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Abstract. Polaron relaxation in self-assembled InAs/GaAs quantum dot
samples containing 2 electrons per dot is studied using far-infrared, time-
resolved pump–probe measurements for transitions between thes-like ground
and p-like first excited conduction band states. Spin–flip transitions between
singlet and triplet states are observed experimentally in the decay of the
absorption bleaching, which shows a clear biexponential dependence. The initial
fast decay (∼30 ps) is associated with the singlet polaron decay, while the decay
component with the longer time constant (∼5 ns) corresponds to the excited state
triplet lifetime. The results are explained by considering the intrinsic Dresselhaus
spin–orbit interaction, which induces spin–flip transitions by acoustic phonon
emission or phonon anharmonicity. We have calculated the spin–flip decay times,
and good agreement is obtained between the experiment and the simulation of
the pump–probe signal. Our results demonstrate the importance of spin-mixing
effects for intraband energy relaxation in InAs/GaAs quantum dots.
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1. Introduction

Carrier relaxation and dephasing processes in self-assembled quantum dots (QDs) have
been major research areas in semiconductor physics in recent years. It was demonstrated
both theoretically [1] and experimentally [2]–[4], that electrons confined in a self-assembled
InAs/GaAs semiconductor QD strongly interact with the longitudinal optical (LO) vibrations of
the crystal. This leads to the formation of QD polaron states. These states have been observed
using intraband magneto-transmission experiments in the far-infrared (FIR) [2]–[5]. Polarons,
however, are not stable entities, because of intrinsic anharmonic coupling which affects the LO-
phonons [6, 7]. The decay of polarons from the first excited (p) state to the ground (s) state
in the conduction band has been measured to be several tens of ps [8, 9]. This result brings
an indisputable answer to the ‘phonon bottleneck’ issue in QDs, but also highlights the fact
that excited QD states are affected by an important intrinsic, and thus unavoidable, source of
dephasing.

To date, all polaron relaxation studies were performed on QD ensembles containing one
electron per dot only. In the case of 2 electrons per dot (2e/dot), the polaron dynamics after FIR
excitation to thep-state are more complicated due to possible electron spin–flip process and
subsequent formation of the spin triplet state. Understanding the spin relaxation mechanisms in
QD systems is very important for quantum information processing using the electron spin state.
In [10] electron spin lifetimes up to 20 ms were measured between Zeeman-split spin levels of
a InAs/GaAs QD in the presence of a magnetic field. In [11] it was shown that the spin state of
the resident electron in ann-doped InAs/GaAs QD can be ‘written’ and ‘read’ using interband,
circularly polarized optical pumping. In this case, the photoexcited and residual electrons can
form a spin triplet, and the spin writing mechanism was explained by the interplay between
periodic electron-hole flip-flops due to anisotropic exchange splitting and thermalization of the
spin triplet. The lifetime of such triplet states, which plays a key role in the efficiency of the
writing/reading process, is as yet unknown and is difficult to measure directly using conventional
interband pump–probe or four-wave mixing experiments.
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In this paper, we present the results of polaron relaxation and spin dynamic studies in
n-doped self-assembled InAs/GaAs QDs usingintrabandpump–probe spectroscopy. Intraband
experiments on 2e/dot samples enable study of singlet and triplet electron states without the
presence of holes. The FIR radiation populates one excited singlet state and, as we show
below, the relaxation back to the ground singlet state may either be due to a direct, spin-
conserving process, or follow an indirect path involving two sequential spin–flip processes: one
fast acoustic-phonon assisted transfer to lower energy triplet states, followed by a slow triplet-to-
singlet relaxation by polaron disintegration (in∼5 ns, showing that the triplet lifetime is longer
than the interband lifetime). This picture of the relaxation process is supported by our theoretical
model, where we consider the Dresselhaus spin–orbit coupling together with electron–phonon
interactions. Including the results of our calculation of the various spin–flip and spin-conserving
decay times in a rate equation model yields good agreement with the experimentally observed
polaron dynamics.

The InAs/GaAs QD samples studied were grown on (100) GaAs substrates by molecular
beam epitaxy in the Stranski–Krastanow mode. The structures contain 80 layers of InAs QDs
separated by 50 nm intrinsic GaAs spacers. Prior to growth of the multilayer samples, an un-
capped reference sample was grown from which we were able to determine the QD density
(∼4× 1010 cm−2) from atomic force microscope analysis. In order to achieve the dot population
of either 1 (sample A) or 2e/dot (samples B and C), the QD structures were modulation doped
with a Si concentration of 4× 1010 cm−2 or 8× 1010 cm−2, respectively with the doping layer
2 nm below the wetting layer. In order to confirm that the QDs in the 2e/dot samples (B and
C) contain 2 electrons photoluminescence excitation (PLE) measurements were carried out.
For these samples, absorption into the conduction band ground state should be blocked as it
is fully occupied. It was observed that the sample with one electron per dot exhibits a peak at
∼36 meV above the detection energy, corresponding to the ground state LO-phonon replica,
whereas the samples doped to contain 2e/dot have no such feature. This result shows that the
interband absorption between electron and hole ground states with the involvement of LO-
phonons is blocked, indicating that for the 2e/dot samples the electron ground state is indeed
fully occupied. In addition, the 1e/dot and 2e/dot samples were studied using the FIR magneto-
transmission measurements [5] and a clear increase of the electron–phonon coupling strength
was experimentally observed for the 2e/dot sample, the origin of which will be discussed later
in section2.2.

The relaxation dynamics of excited polarons in QDs were studied using degenerate
FIR pump–probe spectroscopy [12]. Polaron transitions between thes-like ground state and
p-like first excited states have an in-plane dipole and therefore, can be observed in normal
incidence geometry. The Dutch free electron laser (FELIX) was used to provide picosecond
pulses polarized along the [ 011 ] crystallographic direction and tuned into resonance with
optical transitions between thes-state and the lower energyp-like state,px [9, 13]. The low
temperature pump–probe signal measured at the same excitation energy of∼55 meV for the
1 and 2e/dot samples is shown in figure1. There is a clear difference in the time evolution of the
absorption bleaching. The 1e/dot sample exhibits a mono-exponential decay of the pump–probe
signal with a time constant ofτ1 = 50± 4 ps, whereas the 2e/dot sample has a bi-exponential
dependence with a short time decay of 30± 3 ps and a long time component decaying on a
nanosecond timescale [13].

The intraband relaxation for 1e/dot samples has been studied in detail in our previous
work [9] with the observed decay arising from the intrinsic instability of QD polaron states [6].
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Figure 1. Normalized 5 K transmission change as a function of time delay
between the pump and probe at energy of 55 meV for 1 (A) and 2e/dot (B)
samples (thick black and thin red lines respectively). The mono-exponential fits
used to extract the decay times are also shown.

We show here that the biexponential behaviour for 2e/dot samples is related to scattering
processes among admixed singlet and triplet QD polarons. The latter results from three principal
couplings for the confined electrons: (i) their direct and exchange (Coulomb) interactions,
responsible for the formation of singlet and triplet states, (ii) the electron–LO phonon (Fröhlich)
coupling, which leads to the formation of two-electron polaron states, and (iii) the spin–orbit
(Dresselhaus) coupling due to the non-parabolic band structures of the host materials, which
mixes singlet and triplet states.

2. Theory

2.1. Energy spectrum of doubly charged QDs

The 2 electron singlet and triplet states of the QD are calculated by diagonalizing the direct and
exchange Coulomb interactions within a truncated basis of the first three bound electron orbitals:
s, px andpy. The electronic levels are calculated using a one-band model for a GaxIn1−xAs QD.
The dot is modeled by a truncated cone with a circular base. Dot size and mole fractionx = 0.4
are chosen to match simultaneously the interband (1.12 eV) and intraband (55 meV) energies
respectively measured in PL and used in pump–probe experiments. Anisotropy splitting of 2VA

between thepy andpx levels is included from the experiment. This anisotropy can be explained
by elongation of the QDs along the in-plane [ 011 ] direction [14], piezoelectric field effects [15]
and the atomistic symmetry [16].

The scheme of the low-lying two-electron states is presented in figure2 (the superscript
S and T refer to singlet and triplet respectively). In this figure,VE is the Coulomb exchange
energy:

VE = 〈s(1) p(2)
u |

e2

4πε0εr |r (1) − r (2)|
|p(1)

u s(2)
〉, (1)
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Figure 2. Energy diagram of quantum dots charged with 2 electrons. Singlet
and triplet states appear respectively on the left and right side, with superscript
S and T respectively. The solid and dashed arrows represent respectively spin-
conserving and spin–flip relaxation channels.

whereu = x or y and superscripts label each of the 2 electrons. Taking the dielectric constant as
εr = 14.3, we calculate 2VE = 10.5 meV (see, for example, [17] for measurements ofVE). For
typical QDs, 2VA is smaller than 2VE, and both the|spx〉

T and|spy〉
T sets of triplet states have

lower energies than the first excited singlet state|spx〉
S. In this figure, solid and dashed arrows

indicate the different spin-conserving (τa, τc) and spin–flip (τb, τd, τe) relaxation processes that
can occur after the photo-excitation of the first excited singlet state|spx〉

S.

2.2. Polaron relaxation

Coupling of electrons to LO-phonons generates spin-diagonal singlet and triplet polaron states.
The polaron wavefunctions are entanglements of decoupled states|(ab)L, n〉 wherea, b = s, px

or py, L = S or T andn is the number of LO-phonon modes entering in the formation of the
polaron (see, for example [4]). The matrix element at the origin of the polaron for the two
electron case is

√
2 stronger for the singlet as compared to the one-electron case:

〈(ss)S, 1|H (1)
F + H (2)

F |(spx)
S, 0〉 =

√
2〈s, 1|HF|px, 0〉, (2)

where HF is the Fröhlich Hamiltonian. In [5], this increase of the electron–phonon coupling
strength was experimentally demonstrated for the sample B using intraband magneto-
transmission experiments. Since the coupling strength (∼7 meV) is much smaller than the
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energy detuning (19 meV) between the two interacting states (the energy of center-zone LO-
phonons is taken asELO = 36 meV), the schematic diagram in figure2 also holds for polaron
states with dominant 0-phonon components. As a consequence of equation (2), the singlet
polaron has a LO-phonon weight almost twice as large and thus an anharmonic lifetime (τa)
roughly two times (the ratio is 1.9 in the exact calculation) shorter than the corresponding 1e/dot
polaron probed with the same photon energy. In figure1, we measure a decay time ofτa ' 30 ps,
close to the predicted value ofτ1/1.9 ' 26 ps. Apart from uncertainty of the measurements, the
small discrepancy may arise from doping uncertainty of the QD ensemble (a small fraction of
dots in the 2e/dot sample might also contain 1 electron [18]).

2.3. Spin–orbit interaction

Exchange of population between the photo-excited singlet state and the lower energy triplet
states can be calculated by considering the Dresselhaus interaction [19], which is an intrinsic
spin–orbit coupling mechanism in crystals without inversion symmetry. The bulk Dresselhaus
Hamiltonian reads:

HD = γσ ·κ, (3)

whereσ are the Pauli matrices,κx = kx(k2
y − k2

z), κy = ky(k2
z − k2

x), κz = kz(k2
x − k2

y) with k =

−i∇ the electron wavevector operator, andγ a material-dependent constant :γGaAs= 7 au and
γInAs = 26 au [20, 21]. In the 1e/dot case,s- and p-states with opposite spins are coupled by
VD

sp = γ 〈s|κx|px〉. Forγ = 22 au (this value is discussed below), we calculate|VD
sp| = 3.9 meV.

Note that we have numerically checked that the Rashba spin–orbit coupling [22] between these
states is negligible in our QDs: it is two orders of magnitude weaker thanVD

sp. For 2e/dot, the
Dresselhaus Hamiltonian couples singlet and triplet states. There are two spin–orbit interactions
involved in the spin–flip mechanisms. Firstly, the|spx〉

S singlet state is coupled to the two
|px py〉

T
±1 triplet states (not shown in figure2) by:

〈(spx)
S
|H (1)

D + H (2)
D |(px py)

T
±1〉 = −

VD
sp

√
2
, (4)

where for triplet states, subscript 0, ±1 indicate total spin projection along the QD growth
(z) axis. After diagonalization, the singlet wavefunction becomes an admixture of singlet and
triplet, and reads in first-order perturbation theory:

|̃spx〉
S ' |spx〉

S
−

VD
sp

√
2Esp

(
|px py〉

T
−1 + |px py〉

T
+1

)
, (5)

whereEsp is the one-electrons-p energy transition. Secondly, the|ss〉S ground state is coupled
to the two|spx/y〉

T
±1 triplet states by:

〈(ss)S
|H (1)

D + H (2)
D |(spx/y)

T
±1〉 = −VD

sp. (6)

The eigenstate with dominant triplet component therefore reads:

˜|spy/x〉
T
±1 ' |spy/x〉

T
±1 +

VD
sp

Esp
|ss〉S. (7)
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Figure 3. Singlet to triplet spin–flip timeτb (solid line) and triplet to triplet
decay timeτc (dashed line) as a function of the anisotropy splitting (2VA) at T =
0 K. Dotted lines indicate calculated values corresponding to anisotropy splitting
measurements on the 2 studied samples.

2.4. Singlet to triplet spin–flip transition

Due to spin-mixing described above, relaxation by emission of longitudinal acoustic (LA)
phonons between the eigenstates described by equations (5) and (7) is allowed. The relaxation
time τb is given by:

1

τb
=

2π

h̄

1∑
i =−1

∑
q

∣∣∣〈 ˜(spx)S, nq|Ha|(̃spy)
T
i , (n + 1)q〉

∣∣∣2 δ
(
εq − 2(Ve − Va)

)
' 2

(
√

2 +
1

√
2

)2
(

VD
sp

Esp

)2∑
q

∣∣〈px, nq|Ha|s, (n + 1)q〉
∣∣2 δ

(
εq − 2(Ve − Va)

)
,

(8)

whereHa is the deformation potential Hamiltonian for acoustic phonons, andnq is the Bose
occupation number for LA-phonons of wavevectorq. The factor 2 takes into account the
relaxation towards the two different triplet states±1. In figure3, this spin flip time is calculated
at low temperature as a function of the anisotropy splitting 2VA.

Note that this spin–flip time is a minimum when the energy separation 2(VE − VA) (the
|spx〉

S
− |spy〉

T splitting) corresponds approximately to a phonon wavelength of the dot size.
For the samples studied below, 2(VE − VA) values are typically a few meV, leading to spin–
flip times of hundreds of picoseconds. Energy relaxation triggered by hyperfine interaction [23]
with nuclear spins can be neglected for the meV energy changes considered here. The additional
relaxation from the|spx〉

S singlet toward the lower triplet states|spx〉
T is given by the same

calculation, except that the energy of the emitted phonon is 2VE = 10.5 meV, so that this
relaxation channel can be safely neglected.
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2.5. Relaxation between triplet states

Once in the upper triplet state|spy〉
T, a spin-conserving transition assisted by acoustic phonon

emission occurs toward the lower set of triplet states|spx〉
T. Calculation of this decay time (τc)

as a function of the anisotropy splitting is shown by dashed line in figure3. Note that this time
is equal to the decay time frompy to px in the one-electron case, which has been studied in [9].
Calculated values ofτc are 95 ps and 1.1 ns for 2VA = 6.0 and 7.5 meV respectively.

2.6. Spin triplet lifetime

The relaxation pathsd ande involve spin mixing as well as polaron decay. First we diagonalize
Fröhlich interactions between different LO-phonon states, the corresponding eigenvalues being
polaron states: the lower triplet polaron states are|(spy/x)

T
±1, 0̃sp〉, while the singlet polaron

ground state is|ss, 0̃ss〉 and its one-phonon replicas are|ss, 1̃ss(q)〉 (see appendix for definition
and properties of the LO-phonon modes introduced here).

As we have seen in equation (6), the spin–orbit interaction couples the|sp〉T
±1 and |ss〉S

electronic states. Taking this spin–orbit coupling in perturbation within the polaron basis
introduced above, one obtains the spin-admixed polaron states with dominant zero-phonon
triplet component:

˜|spy/x〉
T
±1 ' |(spy/x)

T
±1, 0̃sp〉 +

VD
sp

Ed/e
〈0̃ss|0̃sp〉|ss, 0̃ss〉 +

VD
sp

Ed/e − ELO

∑
q

〈1̃ss(q)|0̃sp〉|ss, 1̃ss(q)〉

(9)

where Ed/e is the energy separation corresponding to transitions d and e, respectively. The
lifetimes of these polarons, due to anharmonicity of their LO–phonon component, reads:

1

τd/e
=

1

τLO(Ed/e)

∣∣∣∣∣ VD
sp

Ed/e − ELO

∣∣∣∣∣
2∑

q

∣∣∣〈1̃ss(q)|0̃sp〉

∣∣∣2 (10)

whereτLO is the decay time of center-zone LO phonons into two acoustic phonons of total
energyEd/e, which is extracted from polaron studies of 1e/dot samples [9, 24]. We calculate
τe = 4.9 ns, whileτd = 10 and 12 ns for respectively 2VA = 6.0 and 7.5 meV.

3. Comparison of experiment and theory

Here, we focus on the long decay time behavior and its temperature dependence for the two
QD samples doped to contain 2e/dot (B and C) measured on a longer timescale compared to
figure1 using the free electron laser FELBE7. The pump–probe signal for the samples B and C
is presented in figure4(a). The anisotropic splittingVA was determined from the FIR linear
absorption spectra measured in normal incidence geometry at 5 K, which are shown in the
figure4(a) inset. Incident radiation polarized along the [011] ([011]) crystallographic direction
excites a transition from thes-like ground state to the lower (higher) energy laterally confined
p-like excited state. The absorption peaks associated with transitions to the lower energyp-like

7 The experimental conditions with the FELBE set-up were not optimized for measurements of the short decay
time component, in particular an accurate measurement is hindered by back reflection of the pump beam inside the
sample resulting in additional peak in the pump–probe decay curve at∼10 ps.
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Figure 4. (a) Measured time evolution of thes–p transmission change for
polarons formed by 2-electrons for sample B (red line) and sample C (black line).
Inset: normal incidence absorption spectrum for incident radiation polarized
along [011] (solid line) and [011] (dashed line) for samples B (red line) and
sample C (black line, vertically offset by 20% for clarity). (b) Calculated pump–
probe dynamics for anisotropic splitting of 6.0 meV (red line) and 7.5 meV
(black line).

state (px) and higher energyp-like state (py) are centered at 53 and 58 meV, respectively, for
the sample B. The sample B has an anisotropic splitting 2VA of ∼ 6.0 meV whilst sample C
splitting is 2VA ∼ 7.5 meV. The increase of thep-state splitting for the sample C is probably
due to slightly larger QD asymmetry in the lateral direction for this sample.

The two samples exhibit biexponential absorption recovery with long decay times of∼ 2
and∼ 5 ns for C and B samples, respectively8. We present in figure4(b) the calculation of the
population recovery of the ground state after population att = 0 of the first excited singlet state,
accounting for the different spin-conserving and spin–flip energy relaxation paths indicated
on figure 2. The set of linear rate equations incorporating the various scattering processes
that occur within the five level system in figure2 were solved numerically. The normalized
transmission change was taken equal to 1− Ng, where the ground state population verified
Ng = 0 after laser pump (t = 0) while the population of the photo-excited|sps

x〉 state was set
to 1. In this simulation,τa = 30 ps was extracted from the fit of figure1, while τb, τc, τd andτe

were calculated as described above, for the two different experimental values of 2VA: 6.0 and
7.5 meV (all other parameters being the same). The calculations are made withγ = 22 au, which
corresponds to the best agreement between calculated and measured triplet lifetime of∼ 5 ns
for sample B. Note that the simulation is very sensitive toγ , sinceτb andτe are proportional
to 1/γ 2. This value can be compared with a linear interpolation between bulk GaAs and InAs
values using the gallium mole fractionx = 0.4 extracted above (from the fit to the PL and
intersublevel energies), which givesγ = 18 au.

We find good overall agreement between the measured and calculated population recovery
of the QD ground state. In particular, we are able to predict the increase of the weight of the long

8 An accurate determination of the low temperature long decay time component for sample B is not possible due
to the limited delay stage scanning range (1.2 ns) and the value of∼5 ns we claim here is the lower limit.
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Figure 5. Measured and calculated temperature dependence of the pump–probe
dynamics for two electron per dot samples B (a) and C (b). Insets: decay timesτa

(black solid line) andτb (dashed red line) plotted as a function of the temperature.

decay component when the anisotropic splitting increases. Let us remark that the short decay
time is governed byτa and independent ofVA, while the relative initial (i.e. extrapolated to
zero delay) amplitude of the long decay component is given by the ratio∼ τa/τb. As τa is equal
in both samples, calculations predict a decrease ofτb as the anisotropic splitting increases (see
figure3), thus increasing the weight of the long decay component. A slight discrepancy between
the absolute value of long decay component observed experimentally and its calculation might
be due to the strong dependence ofτb with respect to 2(VE − VA), as shown in figure3. The
difference between the measured (∼2 ns) and calculated (∼5 ns) long decay time for sample C
is probably due to the relatively strong temperature dependence of the long decay component
for this sample as we discuss below.

In figure 5, we show measured and simulated temperature dependence of the pump–
probe dynamics. The insets of figure5 show the calculated temperature dependence of the
decay timesτa andτb. The mechanism of polaron decay (τa) by phonon anharmonicity is the
disintegration into 2 acoustic phonons of equal energy (∼27 meV), as extracted from previous
measurements [25], which is rather insensitive to the temperature below 120 K. Therefore, when
increasing the temperature, the main effect is to decrease the relaxation timesτb andτc and their
corresponding reverse decay timesτ−

b andτ−

c by absorption of acoustic phonons (not shown in
figure2). As a consequence, the ratioτa/τb increases and thus the fractional contribution of long
decay component is expected to increase. This effect is experimentally observed for sample B
(see figure5(a)) where an increase of the temperature from 20 to 80 K leads to an increase
of the long decay time contribution. Additionally, the long decay time decreases as reverse
processes involving absorption of acoustic phonons (timesτ−

c andτ−

b ) allow relaxation to the
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ground state via the excited singlet state. There is a significant difference in the spin relaxation
between these two samples, which is determined by the anisotropic splitting energy. Thus for
sample B, after the spin flip occurs, the triplet polarons rapidly relax (with the characteristic
transition timeτc ∼ 90 ps) to the lower triplet state|spx〉

T. At low temperature, the long decay
time observed is then governed by triplet state lifetimeτe, while with increasing temperature the
reverse processesτ−

c andτ−

b lead to a decrease of the triplet to singlet spin–flip time with the
activation energy of 2VE. In contrast, for sample C,τc is considerably longer (∼1 ns), because
of the larger anisotropic splitting (see figure3). As a consequence, for delay times below 500 ps
polarons still mainly occupy the upper triplet state|spy〉

T. Triplet to singlet state spin–flip
processes therefore occur mainly due to the re-absorption of the acoustic phonons (τ−

b ) with
the characteristic energy of 2(VE − VA), which is only 3 meV for this sample. Consequently,
the reverse triplet to excited singlet spin–flip is more easily thermally activated in sample C
than in B. In figure5, the predicted difference in the temperature dependence between these
two samples is observed in experiments, further demonstrating the good agreement between our
experimental results and the theory. Above 100 K, a more rapid decrease of the measured pump–
probe signal compared with our simulations might be explained by the possible contribution of
higher energy QD excited states, which are not included in our model.

4. Conclusion

In conclusion, we have investigated polaron relaxation in QDs containing 2 electrons using
intraband pump–probe measurements. A reduction of the singlet polaron lifetime compared
to the one-electron polaron is observed, as predicted by the enhancement of the Fröhlich
coupling. Spin–flip transitions between singlet and triplet states are observed, in agreement with
calculations based on Dresselhaus spin–orbit interactions and electron–phonon couplings. We
have shown that the spin–flip time between excited singlet and triplet states depends strongly
on the anisotropic splitting between thep-states. A spin triplet lifetime of∼5 ns is measured at
low temperature. These results underline the importance of the spin–orbit coupling in the energy
relaxation of QDs containing two or more electrons.
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Appendix. Triplet polaron calculation

We use the Huang–Rhys formalism in order to describe singlet and triplet polaron ground states.
From annihilation and creation operatorsa(q) anda+(q) of LO-phonon of wavevectorq, new
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annihilation and corresponding creation operators are defined by [26]:

bss(q) = a(q) + 2Ss(q), (A.1a)

bspx
(q) = a(q) + Ss(q) + Spx(q), (A.1b)

whereSs(q) andSpx(q) are defined by:

Ss(q) =
〈s, 0q|HF |s, 1q〉

ELO
, (A.2a)

Spx(q) =
〈px, 0q|HF |px, 1q〉

ELO
. (A.2b)

The fundamental modes corresponding to operatorsbss(q) andbspx(q) are respectively|0̃ss〉

and|0̃spx
〉. The new eigenstates are respectively the singlet polaron ground state|ss, 0̃ss〉 and the

triplet polaron state|(spx)
T , 0̃spx

〉. The one-phonon replicas of the singlet ground state read

|ss, 1̃ss(q)〉, where˜|1ss(q)〉 = b+
ss(q)|̃0ss〉 .

In equation (9), mixing between triplet and singlet one-phonon replica involves the
following vectorial products:

〈̃0sp|0̃ss〉 = exp

(
−

1

2

∑
q

∣∣Ss(q) − Sp(q)
∣∣2) , (A.3)

〈̃0sp|1̃ss(q)〉 = 〈̃0sp

∣∣b+
sp(q) + S∗

s (q) − S∗

px
(q)
∣∣ 0̃ss〉 =

[
S∗

s (q) − S∗

px
(q)
]

e−
1
2

∑
q|Ss(q)−Sp(q)|

2

. (A.4)

Finally, in order to calculate the triplet polaron lifetime (equation (10)), we compute:∑
q

|〈̃0sp|1̃ss(q)〉|2 = Ye−Y, (A.5)

whereY =
∑

q

∣∣Ss(q) − Sp(q)
∣∣2 .
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