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Spin relaxation in a single-electron bilayer graphene quantum dot
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We study the spin relaxation in a single-electron bilayer graphene quantum dot due to the spin-orbit coupling.
The spin relaxation is assisted by the emission of acoustic phonons via the bond-length change and deformation
potential mechanisms and 1/f charge noise. In the perpendicular magnetic-field dependence of the spin relax-
ation rate 7,"', we predict a monotonic increase of 7,~" at higher fields where the electron-phonon coupling via
the deformation potential plays a dominant role in spin relaxation. We show a less pronounced dip in 7,”" at
lower magnetic fields due to the competition between the electron-phonon coupling due to bond-length change
and 1/ f charge noise. Finally, detailed comparisons of the magnetic-field dependence of the spin relaxation with
the existing experiments by Banszerus et al. [Nat. Commun. 13, 3637 (2022)] and Géchter ef al. [PRX Quantum

3, 020343 (2022)] are reported.

DOTI: 10.1103/j6cp-6mS5j

I. INTRODUCTION

Bilayer graphene (BLG) allows for the formation of quan-
tum dots (QDs), since the presence of an out-of-plane electric
field opens a band gap [1-6] because the two constituent
layers of graphene experience different electrostatic poten-
tials. This enables BLG, a possible candidate, to form QDs
via electrostatically induced quantum confinement [7-14].
The out-of-plane electric field also breaks the spatial inver-
sion symmetry, and therefore the two inequivalent valleys
in gapped BLG, i.e., the K and K’ points of the hexagonal
Brillouin zone, have opposite Berry curvatures and associated
orbital magnetic moments [8,15,16]. In the presence of an
out-of-plane magnetic field, a valley splitting arises due to the
valley Zeeman effect, which has already been demonstrated
by single-carrier measurements in BLG QDs [9]. This val-
ley Zeeman effect presents a promising route to control the
valley degree of freedom and possibly establish valley-based
qubits in BLG QDs [17-20]. Very recently, valley relaxation
times, which directly limit the lifetime of the encoded infor-
mation, have been reported to be remarkably long in both
single-particle BLG QD [14] and singlet-triplet BLG double
QDs [12].

Compared with valley, spin-based qubits in BLG
QDs [10,11] have received more attention because of the
outstanding spin properties in BLG, including low hyperfine
interaction and weak spin-orbit coupling (SOC) [21-30]. Re-
cently, Banszerus ef al. measured spin relaxation times as
long as 200 us at a magnetic field of 1.9 T in a single-electron
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BLG QD [10]. In addition, Géchter et al. reported the spin
relaxation times up to 50 ms at a magnetic field of 1.7 T [11].
To explain these two experiments, theoretical work on spin
relaxation in BLG QDs is required.

In this work, we study the spin relaxation time of a single-
electron BLG QD as a function of the out-of-plane magnetic
fields B, . We first employ an exact diagonalization method
to obtain the eigenvalues and the eigenstates and then calcu-
late the spin relaxation time using Fermi’s golden rule. The
spin relaxation is induced by the spin mixing due to SOC
together with (1) electron-phonon coupling via the deforma-
tion potential and the bond-length change and (2) 1/f charge
noise. The spin relaxation rate is dominated by the electron-
phonon coupling (1/f charge noise) at higher (lower) fields.
In the crossover between the low and high fields, a dip is
predicted in the magnetic-field dependence arising from the
competition between the electron-phonon coupling and the
1/f charge noise. Moreover, we show detailed comparisons
with the recent experiments on spin relaxation times at higher
magnetic fields [10,11]. Good agreement is obtained between
our numerical results and the experimental data.

This paper is organized as follows. In Sec. II, we present
our model and the methods used to calculate the spin relax-
ation time. In Sec. III, we include the relevant spin relaxation
mechanisms, and in Sec. IV we present the resulting spin
relaxation rates obtained from our numerical calculation and
then show the detailed comparison with the recent experi-
ments. We summarize in Sec. V.

II. MODEL AND METHOD

With a homogeneous out-of-plane magnetic field B, and
an electrostatic confinement potential U (r) with r = (x, y),
the total single-particle Hamiltonian of Bernal (AB) stacked
BLG is given by

Hop = H"(k) + U(r) + Hso + Hz. (1)
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TABLE I. Parameters used in the calculation: yy 1 3.4, deft> &5 a5
X0> ABR» A4, SAg, A3, and Aj are introduced in Eq. (1), vra.14, g1.2, and
p are used in Eq. (6). Note that E* is the magnitude of E; in units of
V/nm.

Yo 2.6eV Y1 0.339eV

V3 0.28eV Va4 —0.14eV

gs 2 a 2.46A

VI 1.22 x 10*m/s VLA 1.95 x 10*m/s
Xo 5ueV 0 1.52 x 1077 g/em™>
m —12peV ABR SE} neV

Sy —3E* ueV A3 1.5E7 eV

Ap 43 uyeV g1 50.0eV

2 2.8eV degt 0.1 nm

The first term H* (k) represents a low-energy effective 4 x 4
Hamiltonian near the K and K’ valleys [5,31],
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in the on-site orbital Bloch basis Wy, (k), Wp, (k), Wa, k),
and Wg,(k), where A and B refer to the sublattices, the
subscripts 1, 2 denote two layers, and k = (k, k) stands
for the two-dimensional wave vector counted from the K
(t = 1) or K’ (t = —1) point. Here, the potential difference
between two layers 2V = eE . d.s is tunable by an out-of-plane
electric field E, with d. being the effective electrostatic bi-
layer distance [5], y0.1,3.4 represent the hopping parameters
and the momentum dependence p(k) = —\/ga(th — ik, —
ixBye/2 — tyB,e/2)/2 includes the orbital effect due to the
out-of-plane magnetic field, with a representing the lattice
constant. The QD confinement potential is described by the
second term in Eq. (1). To make calculations feasible, we
choose a circularly symmetric potential with finite step height.
Specifically, when r > R, U(r) = Uy; otherwise, U(r) =0
with Uy and R being the potential depth and QD radius,
respectively. The term Hso = Hj + Hpr + Hiner accounts for
the SOC in BLG [5], where

H; = Ajtoys,, 3)

*

H'(k) = , @

HBR = %(XO/J/Z + 2)\-BRM0)(TUxSy - U)'Sx)7 (4)

Hinter = _%()_\40} + 5)\40’0)(1’[1,55}, + Mysx)

A
+ Zs[ﬂx(raxsy + oysy) + py(toysy —owsy)l. (5)

Here, Hp represents the intrinsic SOC; Hgr describes the
Bychkov-Rashba-like SOC; and Hjpr Stands for the terms due
to interlayer coupling. Ay, Ao, Apr, A4, 614, and Az are the
strengths of SOCs, and o, ., S .-, and (i, . denote the Pauli
matrices for the sublattice, spin, and layer degree of freedom,
respectively. The last term Hz = g ups,;B) /2 describes the
spin Zeeman coupling, with g the spin g factor and up the
Bohr magneton. Note that the intervalley coupling is not in-
cluded here since its contribution to spin mixing is negligible.
All the parameters are listed in Table 1.

In the absence of the intervalley coupling, two valleys are
independent. For each valley, we first solve the Schrodinger
equation of the Hamiltonian Hy = H* (k) + U (r) numerically
by applying a discretization in real space by introducing a
two-dimensional square grid. To avoid the Fermi doubling
problem that arises from lattice discretization, a Wilson mass
term wk? is taken into account in Hy with w denoting the
Wilson mass [32]. Then, we include all other terms in Eq. (1)
under the eigenbasis of Hy with both spin-up and spin-down.
Finally, single-particle eigenvalues and eigenstates can be ob-
tained by exactly diagonalizing the total Hamiltonian.

III. SPIN RELAXATION MECHANISMS

The spin relaxation rate between the initial state |i) and
the final state | f) can be calculated using Fermi’s golden rule
by taking into account (1) the electron-phonon coupling via
the bond-length change and the deformation potential mecha-
nisms [33-36], and (2) 1/f charge noise [36-38].

A. Relaxation due to electron-phonon coupling

In the present work, two different electron-phonon in-
teraction mechanisms are considered, i.e., the deformation
potential arising from an area change in the unit cell induced
by phonons and the bond-length change due to a modified
hopping matrix element. Regarding the phonon modes, we
only take into account the acoustic phonons near the I point
since we are interested in the low-energy regime. Among
all acoustic phonon modes, out-of-plane ones are irrelevant
by assuming that the BLG sheet is grown on a substrate.
As a result, only in-plane longitudinal-acoustic (LA) and
transversal-acoustic (TA) modes are considered. The intraval-
ley electron-phonon coupling in the sublattice basis can be
written as [39]

* . .
g2a2> (e'q‘rb;q — eilq'rb,\q).

M — q g1ag
BpC VAP, \8282 8141
(6)

Here, b;q and b, denote the creation and annihilation oper-
ators for branch A = TA, LA phonons with wave vector q,
A is the area of the graphene sheet, p represents the mass
density of BLG, 24 ; = v, g describes the phonon energy with
v, the sound velocity, g; (g2) stands for the coupling strength
of the deformation potential (bond-length change), a; = i and
a, = ie*¥ for LA phonons, and a» = ¢*% and a; = 0 for TA
phonons. Note that we assume the electron-phonon coupling
to be the same for both graphene layers by considering the
weak interlayer coupling.

Using Fermi’s golden rule, we can calculate the spin
relaxation rate due to electron-phonon coupling from
|i) with energy ¢ to |f) with energy e, as Tl_l =

2nAY, [ %HﬂHégclszS(ef — € + Qq,,). Here, by as-
suming that the temperature is much lower than the spin
splitting, we only take into account the phonon emission pro-
cess. Note that in the dipole regime, the deformation potential
gives rise to a spin relaxation rate scaling as B*, while the
bond-length change leads to B> dependencies. This is similar

to the case of single-layer graphene [33].
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FIG. 1. Electron density (color scale, units of 1/R?) and in-plane
spin fields (arrows) of the ground-state wavefunction of the BLG QD
at By =0.5T and E, = 0.5V/nm with (a) y3 =0 and (b) y; # 0.
In the calculation, we have used Uy = 42.5meV, V = 25meV, and
R =25nm.

B. Relaxation due to 1/f charge noise

In the environment of the localized QD electron, fluctuat-
ing two-level systems often cause the electric (charge) noise
with its typical 1/f power spectral density. Sg(w) = So/w*
describes the electric charge noise spectra, where Sy repre-
sents the power spectral density at 1 Hz and the exponent «
is device dependent and typically between 0.5 and 2 [40]. The
spin relaxation rate from |i) to | f) due to 1/ f charge noise can
be calculated by Tl_l = 47rez/thE(ei — ef)zj |(i|rj|f)|2,
withr = (x,y) [37,38].

IV. NUMERICAL RESULTS

In our calculation, we discretize a two-dimensional square
lattice with the size 6R x 6R into a 40 x 40 uniformly spaced
grid to numerically solve the Schrodinger equation with the
Hamiltonian Hy = H* (k) + U(r). We keep the 16 lowest-
energy eigenstates of Hy confined in the quantum dot with
both spin-up and spin-down to guarantee the convergence
of the lowest few eigenstates of the total Hamiltonian Hgp.
In Fig. 1, we plot the electron density of the ground-state
wavefunction of a BLG QD at B, = 0.5T as a function of
the coordinates x and y. We find that the wavefunction is
well localized within the QD. In addition, we also show the
in-plane spin texture [41] by arrows for an electric field E, =
0.5V /nm, with y3 = 0 and y3 # 0. In the absence of y3, the
spin texture is invariant under rotations [36]. However, with y;3
taken into account, the spin texture becomes anisotropic since
the rotational symmetry is broken.

A. Spin relaxation: theoretical calculation

Without the intervalley coupling, two valleys K and K’ are
independent. Then, we can calculate the spin relaxation rate
within each valley. Here, throughout the paper, we focus on
the spin relaxation rate between the first excited state and the
ground state within K’ valley.

In Fig. 2, we plot the total spin relaxation rate as a func-
tion of the perpendicular magnetic field B, . The total spin
relaxation rate first decreases and then increases with the
increase of the magnetic field. To understand this behavior,
we show the spin relaxation rate due to deformation potential,
bond-length change, and 1/ f charge noise separately in Fig. 2.

10° e w7

w07y - g
,,,,, —— total

e --- deformation potential

—-— bond length change

------ 1/f noise

0.2 0.5 1.0 2.0 3.0
B, (T)

FIG. 2. Total spin relaxation rate 7,' (red curve) and spin
relaxation rate T1_] due to deformation potential (dashed curve),
bond-length change (dotted-dashed curve), and 1/f charge noise
(dotted curves), as a function of perpendicular field B, on a double-
logarithmic scale. In the calculation, we have used Uy = 42.5 meV,
V =25meV, R=25nm, Sy =20 ueVz/Hz, a=0.8, and E, =
0.5V/nm.

At higher fields, the spin relaxation rate is dominated by
the electron-phonon coupling, in particular, the deformation
potential. The spin relaxation rate due to the electron-phonon
coupling increases with increasing magnetic field because the
spin splitting between initial and final states becomes larger.
This leads to a monotonic increase of spin relaxation rate at
higher fields. However, at lower fields, the spin relaxation rate
due to 1/f charge noise plays a more important role, resulting
in the decrease of the spin relaxation rate with increasing
magnetic field. In the crossover between the low and high
fields, a dip is predicted in the magnetic-field dependence due
to the competition between 1/f noise and electron-phonon
coupling.

B. Comparison with experiments

Two reports on experimental measurements of the single-
particle spin relaxation in BLG QDs are available, one by
Banszerus et al. [10] from RWTH Aachen and another by
Gichter et al. [11] from ETH Ziirich, plotted as blue dots
and dark green squares, respectively, in Fig. 3. For both ex-
periments, the spin relaxation times present a behavior of
overall decay with increasing magnetic field. However, the
spin relaxation time from ETH is about two or three orders
of magnitude larger than that from RWTH. To explain these
two experiments, the contribution of deformation potential
and bond-length change is taken into account. At the same
time, 1/ f charge noise is not considered since its contribution
at higher fields is negligible as shown in Fig. 2. Since there
are too many parameters in our model, it is very expensive
to treat them all as fitting parameters. In the present work,
we only treat one SOC parameter Agg as fitting parameter for
simplicity. We perform a least-squares fit to the experimental
data. The result of our numerical fit to the experiment from
ETH Ziirich group is shown as the red curve with squares
with Agr = 12 pueV. Our numerical fit with (without) error
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FIG. 3. Log-log plot of the dependence of the spin relaxation
time 77 on the perpendicular magnetic field B, . The dark green
squares and the blue dots represent the experimental data from the
ETH Ziirich group [11] and from the RWTH Aachen group [10],
respectively. The red curve with squares (dots) denotes the theo-
retical results obtained by fitting to the experimental data from the
ETH Ziirich (RWTH Aachen) group using least-square method with
fitting parameter Agr = 12 ueV (Agr = 275 ueV). Open circles are
obtained from a least-squares fit without error bars and with Agg =
120 ueV. Other parameters are Uy = 42.5meV, V = 25meV, and
R = 25nm. Note that all SOC parameters except Agg are calculated
with E, = 0.5V/nm.

bars to the experiment from RWTH Aachen group is plotted as
the red curve with (open) circles with Agg = 275 ueV (Agr =
120 ueV). Our results agree with the experimental data both
qualitatively and quantitatively. The difference in the Rashba
strength assumed in the fits to two experiments could arise
from the external sources, such as vertical electric fields, sub-
strates, impurities, adatoms, curvatures, and so on. Note that
at very high fields, an observable difference is shown between
the experimental data and our numerical results. This requires
further research on spin relaxation both experimentally and
theoretically.

V. CONCLUSIONS AND DISCUSSION

We have investigated the electronic spin relaxation in a
BLG QD in the presence of a perpendicular magnetic field
B, . The spin relaxation arises from spin mixing due to spin-
orbit coupling together with electron-phonon coupling via

bond-length change and deformation potential mechanisms
and 1/f charge noise. At higher fields, the spin relaxation rate
is dominated by the electron-phonon coupling, leading to a
monotonic increase with increasing magnetic field. However,
at lower fields, 1/f charge noise becomes more important,
which results in the decrease of the spin relaxation rate. In the
crossover between the low and high fields, we predict a dip
in the magnetic-field dependence arising from the competi-
tion between the contributions of electron-phonon coupling
and 1/f noise. In addition, we show our comparison with
the recent experiments of Banszerus et al. [10] and Géchter
et al. [11]. Our results agree well with the experimental data
both qualitatively and quantitatively.

Very recently, Denisov et al. [13] measured both spin re-
laxation times of 0.4 s for purely spin-blocked states (states
with same valley but opposite spin) and also the spin-valley
relaxation times up to 38 s for Kramers states (states with both
opposite spin and opposite valley) at very low magnetic fields.
According to our results in Fig. 2, both the 1/f charge noise
and the electron-phonon coupling via the bond-length change
may dominate the spin relaxation at low fields.

In addition to BLG quantum dots, spin-valley cou-
pling also exists in hexagonal semiconductors with much
larger spin-orbit coupling like transition metal dichalcogenide
monolayers [42-46]. Different from BLG quantum dots, an
additional electron-phonon coupling due to the piezoelectric
interaction arises because of bulk inversion symmetry break-
ing in monolayer transition metal dichalcogenide quantum
dots [47]. This additional electron-phonon interaction also
contributes to the spin relaxation.
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