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Excess quasiparticles play a crucial role in superconducting quantum devices ranging from qubits to quantum
sensors. In this work we analyze their dynamics for phase-biased finite-length weak links with several Andreev
subgap states, where the coupling to a microwave resonator allows for parity state (even or odd) readout. Our
theory shows that almost perfect dynamical polarization in a given parity sector is achievable by applying a
microwave pulse matching a transition in the opposite parity sector. Our results qualitatively explain key features
of recent experiments on hybrid semiconducting nanowire Josephson junctions and provide theoretical guidelines
for efficiently controlling the parity state of Andreev qubits.
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I. INTRODUCTION

Superconducting Josephson devices are basal ingredi-
ents for many of the currently most advanced platforms
for quantum information processing and quantum-limited
measurements [1-5]. In such devices, nonequilibrium quasi-
particles have been identified as one of the main sources
of relaxation and decoherence [6], and different techniques
have been proposed for mitigating their effect [7-9]. On
the other hand, recent fabrication progress on few-channel
hybrid nanowires, e.g., semiconducting InAs wires with a
superconducting Al shell, has resulted in the wide avail-
ability of high-quality tunable superconducting weak links
[10-24], harboring Andreev bound states (ABSs) with phase-
dependent energy below the pairing gap (Je] < A) [25-28]. A
qubit can be encoded by ABSs [29-33] if the fermion number
parity of the Andreev sector (referred to as “parity” below)
is conserved. In practice, coherent qubit operation is limited
to times shorter than the parity switching time 7, caused,
e.g., by transitions between ABSs and above-gap continuum
levels. For even-parity [12,17] and odd-parity [18,19,21] An-
dreev qubits, coherent qubit manipulation has already been
demonstrated on timescales much smaller than 7, ~ 100 ps.
It stands to reason that reaching a thorough understanding
of, and thereby good control over, the parity dynamics in
superconducting weak links is of fundamental and applied
importance.

A remarkable recent experiment [24] has achieved long
parity lifetimes together with almost complete dynamical par-
ity polarization. An initial microwave pulse is tuned to induce
transitions to an excited many-body Andreev state within the
even- (or odd-) parity sector. After the pulse, deterministic and
close-to-ideal parity polarization in the opposite odd- (even-)
parity sector has been observed for times ¢ < 1, while the
steady-state ABS populations are recovered only for 7 >> 1,
[24]. We here present a unified microscopic theory which
qualitatively explains basic experimental observations and
can be used as a starting point for a more detailed descrip-
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tion including, e.g., spin-orbit coupling and electron-electron
interaction effects. We show that for the dynamical parity se-
lection to occur, weak links of intermediate length (harboring
at least two ABSs) are needed. While the case of short weak
links (with a single ABS) is well understood [34-38], our
theory describes the parity dynamics in superconducting weak
links of arbitrary length. Focusing on the simplest nontrivial
case with two ABSs, we arrive at an intuitive physical picture
which identifies wide parameter regimes suitable for dynami-
cal parity selection and thus for coherent qubit manipulation.

Before entering a detailed theoretical discussion, let us
briefly summarize the basic picture. As schematically shown
in Fig. 1(a), we consider a single-channel superconducting
weak link embedded in a loop geometry and coupled to an
LC circuit. The average phase difference ¢y is related to the
magnetic flux threading the loop. The weak link has length
L = (&, with coherence length &y = vr/A and Fermi veloc-
ity vp (we set i = e = kg = 1). For a short link with £ < 1, it
is well known that a single ABS with particle-hole-symmetric
energy levels £e(gg) exists [28], where 0 < e(¢p) < A. In
the semiconductor picture [35], there are four many-body
Andreev states at fixed ¢g: (i) For the ground state |g) with
E, = 0, taken as the reference energy for fixed ¢, only the —¢
level is occupied. (ii) For the excited state |e) with E, = 2¢
and the same (even [35]) parity, only the +¢& level is oc-
cupied. (iii) For the odd-parity states |c = £) with E, = ¢,
the +¢ levels are either both empty or both occupied. On
the other hand, for a link of intermediate length £ ~ 1, one
typically finds two ABSs with 0 < e1(¢g) < €2(p0) < A, as
illustrated in Fig. 1(b). The resulting 16 many-body Andreev
states are specified in Table I. Compared to the short-junction
limit, longer junctions harboring at least two ABSs allow
for qualitatively new phenomena such as dynamical parity
polarization. Our theory addresses precisely this situation.

In Fig. 1(c), we show the relevant states for generating
odd-parity polarization together with the dominant transition
rates due to photon-induced mixing of ABSs and contin-
uum states. Here, the initial pulse is assumed to be resonant

©2023 American Physical Society
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FIG. 1. (a) Schematic setup: a loop containing a finite-length
Josephson junction is inductively coupled to a microwave resonator
with resonance frequency €2. The flux on the loop imposes the
average phase bias ¢, on the junction. In all panels, red wavy lines
indicate a microwave pulse with drive frequency €2,. Solid (dashed)
blue arrows show parity-changing (parity-conserving) transitions.
The associated rates determine the arrow thickness. (b) ABS en-
ergies £ = ¢, vs ¢ for junction length parameter £ = 1.3 and
transmission probability 7 = 0.76 [see Eq. (4)]. Thick arrows in-
dicate dominant parity-changing transitions due to resonator photon
absorption. (c) and (d) show the relevant many-body Andreev states
(see Table I) and transition rates for achieving dynamical parity po-
larization: (c) Excitation of the mixed pair transition |g, g) — |0, &)
induces odd-parity polarization. (d) Excitation of the odd-parity tran-
sition |0, g) — |g, o) leads to even-parity polarization.

with the |g, g) <> |0, &) transition, where 6’ =& = —0 in
Table I because of spin conservation. The drive frequency
is thus given by Q; = &; 4 &,. If spin-orbit and Coulomb
interactions are neglected, such transitions are degenerate
with the |o, g) <> |e, o) transition in the odd sector, which
could then be excited simultaneously. However, even mild
interactions are known to remove such degeneracies [23] (see
Sec. III B for details), and one expects that single transitions
can be driven in practice. If the excited state is connected
to the lowest-energy odd-parity state by a parity-changing
transition rate I'\; 5)—|s,¢ €Xceeding the relaxation rate into
the even-parity ground state, the system is quickly driven
into the odd-parity sector with almost ideal polarization. The
much smaller rate I'\s g g4 then establishes only the final
steady-state population reached at very long times 7 >> 7,. A
similar picture applies for the dynamical stabilization of the

TABLE 1. Many-body Andreev states |, B) with energy E, g
for a weak link with two ABSs at fixed ¢, [see Fig. 1(b)]. The first
(second) index @ (B) € {g, e, 0 = £} refers to the occupation of the
ABS pair with energy +¢; (Le,).

lae, B) E.p Parity lae, B) E,p Parity
lg, & 0 even lo, ) & odd
|€, g) 2‘5‘1 Igs 0) &

lo, o) g1+ e le, o) 2e1 + &

lg, e) 2¢&, lo, e) &1 +2&

le, e) 21 + 2¢&,

even-parity sector [see Fig. 1(d)]. Our formalism allows us
to identify optimal parameters for achieving dynamical parity
selection. For instance, a key criterion is having the upper
ABS manifold with energy £,(¢p) within an energy range ~2
near the continuum threshold ¢ = A, together with tempera-
tures comparable to the resonator frequency 2. Under these
conditions, a thermally activated photon is available, photon
absorption becomes effective, and parity-changing transitions
are favored over parity-conserving ones.

The structure of the remainder of this paper is as fol-
lows. We discuss the model underlying our study and the
corresponding dynamical equations in Sec. II. Dynamical po-
larization effects are addressed in detail in Sec. III. The paper
concludes with a summary in Sec. IV. Technical details of our
derivations can be found in the Appendixes.

II. MODEL AND MASTER EQUATION

In this section, we describe the model underlying our study
(see Sec. IT A) and the resulting quantum dynamics in the An-
dreev sector (see Sec. II B). Before studying dynamical parity
polarization effects in Sec. III, we summarize our parameter
choices and the steady-state solution in Sec. II C.

A. Model

We study a phase-biased superconducting weak link given
by a nanowire Josephson junction embedded in a loop ge-
ometry and coupled to the electromagnetic phase fluctuations
of an LC circuit [see Fig. 1(a)]. In the standard Andreev
approximation [28], the Hamiltonian H;,z for the s-wave
BCS superconductor on the left (x < 0) or right (x > 0) side
of the contact is expressed by quasiclassical Nambu spinor
envelopes ¥4 (x,t) for right and left movers with Fermi
momentum kg, respectively. With s, = 1 and Pauli ma-
trices 7. in Nambu space and assuming the same pairing
gap A on both sides, one finds [28,32,35]

Hi_pr(t) = Z/ dx ¢l (x,0)( F ivrT,0y
x<0

+ Vi)t + At Ny (1), (1)

where the fluctuating voltages V;(¢) and phases ¢;(t) are
linked by the Josephson relation, V; = é i/2, and the gauge-
invariant phase difference across the contact is ¢(¢) = ¢, —
¢r. Modeling the weak link as a normal-conducting constric-
tion with length L = £&, and transmission probability 7 due
to a local scatterer, the quasiclassical envelopes on both sides
of the contact (x = 0%) are matched by a transfer matrix
[28,32,35],

0~ —irﬁR O+
JT Y ( ) ,1) e Y (07, 1) @
v_(07,1) r el J\y_ (0%, 1))’

with the reflection amplitude r =+/1 =T and the dynami—
cal phase shift Oz(r) = 0(1) — ¢R(t)tz, where § = it =
Lw/A. Equation (2) assumes a symmetrlc contact with a local
scatterer at the center of the weak link. The generalization
to the arbitrary impurity position is straightforward (see Ap-
pendix A). Since our conclusions are robust when changing
this position, we focus on the symmetric case.
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We next write ¢(t) = ¢o + @(¢), with |@(¢)| < 1, where
@(t) describes electromagnetic phase fluctuations. As de-
scribed in detail in Appendix A, after choosing the gauge
@r/r(t) = £@(t)/2, we proceed by expanding H;(t) to linear
order in @, gauging away ¢ from the matching condition (2),
and expanding to linear order also in ¢. Finally, the phase
difference ¢y is gauged away from H;(¢) such that ¢ appears
only through the transfer matrix. For ¢ = 0, one arrives at the
analytically solvable Bogoliubov—de Gennes (BdG) equations

(_ivFTzUzax + Afx)qjv(x) = SU\IJU(X),
VT, (07) = ™0/ (e 4 ro )W, (07),
3)

where the stationary eigenstates W,(x) for energy ¢, are
bispinors in Nambu and left-right mover space, Pauli matri-
ces oy, act in left-right mover space, and 6, = £¢,/A. The
solution of Eq. (3) defines the noninteracting Hamiltonian
Hy and is given in Appendix A. The quantum numbers v
include subgap ABS solutions, v = +m, withm=1,...,N
and ¢, = *£¢,,(pg), where we find the condition

cos (e/A) — te/A + sin~! [\/7_' sin(pp/2)] = m. (4)

An example with N =2 ABS pairs is shown in Fig. 1(b).
Above-gap continuum quasiparticles are instead labeled by
v = (g,s), with |¢| > A and s € {1, 2, 3, 4} for an electron or
hole incoming from the left or right side.

We then employ a second-quantized description where the
field operator, \i'(x) =Y W, (x)yy, is expressed in terms of
fermion annihilation operators y,. The noninteracting Hamil-
tonian is

Hy=> e, iy =17, (5)
v

From the above steps, we find H, = %I{a for the coupling to
phase fluctuations, where the supercurrent operator Z has the
matrix elements

Loy = /dx sgn(—x)\ll;fli%(rZ —Lryo;) + Aty]kllv,, 6)

with w,,, = ¢, — &,,. The full Hamiltonian, H = Hy + H, +
Hyam, also includes an oscillator bath term for the electromag-
netic environment [28,39,40], for which we assume a thermal
equilibrium state at temperature T,y . For the setup in Fig. 1(a),
with resonance frequency €2, dimensionless coupling strength
k, and damping constant 7, the bath spectral density is taken
as [35,39]

K*n 1 1
J(w) = - + Johm-
2 2
M \(-Q*+%  (0+Q2+ 7%
@)

For a realistic comparison with experimental results, we here
also include a background Ohmic spectral density, Jonm (@) =
aowe1?1/?c 39,401, with dimensionless coupling op < 1 and
high-frequency cutoff w, &~ A.

B. Master equation

We next turn to the time-dependent density matrix p(z)
describing the fermion sector, which follows after tracing
over the bath. Starting from H = Hy + H; 4+ Hpam, the den-
sity matrix of the complete (system-plus-bath) system in the
interaction picture P (¢) obeys the Liouville—von Neumann
equation,

Brot(t) = —ilH (1), Pror(t)],

Hoy = LDy oo

2 ot vv’Vj yu" (8)

v,V

Integrating Eq. (8) and inserting the result back into Eq. (8),
we obtain

Pt = — / AT (HAOH = 7). Pt — ©)] + He.)
0

— i[Hc(1), Prot (0)]. ®)

Following Refs. [39,40], we assume that the bath always
remains in thermal equilibrium, Py (f) & p(t) @ Pparh, that
the system-bath coupling is small (Born approximation), and
that the bath has a very short memory time (Markov ap-
proximation). These conditions are met for temperatures large
against all microscopic transition rates, which for our system
parameters implies Teny 2 1072A, and for weak system-bath
coupling « <« 1. The reduced density matrix p(¢) for the
fermionic sector is then obtained by tracing over the bath,
P () = Trpam Prot(?), resulting in

p= / dt DI —1t)p@t), Z(t)] +H.c., (10)
0

with the bath correlation function

@ (0
D(t) = Trpam (/Obam 2@) 20

5 2):@*(—t). (11)

Writing D(7) = [*_ 42 ¢7*®, and introducing a bath

—00 2
spectral density J (a)fo: n—J (—w), we can express D, as

Dy =21J(w)[np(w) + 11, 12)

with ng(w) = 1/(e®/T~ — 1). For the setup in Fig. 1(a), J(w)
is given by Eq. (7).

Collecting the above results and switching to the Heisen-

berg picture, we arrive at a standard Lindblad equa-
tion [39,40],

p = —ilHo, p1+ Y T L(Qv)p,
v#£y/

with £(Q)p = 0pQ' — %{Q*Q, p}. For the quasiparticle

transition v — V', the jump operator Q,/, = y]; y, comes with
the transition rate

13)

Ty = 2712 |2 J(@pu)[np(@py) + 11 (14)

With the notation ¥ for labeling the opposite-energy partner
obtained by particle-hole symmetry, e, = —¢,, the rates (14)
satisfy the symmetry relation I'y; = I',,,. In addition, forward
and backward rates are linked by detailed balance,

Fvv’ == ew\w,/Ts“v Fv’v~ (15)
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In general, the Lindblad equation also contains an additional
Lamb shift Hy, such that Hy — Hy + Hp in Eq. (13). The
Lamb shift describes a renormalization of the quasiparticle
energy levels. With Eq. (12), we find

H = Z Y(a)v’v)|Ivv’|2QIv/vi”
v#£Y

Y (@) = p.v./ dof D (16)

,’
0 2T W — W

where p.v. indicates a principal value integration. We note that
H; commutes with Hy. In fact, H; does not enter the matrix
rate equations (21) discussed below at all, and we therefore
ignore Lamb shift contributions in what follows.

Following Ref. [35], we further simplify Eq. (13) by
neglecting entanglement between Andreev and continuum
states, i.e., p(t) =~ pa(t) ® p. with the reduced density matrix
pa(t) for the Andreev sector. Using a distribution function
Np—(s,s) 10 parametrize the continuum states, we write

pe = H(np|1p)(1p| + (1 = 1,)[0,){0p]), a7
p

with [1,) = y[f|0,,). We can then trace Eq. (13) over the
continuum states. As a consequence, p4(f) obeys a simpler
Lindblad equation with source terms describing transitions
from or into the continuum sector,

pa = —ilHo, pal + D Tan £(Qx)pa
AEN

L.
-y Fi’“‘(g{nx, pa} — V)LIOAV)T)
A

. 1 .
- ZF‘{‘(EU — fp, pa} — m’p/m>, (18)

A

with 7, in Eq. (5) and the rates

M= Tpn, T9=) Ty(-n,). (19
V4 P

which describe transitions from the continuum into the An-
dreev sector and vice versa. We model the presence of
excess continuum quasiparticles by a quasiequilibrium Fermi
distribution,

1

T (20)

Np=(e,s) =
where the quasiparticle temperature T, may differ from (and
typically will exceed) the temperature 7g,, characterizing the
electromagnetic environment.

Focusing on the case N = 2, we finally project Eq. (18)
into the many-body Andreev states |«, 8) listed in Table I.
The diagonal elements of p, contain the respective occu-
pation probabilities, Py () = («, Blpa(t)la, B), which are
combined to form a 16-dimensional vector P(z). Since the
dynamics of the off-diagonal part of p4(¢) decouples from
P(z), we obtain a matrix rate equation for the occupation
probabilities alone,

P(t) = MP(), (1)

where the real symmetric 16 x 16 matrix M is expressed in
terms of the rates (14) and (19). Additional simplifications
are possible by exploiting state degeneracies in Table I, e.g.,
P, . = P_ ,. We discuss this issue and provide explicit expres-
sions for M in Appendix B. Given the eigenvalues A, < 0
and the corresponding eigenvectors P, of M, we arrive at
the solution P(r) = Zn c.e'P,, where the initial configura-
tion P(0) is determined by the real coefficients c,. Given the
time-dependent solution of Eq. (21), the parity-resolved total
occupation probabilities are

Paen()= Y Pup+ Y Poo (22)
o,Be{g.e} o,0'ex

and Poad(t) = 1 — Peyen(t).

C. Parameter choice and steady-state solution

For the numerical results shown below, we consider a weak
link with reduced length £ = L/&, = 1.3 and transmission
probability 7 = 0.76, where the ABS spectrum is shown in
Fig. 1(b). The parameters entering J (w) in Eq. (7) were chosen
as

Q=0.13A, «=0.1, n=10"*A, «y=1073. (23)
This parameter choice is aimed at describing, at least qual-
itatively, the experimental situation in Ref. [24], where the
resonator frequency was 2~ 4.82 GHz (which roughly
corresponds to €2 = 0.13A for the case of Al) and the qual-
ity factor was Q &~ 1.7 x 10® (which implies n = Q/Q ~
10~*A). The Ohmic background constant oy was chosen as
a fit parameter. While the parameter choice (23) is motivated
by the experimental setup of Ref. [24], it is worth emphasiz-
ing that our general conclusions are robust against parameter
changes (see Sec. III).

Let us close this section by addressing the steady state
reached for long times ¢+ — oo. The steady-state solution of
Eq. (21), P(o0), follows from MP(co) = 0 together with
normalization, Zm 8 P, g = 1. In Fig. 2(a), we show results
for the probability difference AP(00) = Peyen (00) — Pogd (00)
as a color-scale plot in the Teny-Typ plane for g = . We
observe that the odd-parity sector becomes favorable for large
ratio Ty, / Teny, Which can be rationalized by noting that excess
continuum quasiparticles can then proliferate [see Fig. 2(a)].
In fact, for large Typ/Teny, the ratio

=1~ (A_ )/Tenv
I‘()T e & nP(A) (24)
r=1

can exceed unity, which turns out be a necessary condition
for population inversion of the steady-state occupations. Al-
though much more suppressed, such a population inversion
can also occur in short weak links with only a single ABS pair
[see the inset of Fig. 2(a)]. We emphasize that the steady state
typically does not allow for a large parity polarization in the
odd-parity sector. As we illustrate in Fig. 2(b), this only partial
steady-state parity polarization in addition strongly depends
on the phase difference .
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FIG. 2. Difference AP(00) = Peyen(00) — Poga(00)  of  the
steady-state parity probabilities for ¢ = 1.3, 7 = 0.76, and the
parameters (23). (a) Color-scale plot of AP(oco) in the T -Tgp
plane for ¢y = . The inset shows the corresponding results for
£ = 0.01 and otherwise identical parameters. (b) AP(c0) vs ¢, for
Ty = 0.15A and three different values of Ty, .

III. DYNAMICAL PARITY POLARIZATION

In this section, using the theory framework in Sec. II, we
provide a detailed discussion of dynamical parity polariza-
tion effects after an initial microwave driving pulse whose
frequency €2; matches a specific (even or odd) transition.
In Sec. IIT A, we introduce and analyze a simplified picture
for the time evolution of the state populations. We argue in
Sec. III B that in practice, resonant driving of a single transi-
tion is possible despite spurious state degeneracies of the ABS
levels predicted by our model. Subsequently, in Sec. IIIC,
we consider a more realistic description of the driving pulse.
However, we find results qualitatively similar to those from
the simplified picture.

A. Simplified picture for the pulse

We start by imagining that the lower state is emptied by
the resonant pulse such that the corresponding steady-state
population is completely transferred to the initial excited-state
population. Assuming complete population inversion in the

() =%, (b)
— P, +P,
bFee-P_+P_,
=os | BT
Q-{ ______ ‘\
L \
\
\
0 T R A A FEYORT] T TR TR Pt O o
t 0.01 1 100 t{us| 0.01 1 100
(3] X (5] AP(t)
(c) 2 (d) 1
= = 0.5
5
S 1F - 0
S
L - —0.5
0 1 1 1 1 e

L1111 1 1 1 1 1 L1
t{us] 0.01 1 100 t{ws]0.01 1 100
FIG. 3. Dynamical polarization after the initial microwave pulse
(see Fig. 1) for the parameters in Fig. 2 with Tj; = 0.15A and
Teny = 0.07A. The shown results follow from the simplified ap-
proach in Sec. III A. (a) Dominant occupation probabilities P, g(¢)
vs t (time in microseconds, on a logarithmic scale) for ¢y = 7 and
the case shown in Fig. 1(c), resulting in dynamical polarization of the
odd-parity sector. Even-parity (odd-parity) states are shown in blue
(red). Dashed curves indicate excited states in the respective sector.
(b) Same as (a), but for polarization of the even-parity sector [see
Fig. 1(d)]. (c) Color-scale plot of AP(t) = Peyen(t) — Poda(t) in the
t-@o plane for the case in (a). (d) Same as (c), but for polarization of
the even-parity sector.

respective parity sector while leaving the other one affected,
the initial state P(0) immediately after the pulse preserves
the overall steady-state populations, Peyen(0) = Peyen(00) and
likewise for P,qq. We then arrive at initial conditions for the
matrix rate equation (21) which simulate the effects of a
resonant driving pulse [see Egs. (B2) and (B3)].

In Fig. 3 we illustrate the resulting time evolution after the
driving pulse. Figures 3(a) and 3(c) correspond to the case
where the driving pulse matches the mixed-pair transition in
the even-parity sector (at fixed ¢y) and the odd-parity stabi-
lization mechanism in Fig. 1(c) operates: due to the energetic
proximity to the continuum, the relaxation from the excited
state |0, &) proceeds much faster to the odd-parity ground
state |o, g) than to the even-parity ground state |g, g) since
the condition

|I€2»A|2 J(A = gp)e A=)/ Teny
P Jete)

Dios)—loe)

>1 (25

Lio.6)-15.9) I, e,

is satisfied in this parameter range. The validity of Eq. (25)
is mainly due to the smallness of the current matrix ele-
ment I, _,, for phase differences near ¢y = 7. Formally, we
find I, _, = 0 for ¢p = 7 from Eq. (A19) for the case of
a symmetric junction, which can be rationalized by noting
that the involved ABS wave functions have opposite pari-
ties. Although, for our parameter choice, the spectral function
J(&2 + €1) in the denominator of Eq. (25) is dominated by the
Ohmic contribution, its precise value is not essential for the
dynamical polarization effect as long as it does not exceed
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FIG. 4. Evolution of Pyyq (red) and P.ye, (blue) vs time (in microseconds and on a logarithmic scale) after an initial microwave pulse
inducing the mixed even transition, |g, g) — |0, &). We use the parameters in Eq. (23) together with £ = 1.3, ¢9 = 7, and Ty, = 0.15A. The
shown results follow from the simplified approach in Sec. IIT A. (a) shows results for different transmission probabilities, 7 = 0.45, 0.7, 0.9,
with T.,, = 0.07A. (b) illustrates the temperature dependence, T, /A = 0.07,0.15,0.22, with 7 = 0.76. (c) shows results for different
resonator frequencies, /A = 0.03, 0.2, 0.3, 0.7, 0.99, with T,, = 0.07A and 7 = 0.76. Arrows indicate increasing values for T, T.,,, and

2, respectively.

the resonance peak in J(w) at w ~ 2 which determines the
|o, ) — |o, g) transition rate. Estimates similar to those in
Eq. (25) also apply for the even-parity stabilization mecha-
nism in Fig. 1(b).

While the dynamical polarization stabilization is most ef-
fective for ¢y ~ m, it remains robust over a broad phase
range, as shown in Fig. 3(c). We note that side features with
enhanced parity polarization are seen for Q2 =~ A — &,(¢p).
For the chosen parameter set, we obtain dynamical odd-
parity polarizations Pogqa 2 0.98 on timescales of the order of
100 ps. The Ohmic background in J(w), although not es-
sential for the main effect, is necessary to obtain timescales
as in the experiments in Ref. [24]. Similarly, Figs. 3(b) and
3(d) illustrate the corresponding effect when exciting the
odd-parity transition |0, g) — |g, o). In this case one obtains
almost full dynamical polarization in the even-parity sector,
which persists on a similar timescale, ~100 us. We note that
the above dynamical polarization mechanism remains robust
over a broad temperature range. However, particularly strong
polarization effects are obtained for Ty, 2 Teny, where only the
ground states in each parity sector are populated in the steady
state. The couplings « and « then control the parity lifetimes.

In order to test the robustness of the dynamical polarization
effect with respect to changes in various parameters, Fig. 4
shows the time evolution of Peyen 0da(?) after a driving pulse
inducing the |g, g) — |o, &) transition. Figure 4(a) studies
the effect of changing the transmission probability 7 of the
weak link. We observe that the achievable dynamical polar-
ization is rather insensitive to T, provided that the condition
Q > A — &(¢p) is met. However, with increasing 7, the time
span during which the polarization of the odd-parity sector
persists becomes shorter. Figure 4(b) shows the evolution of
Peyenjoda(t) with increasing environmental temperature Toyy,
where the growing thermal imbalance between the steady-
state populations with even and odd parities comes along
with a gradual decrease of the dynamical polarization. In
particular, for Ton, > Tgp, the state |e, g) has an increasingly
large population probability. Finally, in Fig. 4(c), we monitor
Pevenjodd(t) as the resonator frequency €2 is varied, and we
find a decrease in the overall polarization with increasing €2.

One can rationalize this observation by noting that at fixed
temperature Ty, the average photon number in the resonator
will decrease if 2 is increased. Since fewer resonator photons
are available for promoting a trapped quasiparticle into the
continuum, the dynamical polarization will be reduced. In
principle, one could increase it again by simply raising T¢py.
However, as detailed above, one needs to satisfy Ty, 2 Teny at
the same time.

B. Spurious state degeneracies

The ABS dispersion relation found from our model [see
Eq. (4)] predicts certain degeneracies between even- and odd-
sector transitions. For instance, the |g, g) <> |0, &) transition
in the even sector is degenerate with the |, g) <> |e, o) transi-
tion in the odd sector. Similarly, the |o, g) <> |g, o) transition
in the odd sector matches the |e, g) <> |0, &) transition in the
even sector. If the drive frequency 2, of the microwave pulse
corresponds to degenerate transitions, the initial conditions for
the matrix master equation [see Eqs. (B2) and (B3)] have to
be adapted accordingly.

In practice, however, such degeneracies are expected to
be removed by spin-orbit coupling and Coulomb interaction
effects. Indeed, according to Ref. [23], even a very weak
Coulomb interaction, as expected for the open junction regime
studied in Refs. [23,24], will remove degeneracies in the
even-sector transitions and change the relative position of
the transition lines in the even and odd sectors. Taking as a
reference the charging energy values quoted in Ref. [19], we
estimate that the |g, g) — |0, 5) and |o, g) — |e, o) transi-
tions exhibit an energy splitting of the order of a few ueV, due
to the Coulomb energy cost penalizing a double occupation of
the lower ABS manifold in the |e, o) state. Although giving
precise expressions for this splitting as a function of the model
parameters is difficult, we safely estimate it to exceed the
typical energy resolution in the present experiments. Leaving
aside fine-tuned values of ¢, where accidental degeneracies
occur, we conclude that the simultaneous driving of degener-
ate transitions is not expected in actual experiments. For the
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(a) 1 (b)

t[1s]0.01 1 100

0.01 1 100

(c)

0.01 1 100

FIG. 5. Dynamical polarization after the initial microwave pulse for the same parameters as in Fig. 3(a), again using the simplified approach
in Sec. IIT A. (a) reproduces Fig. 3(a). (b) and (c) illustrate the detrimental effect of simultaneously driving the transitions |g, g) <> |0, &) and
|0, g) <> |e, o), which are degenerate in the absence of interactions. We use the initial condition (B3) with (b) 2, ,(0) = 0.1 and 2, 4(0)=0.44

or () B, ,(0) = P, ,(00)/2 and B, ,(0) = P, ,(00)/2 (see Appendix B).

results shown in this work, we have assumed that degeneracies
are lifted by such a mechanism.

Nonetheless, Fig. 5 illustrates the detrimental effects that
such simultaneous excitations can have on the dynamical
polarization effect if a degeneracy is actually present. The
extension of our theory to include spin-orbit coupling and/or
Coulomb interaction effects is an important task for future
research.

C. More realistic model for the driving pulse

So far we have assumed a simplified picture in which the
microwave driving pulse is simulated by means of appropriate
initial conditions for Eq. (21). However, in actual experiments
(see, e.g., Ref. [24]), driving pulse effects could, of course, be
more complex, and one may need to account for a finite pulse
duration, the precise drive amplitude, or the detailed pulse
shape. In the following, as a first step beyond the idealized
approach in Sec. Il A, we study the ABS population dynamics
under a continuous and resonant microwave drive with drive
amplitude g,, where the drive frequency €2, matches a transi-
tion between two specific many-body Andreev states, |, B1)
and |ay, B,), belonging to the same parity sector,

Qy = Eq, p, — Eu, g1, (26)

with the respective energies Ey, g, < Ey, g, We here assume
that the drive does not couple to other transitions. In particular,
degeneracies should be lifted as described in Sec. III B. For
Q4 > A — &, the driving field could, in principle, also cause
transitions between the Andreev sector and the quasiparticle
continuum. However, unless the corresponding drive-induced
transition rates exceed the fast (drive-independent) parity-
changing rates shown in Figs. 1(c) and 1(d), such transitions
will not have a qualitative impact on our results. In what fol-
lows, we consider weak drive amplitudes, g; < A, for which
this assumption is justified.

In order to model the continuous drive, we replace the
effective Hamiltonian in the Lindblad equation (18) for
the Andreev sector, H) — H = Hy + H. In the rotating wave
approximation (RWA) and using the interaction picture, the
drive Hamiltonian H; for the frequency €2, in Eq. (26) is

given by
Hy = galaa, B2){a1, Bi1l + H.c., 27

where RWA is justified for g; <« ©,4. As explained above,
H,; can then be truncated to include only transitions between
the two many-body ABSs determining Eq. (26). After pro-
jecting Eq. (18) to the many-body ABS states |«, 8), we
take into account only off-diagonal matrix elements of pu
(“coherences”) between the two states connected by the drive
Cllf"ﬂ U=l (1) For the three transitions studied below,
these complex-valued quantities are defined as

Cl#97179) = L((g, glpalo, &) + (g glpald, o)),

1

1
Cy9717 = L((+, gloalg, +) + (—, glpalg, =),

3

Cl92109) = L((e, ¢lpalo. &) + (e, glpalG. o). (28)

We next define a vector W(t) = (P(t), C,(t), Ci(t))", which
contains the occupation probabilities of the many-body ABSs
in P(¢) as before but also includes the coherences C4(t) and
Ci(t) in the last two entries. Enlarging the matrix M in
Eq. (21) by zero columns and rows for the last two entries,
one then finds that Eq. (21) has to be replaced by

W(t) = M+ N)W(1), (29)

where the matrix Ny has nonzero entries only for the four
columns and rows referring to the ABS populations Py, g,
and P,, g, or to coherences. Explicit expressions are given in
Appendix B.

Numerical results for the ABS population dynamics under
a continuous microwave drive of amplitude g; = 0.005A are
shown in Figs. 6(a) and 6(b). In Fig. 6(a), the mixed even
transition described above is resonantly driven, resulting in
a polarization of the odd sector. We observe that the drive in-
duces Rabi oscillations between the driven ABS states, which
decay on a short timescale before the dynamical polarization
behavior sets in. Since we have a continuous drive, the po-
larization of the odd sector then persists for long times. A
similar picture is observed in Fig. 6(b), where €2, matches
the mixed odd transition |o, g) — |g, ) and the even sector
becomes polarized after an initial transient characterized by
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(c) 1

0.5

Ot (e8] 1 100

2
A, OL
<

—0.5

1 100 ga[A]10~7 1076 107°

FIG. 6. Population dynamics P, g(t) under a constant drive of amplitude g; = 0.005A for the parameters in Fig. 3(a), obtained from the
approach in Sec. III C. (a) assumes a frequency €2, in resonance with the transition |g, g) — |o, &). (b) assumes 2, such that the transition
lo, g) — |g, o) is driven. (c) shows the dependence of AP(00) = Peyen(00) — Poaa(00) on the drive amplitude g,. The red (blue) line is for 2,

chosen as in (a) [(b)].

damped Rabi oscillations. For both cases, the dependence of
the long-time polarization, AP(00) = Peyen(00) — Poga(00),
on the drive amplitude is shown in Fig. 6(c). We observe
that a rather weak drive amplitude, g; = 1070 A, is sufficient
to induce the polarization effect, and the phenomenon then
remains insensitive to the precise value of g,.

We therefore find basically the same behavior as obtained
from the idealized initialization procedure in Sec. I[ITA. In
particular, the respective peak polarization values are very
close to the steady-state polarization values found under a
continuous resonant drive with 107°A < g, < €. Itis worth
emphasizing that Fig. 6 also shows that our idealized initial-
ization approach implicitly requires a sufficiently long pulse
duration compared to the decay time of the Rabi oscillations.
[We note in passing that the latter time is determined by the
inverse of the rate T'y in Eq. (B4).] The above results are
consistent with key observations made in Ref. [24]; that is,
optimal polarization requires a certain minimal drive ampli-
tude and decreases with the delay time. We cannot exclude,
however, that multiphoton processes (not included in our
modeling) are needed for a more quantitative explanation of
the results of Ref. [24]. In particular, the pumping of resonator
photons due to a strong drive power is not accounted for by
our theory. This effect can result in multiple photon replicas
of transition lines and was presumably observed in Ref. [24].

Finally, we consider the effects of a continuous driving of
transitions between higher-energy states. We discussed above
how to polarize the odd sector by driving the |g, g) — |0, &)
transition. However, as illustrated in Fig. 7 for an elevated
temperature Ty, if a small but finite steady-state population
of the state |e, g) is present, a polarization of the odd-parity
sector can alternatively be generated by the smaller drive
frequency, Q4 & &, — €. [For the case in Fig. 3(a), this also
implies 24 & A — ¢;.] While in the absence of interactions
this transition is degenerate with the |o, g) — |g, o) transi-
tion in the odd sector, even mild interactions can split both
transitions. Such a mechanism may account for the behav-
ior observed in Ref. [24] when driving with frequencies
~29 GHz, just above the odd-parity transition lines. We note
that at elevated temperatures, we find that a polarization in the
odd sector can also be generated by driving the excited tran-

sition |e, g) — |o, &), with drive frequency Q4 = &, — €1,
which may help to explain the experimental observations in
Ref. [24].

IV. CONCLUSIONS

Our theory suggests a simple physical mechanism for in-
ducing almost perfect dynamical parity polarization of the
subgap states in finite-length Josephson junctions. This effect
should be useful in facilitating Andreev qubit quantum manip-
ulations within a protected parity subspace. Although we have
considered a simplified model which neglects many aspects of
realistic devices, the mechanism discussed here provides a ba-
sis for qualitatively understanding the intriguing experimental
results of Ref. [24]. Our predictions on the phase dependence
[see Figs. 3(c) and 3(d)], as well as on the dependence on
temperature T, and resonator frequency €2, could be tested
by future experiments, where the proposed mechanism also
offers a simple strategy for optimizing the parity polarization.
Our formalism directly allows us to consider superconducting
weak links harboring more than two ABSs as well as spin-
orbit coupling effects [18,41]. Future work should clarify the
role of Coulomb interactions, e.g., by modeling the weak link
as a quantum dot [42—44].

—~
&
~

| 7

excitation energy

Odd polarization 0

t{us] 0.01 1 100

FIG. 7. Population dynamics under a constant drive of the
le, g — |o, &) transition, obtained from the approach in Sec. III C.
(a) illustrates the relevant transition rates between many-body An-
dreev states (see Fig. 1). The driving-induced rate is shown as a red
arrow. (b) shows P, 4(¢) for g; = 0.005A, using the parameters in
Fig. 3(a) and T,y = 0.15A.
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APPENDIX A: BOGOLIUBOV-DE GENNES EIGENSTATES

We consider a single-channel superconducting weak link
described by the Hamiltonian (1) together with a transfer

matrix
jo Lm0 Ny
- ﬁ‘ 0 eifzﬂéR r 1

e—it(1=m0k 0
x 0 oir(=mig |’

which connects the envelope functions on both sides,
w(0~,t) = TWw(O1, ). The parameter n € [0, 1] determines
the position of a local elastic scatterer in the normal-
conducting weak link. We here consider the symmetric case
n = 1/2, where Eq. (A1) reduces to Eq. (2). However, it is
straightforward to adapt our formalism for  # 1/2.

With the gauge choice ¢;(¢t) = s;¢(t)/2, where s;—_/r =
+, and writing ¢(t) = @o + @(¢), we next expand Hj in
Eq. (1) to linear order in the small phase fluctuations @(z)
caused by the electromagnetic environment. Applying the
Josephson relation, we can use the auxiliary relation

(AD)

Vit + Are
Sj(Z)A

— e iSiTp0/4 (%Q + < T, + Atx>e"‘”w’°/4 + O@*).

(A2)

In the next step, we gauge away ¢ from the matching condi-
tion (where o = %),

Va(0F, 1) — Oy, (0,0, x = —p, (A3)

41)[:

taking into account that %) & P1eix(1)  oix(1)ei(1) gng
neglecting all derivatives 9;'® with n > 2. At this point, we
can expand H; also to lowest order in (7) and, finally, remove ¢g
from Hy g by a gauge transformation, which correspondingly
modifies the transfer matrix. After the above sequence of
steps, we obtain H (t) = Hy + H,(t), with the fermion Hamil-
tonian

Hy=Y | deyle)Fivpnd, + Ar)y, (). (A9
+ Jx#0

This noninteracting problem is diagonalized by solving the
BdG equations (3). The eigenenergies ¢, and the correspond-
ing spinor eigenstates W,(x) are specified below. We note

that although the matching condition (2) is nonlocal in time,
after the above expansion, we obtain a standard stationary
matching condition [see Eq. (3)]. We find from the above
steps that the coupling between fermionic quasiparticles and
the electromagnetic environment is described by

no=Y [ JRACCIATAR RIS
:t X

U,(x,t) = sgn(—x)(% (t; FLry) + %Ary>,

where ¢ = L/&j. Using the Josephson current operator Z =
Zw, IwryuT v, with the matrix elements (6), we arrive at

Ht) = ?I(rwazc-»,

(A6)
where the time derivative term does not affect the dynamics
and can be omitted.

We next specify the quasiparticle spinor wave functions
W, (x) and the corresponding eigenenergies €,, which follow
by solving the BAG problem (3). Here, ¥ = (Y, ¥_)" is a
bispinor in Nambu and left-right mover space. Because of the
matching condition at x = 0%, we have the unconventional
normalization condition

/ dx|U,()> =1-2¢,,

o]

L
& = 5[|\IJU<0‘)|2 + W, (001, (A7)

with L ={¢&,. For continuum states, we find ¢, ~
O(L/Ls) — 0, with the length L, — oo for the
superconducting leads. However, for ABS solutions, ¢,
must be accounted for in the normalization. In particular, ¢,
can depend on ¢y. For notational ease, we set vp = A =1
below.

Andreev bound states. For |¢| < 1, we have subgap ABS
solutions with v = A, which can be written as

W, (x) = O(—x)e* <Z$h) + O(x)e " (%h ) (A8)

where ©(x) is the Heaviside step function and
are electron-/hole-type Nambu spinors for localized states
satisfying

(e F ikt = T)Yesn = 0. (A9)

With y = cos™' ¢ € (0, ), one finds

) 5 e:i:ir,y/Z 1
Kk =siny =1 —¢?, 1//‘e/h27<1>. (A10)
From Eq. (A7), the scalar amplitudes (a, b, ¢, d) in Eq. (A8)
obey the normalization condition |a|*> + |b]* + |c|> + |d|* =
2k /(1 + £x). The matching equations in Eq. (3) then yield
the relations

VT a = eV + re’W"/zd,

VT b = re™®/2¢ 4 ¢7itr-4, (A1)
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where y; = y — 60 £+ ¢/2 and 6 = £¢. Hence, c and d follow

from
siny,  rsin(go/2) (c) .
rsin(gp/2) —siny_ )

As a consequence, the dispersion equation for the phase-
dependent ABS levels, ¢ = ¢;(¢p), takes the form in Eq. (4)
with m € Z. For each solution ¢; with m = m,, another root
of Eq. (4) is given by —e¢; withm =1 — m;.

Above-gap continuum states. We next turn to above-gap
states with quantum numbers v = p = (g,s) and |¢| > 1.
Scattering state solutions for continuum quasiparticles can be
written as the sum of incoming and outgoing plane waves,
W, (x) = WM (x) + Wi (x). There are four incoming states
labeled by s € {1, 2, 3, 4}, which describe electron- or hole-
type states injected from the left or right side,

o eikx &e 0
Wi (x) = (“)(—X)E[Sm(o ) + 852(@)]

e*ikx I/; 0
s o) 0]

and the respective four outgoing states,

—ikx 7 ikx 7
O () — @& AU\ | o f (CrVe
WO () = O X)JL_SC(biwe) + Ou)m(im)’

(A14)

(A12)

Here, 1/76/;, are electron-/hole-type Nambu spinors for con-
tinuum states satisfying Eq. (A9) with ik — k. Introducing

J

Lo = I:% sin (@) + sin(

y = sinh™! (V&2 — 1) € [0, 00) and 0, = sgn(e), we write

, - e R
eg=o0.coshy, k=o.sinhy, Y= m("é‘).
(A15)
Using
V1= (e +i02 = k(£)O(1 — |¢]) — ik(£)O(le] — 1),
(A16)

we observe that the eigenstates (A8) and (A14) are related
by analytic continuation in the complex-energy plane, and the
scalar amplitudes (a,, b,, c¢,, d,,) again follow from matching
conditions. With 6 = Zeg,

ﬁ. ap'(;h + 5s,1¢e
bpl/;e + 8s,21/7h

—it.0 T, T
_ g2 © " c’”/fe + 8"31/?’ . (A1)
r e”:e dpwh + 53,4¢e

with the normalization |a,|* + [by|> + |c,* + |d,)* = 1.

Supercurrent matrix elements. We next provide explicit
expressions for the current matrix elements in Eq. (6). First,
for two ABSs with energies ¢; and ¢;/, using y; = cos le;
and similar notation for y;,, we employ the relations

) f Wy _ e (VAT VN
%/h Tz%/h = I s <T>y
A ¥ .t
l/fe(/;)LTTywe(/h) = Fsm (T)

The matrix elements for ABS-ABS transitions follow with
wyw = &), — &y in the form

(A18)

1Z% V,\')] ayay — biby + iy — didy
2

sin y, + sin yy

e (2 s
Sin Yy + sin

2

(A19)

We next observe that in the limit L, — 00, matrix elements between continuum states, W, and W, can be finite only if ¢, =

¢y. However, the relations lﬁj rylﬁe = 1,5;: tylﬁh = 0 imply that such matrix elements vanish as well. We conclude that phase
fluctuations cannot induce transitions between continuum states, Z,,, = 0.

We proceed with the matrix element connecting an ABS with energy ¢, to a continuum state with energy ¢,. As in Eq. (A15),
we write ¢, = o, cosh ¥, and k, = o, sinh ,,. The matrix elements follow by using the relations

w(xz*) ) F w(Fz)

iw(=+z) T iw(Fz")

Mt 7 7 Ot T 7
TeWe/h = —F7———, T e = T/, WWYWe/h = —F7——, T e = T/,

Ve TWesn Jeosh7, Ve TVn/ J/cosh 7, Vorn T¥esn Jeosh 7, Vern W¥n Jeosh 7,

with
. @ %
2= +iv)/2, wp=¢p—&, w(@)=0(-gp)coshz+ O(g,)sinhz, W(z) =w(z)+ T”A w¥(2).
Note that W (z*) = W*(z) and W (—z) = —o,,W(z). We then obtain
7, — i [(aiap —dydy)W(—z) + (b3by — 5, )W (2) n (@851 — d; 85 )W(Z*) + (b650 — CI53,3)W(—Z*)}
P /Ly cosh 7p siny, — ik, sin y, + ik,

Kwpk [(a:ap + d;:dp)w(_z) - (b))tbp + C;Cp)w(z) 4 (ai‘ss,l + d;f(ss,4)w(z*) - (bK(Ss,Z + 6;53’3)11)(—2*)

+
2,/Lg coshp,

siny, — ik,

siny;, + ik, i|
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TABLE II. Reduced 10 x 10 rate matrix M appearing in Eq. (21), expressed in terms of the transition rates I';,» with ABS indices A, " €

{#1, +2} [see Eq. (14)] and the rates I'}"°" in Eq. (19).

gg g eg ge ee [efed g0 go eo ge
88 —Tg re i1 T2 0 0 Ty re, 0 0
og 21"1[11 —fag 21“:_“1 0 0 FTZ FTZ F71,72 F]j,z Fz,,z
eg I [in T, 0 | A 0 | R 0 rin, 0
ge Ffzyz 0 0 _fge Fl,—l 0 FI,Z Fizn 0 Fifl
ee 0 0 | PPN | —Te 0 | 0 rin [in
oo 0 rin 0 0 0 —Tys 0 [in rin rin,
oo 21_‘,1’2 1“2“ 21_‘1'2 21_‘,1’,2 2[‘1',2 0 _1:06 F‘,“ F‘j‘] FT
go 2rin I 0 arin, 0 rin rin —Ty I | A
e 0 i, 2rin 0 21N, [in [in | T, |
oe 0 | D 0 2rin 20 [in Iin I i -I,.

Finally, we note that summations over p = (e,s) are
performed for L, — oo by using Li sz(m) cee =
fda v(e) ijl -+, where v(e) is the BCS density of states

(per unit length) in the leads, v(¢) = % \Ai%@(lel —1).

APPENDIX B: ON MATRIX RATE EQUATIONS

We here discuss the matrix rate equation (21) in more
detail. In our calculations, we make use of “spin” degeneracies
of the many-body Andreev levels which allow us to reduce the
effective matrix dimension for M down to 10. (However, the
resulting matrix is not symmetric anymore.) For this purpose,
for o € {g, e}, we write

PD(,O' = Ly, + + Pa,f’

ISU,D( =P+,a +P7,o¢s

P(T,—(T =P+’_+P_’+, Pﬂ,d =P+y+ +P_’_. (Bl)
Deﬁni1~1g the 10-component _vector P@) =
(Pg,ga Pa,gs Pe,gv Pg,ea Pe,es Pcf,o» Pa,&s Pg,av Pe,as Po,e)Ts the

reduced 10 x 10 matrix M contains the transition rates
I'\o,)—a’,p)y listed in Table II. The diagonal elements are
—I"4p, where the respective outgoing rates are given by

=

e =T 11+ T oo +2(M 1o+ T4+ TD),
eg=T11+T 22+ 2([*1’2 + Fi_nl + l—wizn)’
ge=T_11+T2 2+ 2(1“_1’_2 + l—wiln i Fifz),
i1 4T +2(T 4" +1M),
>
A=%1,£2

Fioo4+Tia+T o+To o+ Z rin,
=il 42

[eo =T 2+T 1+ 12+ 2F11n + Fizn + Fi_nz,

= = "

ee =

=
2
Q

el
Q

Q

Foe=Ti1o+T 1o+ o420 4T 4T
f‘e’o_ = Fl,fl +F1’72+F12+2FT1 +F§n+ 1112’
Toe=T1 2+Ty o+ o420 T 0.

In Sec. III A, we discuss a simplified approach in which
an initial condition for Eq. (21) simulates the effects of a
microwave driving pulse. When driving, e.g., the transition

|o, g) — |g, o) (keeping in mind that states with o = =+ are
degenerate), this initial condition is given by

Pg,a 0) = Pa,g(oo) + Pg,a (00), Pa,g(o) =0. (B2)
On the other hand, if the mixed even transition is driven, we
need to exchange only the populations of the |g, g) and |0, &)
states,

ﬁa,& (0) = Py g(00) + ﬁaﬁ (00), P (0)=0. (B3)

Going beyond the simplified picture, we find in Sec. III C

that Eq. (21) has to be replaced by Eq. (29) with a matrix N,.
The nonzero entries of N, are specified in Table III. For the
t~ransiti0ns considered in Sec. III C, the coherence decay rates
I'y4 are given by

P = %(FI,Z +Troo+T 2+
+To+ T+ + Ty + T
+20% + 7% + 2T + I + ),

plre=leo) - %(F—Z.l + 24T o0+l 1+ 12

TP 4200 + T2 4205 + T + T7),
r~le.g)—|o,6 1
ple=loo 5(3F1,2 +l o+ T2+ T2+
+T g + 20" + T + T + 2T

+Ti i), (B4)

TABLE III. Nonzero matrix elements of the matrix N, in Eq. (29).

o B a2 fn Ca Ci
a1 B 0 0 igd —igq
s 0 0 —igd ig4
C, igq —igy —I4 0
G —igy g4 0 =Ty
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