PHYSICAL REVIEW B 99, 245201 (2019)

Impact of optically induced carriers on the spin relaxation of localized electron
spins in isotopically enriched silicon
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We investigate the influence of Auger electrons on the efficiency of optical spin pumping of donor bound
electrons in isotopically enriched silicon by means of time-resolved pump-probe absorption spectroscopy. The
experimentally observed drastic shortening of the spin relaxation time with increasing optical excitation results
from inelastic scattering between free and localized electrons and an interconnected Orbach-type spin relaxation
process. The maximal steady-state degree of polarization of the localized electron spins and the probe-beam-
induced depolarization dynamics reveal that the fast, nonthermal energy dissipation of the conduction band
electron distribution is detrimental for efficient optical spin initialization. In fact, each absorbed photon creates an
Auger electron with enough energy to depolarize the spin of 230 donor bound electrons but the fast, nonthermal
energy dissipation by phonons reduces this spin relaxation efficiency to approximately unity.
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Donor bound electrons in isotopically enriched *3Si may
be the key to a silicon-based quantum information technology
[1]. The donor bound electron (D°) and the donor nucleus
have extraordinarily long spin coherence times in 28Si [2,3]
and can be efficiently initialized by optical pumping [4]. The
spins can be manipulated individually by electrical means [5]
but the ultranarrow line widths of the donor bound exciton
transitions (D°X) enable also the combination of conventional
nuclear magnetic and electron spin resonance techniques with
individual optical addressability [6,7]. Such optical means
provide manifold opportunities in the context of silicon-based
quantum information technology whereat one crucial key
figure for prospective implementations is the intrinsic limit of
the optical spin pumping efficiency.

The efficient optical pumping and manipulation of the
electron spin system via the D°X transition has been com-
pellingly demonstrated in several experiments and relies upon
the D°X Auger recombination. The Auger recombination is
the dominating DX recombination channel in silicon [8] and
pumps the optically addressed bound electron after resonant
optical DX excitation high into the conduction band. The
spin information is lost during this process since the D°X
hole spin relaxation is much faster than the Auger recom-
bination time, i.e., the two electrons of the DX trion have
the same probability to recombine with the optically excited
hole. Thereby, resonant optical pumping of a spin specific D°
transition depopulates the respective D° spin population with
50% efficiency promising optical spin initialization with very
high purity. However, the same Auger electrons responsible
for spin pumping also scatter via Coulomb interaction with
the D° ensemble reducing the D° ensemble spin lifetime by
an Orbach-type process.

In the following, we study this intrinsic interplay of optical
D spin pumping and D° spin relaxation via Auger electrons
by time-resolved pump-probe absorption spectroscopy. We
quantitatively describe the complete low-temperature spin and

2469-9950/2019/99(24)/245201(6)

245201-1

charge dynamics of the optically pumped D°X system by the
rate-equation model depicted in Fig. 1, trace the undesirable,
optically induced DV spin relaxation back to Auger excitation
of the D° 1S5-A, to T, transition, and extract as key parameter
the intrinsic efficiency of inelastic scattering of the Auger
electrons with the D° [9].

The optical pumping experiments are carried out on a
4 mm long *8Si sample, which is isotopically enriched to
99.994% and n doped with a nominal phosphorus doping
concentration of ny = 1.2 x 10" cm~3. The sample is placed
strain free at 4.5 K in a specially designed helium gas reser-
voir coupled to the cold finger of a cryogen-free refrigerator
[10]. Application of a transverse magnetic field of 50 mT
leads to a splitting of the donor ground state into four levels
according to the Breit-Rabi equation for the bound electron
and the phosphorus nucleus as two spin-1/2 particles. The
DX state is split into four levels by the Zeemann splitting of
the trion’s spin-3/2 hole. Figure 1(left) depicts schematically
the resulting level diagram and the twelve dipole allowed
optical transitions, i.e., six doublet transitions each split by
half of the phosphorus donor hyperfine coupling constant
A = 117.53MHz [11]. The D° are polarized in the following
experiment by pumping the energetically overlapping doublet
9/10 by a frequency stabilized external cavity diode laser
[12] at a transition photon energy where experimentally the
maximum degree of electron spin polarization is observed.
We measure the resulting electron spin polarization by scan-
ning the probe laser across the doublets 5/6 and 7/8, which
have identical oscillator strengths but different donor electron
spin orientation and are therefore ideally suited to monitor
the degree of polarization. In contrast to previous studies
of the DX, which employed photoluminescence excitation
spectroscopy, we directly measure the absorption of the zero
phonon DX transition, which quantitatively yields the optical
excitation rate. In order to enhance the signal-to-noise ratio
of the weak absorption signal, we phase modulate the probe
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FIG. 1. (left) Level diagram of the dipole allowed D°X transi-
tions in an external magnetic field and the employed pump (orange)
and probe (light gray) transitions. (right) Schematic diagram of the
electron spin polarization process. Depicted are (the population of)
the four possible donor spin states n; to n4, the donor bound exciton
states ns, the conduction band ng, as well as the relevant excitation
and relaxation channels.

laser with a fiber-based, broadband electro-optic modulator
at Q2 = 3.2MHz and detect the differential absorption by a
high-frequency lock-in amplifier. The radius of the probe
laser is 86(3) um 1/¢* and of the pump 224(5) um for all
experiments. The inset of Fig. 2 shows a typical steady-
state differential absorption spectrum for a pump and probe
intensity of 1700 uW and 5.7 uW, respectively. A cumula-
tive line shape analysis consisting of the sum of the four
differential Lorentzian contributions, which are fitted to the
distinct spectra, yields a polarization of P = —68(1)% where
the polarization P is defined in terms of the intensity /; of the
respective absorption line 7 as

P (Is +1s) — (I + 13)
L+ls+h+1g

The same degree of polarization is obtained if the polarization
is just evaluated by the absolute value of the depicted differ-
ential absorption local extrema o5 to ag.

In the next step, we measure the temporal dynamics of
these four local extrema of the differential absorption in
dependence on probe power by a time-resolved pump-probe
technique. First, we create the maximal steady-state polariza-
tion of the D° by optical pumping the doublet 9/10. Then,
the pump beam is shut off by a fast mechanical shutter, which
defines = 0, and we measure with the continuously present
probe beam the time-resolved transient of one of the «; by the
fast lock-in amplifier with a time resolution of ~1.5 ms. This
procedure is repeated many times for each «; and each probe
power in order to increase the signal-to-noise ratio. Figure 2
shows exemplary the resulting time traces of the extracted
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FIG. 2. Temporal change of the initial D° polarization after the
pump laser is turned off at r = 0 s for different probe intensities
(colored dots). The corresponding solid lines are the results of
the numerical model including the dependence of 7; on excitation
density. (Inset) Typical differential probe absorption spectrum of
the D°X transitions 5-8 according to Fig. 1 for a pump intensity
of 1.7mW. The black dots are measured and the red line is the
corresponding line shape fit with four differential Lorentzians. The
absolute frequency corresponding to the origin of the frequency axis
is 278.032005(1) THz.

D" polarization for three different probe intensities. The mea-
surements show clearly that the polarization decay becomes
faster with increasing probe intensity. Figure 3 shows as black
dots the extracted measured polarization decay times, which
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FIG. 3. Measured polarization decay time in dependence on
optical probe intensity (black symbols). The dashed gray line is a
simulation based on the numerical model with 7} = 14 s. The solid
red line is calculated including the Orbach-type process due to hot
Auger electrons [see Eq. (5)].
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have been extracted by a single exponential decay fit to the
respective polarization time trace for probe intensities ranging
over three orders of magnitude. The polarization decay time
decreases from 10.2 s for the lowest probe intensity to 270 ms
for the highest intensity.

The modeling of the spin and carrier dynamics with rate
equations reveals in the following that this faster decay not
only results from the faster depopulation of the pump-induced
initial spin population but also from the interaction of the hot
Auger electrons in the conduction band with the D°. The basic
mechanism of D° spin polarization by optical pumping is
outlined in Ref. [4] and illustrated in Fig. 1 (right). Here, n; to
ny denote the population of the D° ground-state levels with the
four possible spin combinations of :t% electron spin and j:%
nuclear spin of the phosphorus atom, ns is the population of
the optically excited D°X level, and 7 of the unpolarized free
conduction band electrons resulting from the Auger recombi-
nation of the D°X. The difference in population of nj 34 at
thermal equilibrium can be neglected since the energy split-
ting of ny 234 is much smaller than kzT. Optical excitation
by the pump and probe lasers transfers the occupancy of D°
selectively from n; 53 4 to ns. The respective generation rates
per donor Gj >34 of the pump and probe lasers are readily
calculated from the measured absorption coefficients, which
yields the overall rate of absorbed photons. The spot sizes of
the focused laser beams are used to normalize the rates by
the number of donors inside the volume spanned by the probe
laser or pump laser, respectively. The D°X recombines after
excitation by Auger recombination with the Auger decay time

J

d _ ne(t) ni(t) —n3(t)
E”l(t)—_Gl‘nl(t)‘i‘él__l_C_ 2T

’

ne(t)  mp(1) —na(t)  ma(t) —na(r)

14 = 272ns [8]. The resulting unpolarized conduction band
Auger electron relaxes its energy before being captured by an
ionized phosphorus impurity with the rate

T, =0c-v-(ng+nq;), 2

where o, - v is the effective electron capture volume per
time of a single phosphorus donor and ng + ng ; is the total
number of ionized donors. This total number consists of the
number of ionized donors in our n-type sample at thermal
equilibrium due to partial compensation by p-type back-
ground doping, ng; ~ 10'* cm~3, plus the number of donors
ionized by optical excitation. The latter is equal to the number
of Auger electrons in the conduction band, i.e., ng. The rate
77! = 6GHz is in very good approximation constant since
ne < ng; for all applied pump and probe intensities. Finally,
the resulting spin polarization of the D° decays either by the
longitudinal spin relaxation time 77 or by the cross relaxation
time Tx. The longitudinal electron spin relaxation time of the
undisturbed system is 14 s at a lattice temperature of 4.5 K
[13]. The cross relaxation rate between the states n, and nj
coupled by hyperfine interaction is calculated as

T, ' = sin(6/2)*(G2 + G»), ©)

where sin(6/2)? is the probability of a spin flip for each ion-
ization event of the neutral donor [14], 8 = arctan[A/(y " B)],
and yt ~ 28 GHzT ! is the sum of the electron and the nu-
clear gyromagnetic ratios. The resulting coupled differential
equations for the complete dynamics of the optically driven
DY system read:

d
Enz(f) = -Gy -m()+

4-‘L’C 2T]

ne(t)  n3(t) —m(t)  n3@) —mo(t)

d
—m3(t) = —G3 - n3(t) +

dt 4.1, 2T

d
Ens(f) =G -nm@)+ Gy -nm(t) + Gy -n3(t) + Ga - na(t) —

We calculate the steady-state polarization and the polarization
decays shown in Fig. 2 by solving the set of differential
equations [(4a)—(4d)] taking into account the outlined exper-
imental protocol [15]. The dashed gray line in Fig. 3 shows
the calculated D° spin polarization decay time for a constant
T, = 145, ie., neglecting the influence of Auger electrons
on T; [16]. Such a constant 77 clearly underestimates the
probe-beam-induced decay of D° spin polarization.

The Auger electron in the conduction band has an initial
excess energy of about 1.1eV while the D° 1S-A; to 75 in-
terband transition relevant for the Orbach-type process has an
energy of A = 11.6 meV [17]. If all the Auger electron excess
energy were transferred into heating of the D ensemble, each
excited Auger electron would lead to an Orbach-type spin
relaxation of many D° making any efficient optical D° spin
initialization impossible. Accordingly, the really important
parameter for optically assisted spin quantum information

%m(l) — Gy ny(t) + Zé_(z - "4(2 ._T'l”(t), (4a)
2- T (@)
2. )

”ST(Z), %%(t) = ”Srit) - ”"’T—(I) (4d)

(

processing in 2Si is the number of D° 15-A; to T» interband
transitions per Auger electron, ¢. This parameter can be
readily extracted by a fit to the measured polarization decay
time depicted in Fig. 3 by the rate equation model including
optically induced Orbach-type spin relaxation by

1 1 E() Ng

Ti(ng) T

®

FDOTz Tcng

where 77 = 14 s is the known phonon induced spin relaxation
time at 4.5 K [13], Ey ~ 3 x 108 s~! is the Orbach constant
[13], and T'poy, = 1.02 GHz is the D° T; to 1S-A; electron
relaxation rate [18]. In Eq. (5) Ey/TI"poz, denotes the probabil-
ity that a D° 1S-A, to T5 interband transition leads to electron
spin relaxation, and ng/(7.n4) is the number of excited Auger
electrons per second normalized to the density of donors,
which yields by multiplication with ¢ the D° 1S-A; to T
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FIG. 4. Full width at half maximum of the measured linewidth
[poy of the DX transition versus lattice temperature. The solid
line is a fit according to I'poy(T) = Fggx +ax T7 with I‘I(;)O)X =
70(3) MHz.

excitation rate. Fitting the experimental decay times in Fig. 3
with ¢ being the only fitting parameter yields { = 3.2, which
is in surprisingly good agreement with estimations from the
carrier cooling dynamics presented in the Appendix. The same
¢ also yields excellent agreement for the initial degree of spin
polarization produced by pump and probe beam as evidenced
in Fig. 2. Obviously, an increasing ¢ would asymptotically
lead to a vanishing steady-state polarization. However, the cal-
culations of the carrier cooling dynamics in silicon suggests
that ¢ is in good approximation independent of the D° doping
density for a wide range of doping concentrations.

Finally, we want to point out that the experiments presented
in this paper consistently exhibit a homogeneous broadening
of the D°X transitions, which is inter alia a major requirement
for corresponding prospective quantum information devices.
We have therefore checked for all employed laser intensities
between 0.003 and 3 W/cm? that the line shape of the D°X
transition is in very good approximation Lorentzian [19]. The
rather large homogeneous broadening at 4.5 K exceeds any
remaining inhomogeneous broadening effects in the current
sample, e.g., due to residual *°Si isotopes, and might result
from a direct or cross interaction of neutral and ionized D°.
We can exclude heating of the lattice by Auger electrons
or by residual laser absorption as possible cause since the
measured D°X absorption spectrum is an extremely accurate
lattice thermometer [20]. Thermal excitation of the D° 15-A,
to T, transition can also be ruled out since this process would
show up in the D spin relaxation time. We have additionally
measured the broadening of the D°X transitions at B=0T
in dependence on temperature and find a 77 increase with
increasing temperature as shown in Fig. 4. Such a temperature
dependence has been measured before, e.g., in rare-earth
doped ceramics [21], and is characteristic for the homoge-
neous broadening by elastic Raman scattering with phonons.

In conclusion, we have studied the transient pumping
dynamics of D spins in isotopically pure *Si, which is
a promising candidate for spin quantum information pro-
cessing. The dynamics can be described by an amazingly
unpretentious theoretical model and allows a quantitative

understanding of the underlying optical pumping process. The
study reveals that optical spin pumping inevitably leads to
Orbach-type spin relaxation of the donor bound electrons
reducing the spin initialization efficiency. The reduction of
the longitudinal spin relaxation time in dependence on ex-
citation density is universally valid for all optical pumping
powers and D° densities relevant for this kind of silicon-based
optical quantum information technology. Each excited Auger
electron activates ~3.2 D° 1S-A, to T interband transitions,
which corresponds to the situation where the optically induced
Orbach-type spin relaxation rate becomes comparable to the
spin pumping rate. Only two deviations are expected. First, an
increase of the p-type background doping close to the phos-
phorus doping density reduces the effective energy transfer to
the D° ensemble and thereby reduces the Orbach process en-
abling in principle a more efficient spin initialization. Second,
very high doping densities result in neutral impurity scattering
times comparable to the cooling dynamics by optical phonons,
increase the energy transfer to the D° ensemble, and thereby
increase spin relaxation. Such high doping densities play a
role for example in certain electrical spin injection measure-
ments. The physical model is also applicable to prospective
quantitative optical spin injection experiments [22] where the
D transition is used as sensitive optical spin detector.
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APPENDIX

Here, we present the relevant scattering rates and the
energy loss dynamics of those D° electrons that are excited
by Auger recombination from the D°X trion state into the
conduction band. The calculations show for our n-doped bulk
288i sample that the energy relaxation of these Auger electrons
is dominated for the first 2 ps by phonon emission while
subsequently inelastic D° impurity scattering takes over. The
theoretically estimated number of D° 1S-A; to T interband
transitions per Auger electron, ¢, corroborates the experimen-
tal result presented in the main text.

Energy relaxation dynamics

The electron density in the conduction band, ng, resulting
from the D°X Auger recombination depends on the laser
intensity and the capture time t. and ranges in our case
between ng ~ 3 x 10°cm™ and ng ~ 10° cm—>. The corre-
sponding electron-electron scattering rates can be roughly
approximated by 107> cm ™3 s~ . ng [24] and are therefore
negligible in comparison to all other relevant scattering rates,
i.e., the conduction band electrons do not thermalize by
electron-electron scattering, which simplifies the following
calculations.

The Auger electrons from the D°X recombination start
with an initial excess energy of about 1.10(1) eV at r = 0 in
the conduction band. The fastest energy relaxation processes
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TABLE 1. Parameters for the calculation of the Auger electron
cooling dynamics.

(DiK)g10 11 x10%eVem™ [27]
€10 62.0meV [27]
(DiK)g1a 2x 10%eVem™ [27]
€14 47.4 meV [27]
(DK)s.10 2x 10%eVem™ [27]
€ro 59.0 meV [27]
EZ 9eV [27]
B2 5.6eV [25]
ng 1.2 x 10¥ cm™3

na.i 104 cm—3

are in this case g and f scattering by 7O, LO, and LA phonons,
which can be calculated for low lattice temperatures by [24]

dE Z:(D:K)?m3?
- =" ¢ N.E—¢,
< dt )inter \/Eﬂth 7

where (D,K); is the interband deformation potential for the
phonon type i with energy ¢;, Nq =N, + 1 is the phonon
occupation number, and p is the density of the crystal. The
factor Z; is either 1 for g scattering or 4 for f scattering.
The emission of optical phonons takes place on a sub 100
fs timescale and is completed after about 2ps. We further
include first-order scattering by so called 190K acoustic
phonons with €; = kg 190 K [25] by the energy relaxation rate

dE E%(Z cmg)? . €
— = ——FN,VE — -<E——). A2
( dt )inter,l 27[ h4p ! ! 2 ( )

(AD)

After about 2 ps the energy loss is governed by two concurring
processes. The first one is intravalley scattering with acoustic
phonons with the corresponding rate

(dE) B2 2-m,)
dt intra a 27Th4,0

where E is the intraband acoustic deformation potential. The
second mechanism is inelastic scattering of the electrons with
neutral impurities where the conduction band electrons excite
the DY 1S-A, to T transition. This is the relevant transition
for the Orbach-type process. The energy relaxation rate due to
collisions can be approximated by

(dE) A
dt coll Teoll ()

for E > A and zero otherwise. Here, A is the D° 15-4,
to T, transition energy. The collision rate tg)lll(t) is

CE?, (A3)

(A4)

— dEinter * dEintra + dEcc:ll
1000 n —dEinler + dEimra =
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FIG. 5. Calculated dynamics of the hot Auger electrons after
excitation into the conduction band. The DX Auger recombination
defines r = 0. The red line depicts the calculated cooling dynamics
including all relevant cooling mechanism. The black line shows the
same but without inelastic D° scattering.

defined as

1

—_— A5
Teoll (t ) ( )

= Ocoll - V(E) - ng,

where oeon = 8 x 1072cm? [26] and v(E) is the energy-
dependent velocity of the conduction band electrons calcu-
lated by the parabolic band approximation.

The red line in Fig. 5 shows the energy relaxation dynamics
including intravalley scattering, intervalley scattering, and
inelastic collisions with donors. After about 19 ps, the energy
of the Auger electrons falls below the transition energy A, i.e.,
the energy of the conduction band electrons is not sufficient
anymore for inelastic scattering with localized donor electrons
involving the 15-A; to 1S-7; transition. At this particular time,
the energy fraction lost by the electron from its initial excess
energy by inelastic collisions with donors amounts to n =
26.4 meV, i.e., each Auger electron excites according to this
unpretentious calculation on average { = n/A ~ 2.3 15-A; to
1S-T, donor transitions.

The calculation is in surprisingly good agreement with
the measured value of { = 3.2 presented in the main text.
Most importantly, the calculation shows that ¢, and thereby
the Auger initiated D spin relaxation rate, is rather universal
and in good approximation independent of optical excitation,
ionized impurity, and doping density.
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