0, |) transition.
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Fig. 1 Contour plot of the spin relaxation rates as a function of mag-
netic field B and lateral size rq for transitions: (a) (0,0, 1) — (0,0, |)
and (b) (0,1,) — (0,1, 1)
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The rates show a strong dependence on the magnetic
field. This fact can be explained from the dependence of the
rates with the transition energy AE. In general, we obtain
that W ~ [¢*upB]" = (AE)", n being an integer number
that depends on the electron—phonon coupling process and
g* the effective g-factor. As can be seen in Fig. 1, when
the magnetic field increases, the rates also increase until
reaching a maximum near B ~ 0.5 T. The position of this
main maximum is defined by transition energy conservation:
E,is0 — Eype = hvg, where g is the phonon wave vector
and v is the average sound velocity. The rate dependence
with the lateral QD size ry, are related to the interplay effects
between the spatial and magnetic confinements. These com-
peting effects are contained in the electron—phonon overlap
integral, I f f:,’l,,a,(p) exp(iq - 1) fu.1,6 (0) dr. For large
fields, the magnetic confinement causes a gradual decrease
in the overlap integral as the rg increases. For small mag-
netic fields, the spatial confinement is dominant. Thus, when
ro diminishes the wave functions become more localized
and the overlap integral should increase.

We also calculate the spin-flip scattering rates for InAs
and GaAs QDs (not shown here), considering only transi-
tions between the ground-state Zeeman levels (n =0,/ =
0,0 =—1) - (n =0,l = 0,0 = +1). The material pa-
rameters for the InAs and GaAs systems are listed in
Ref. [11]. In this case, due to the large values of the
InAs g-factor, and their connection with the phonon vector
qo0 = g (E)B/(hv), we verify that the spin relaxation due to
the DP coupling becomes larger than the PE scattering rates.
The rates due to PE processes are approximately two orders
of magnitude larger than for the DP ones. For GaAs quantum
dots, the electron effective g-factor is weakly dependent on
the dot lateral size. For R > 150 A, the spatial confinement
effects on the g-factor are negligible. Also, the g-factor devi-
ates from its bulk value (gpuix = —0.44) for magnetic fields
B > 5 T [12]. Thus, the approximation g = gpux appears to
be valid for the regime of sizes and fields considered in our
calculation. The rates for GaAs are, in general, several order
of magnitude smaller than for InAs rates.

3 Conclusions

In conclusion, we present the spin relaxation rates calcu-
lated via the phonon modulation of the SO interaction. This
mechanism has proved to be an efficient and intrinsic chan-
nel of spin-flip relaxation in quantum dots. The rates exhibit
a strong dependence on the magnetic field and with the lat-
eral dot dimension. The spatial dependence of the rates is a
consequence of confinement effects on the electron g-factor
and effective mass. It is important to mention that the spin
relaxation channels considered in our work can provide im-
portant contributions to the overall spin-flip process in sys-
tems where the SO does not produce significant admixture
between spin states. This situation can be reached in sym-
metrical samples in the absence of electric fields and in ma-
terials with a negligible Dresselhaus contribution, such as
elements of group IV.
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