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Spin-dependent recombination involving oxygen-vacancy complexes in silicon
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Spin-dependent relaxation and recombination processes in γ -irradiated n-type Czochralski-grown silicon are
studied using continuous wave (cw) and pulsed electrically detected magnetic resonance (EDMR). Two processes
involving the SL1 center, the neutral excited triplet state of the oxygen-vacancy complex, are observed which
can be separated by their different dynamics. One of the processes is the relaxation of the excited SL1 state
to the ground state of the oxygen-vacancy complex, the other a charge transfer between 31P donors and SL1
centers forming close pairs, as indicated by electrically detected electron double resonance. For both processes,
the recombination dynamics is studied with pulsed EDMR techniques. We demonstrate the feasibility of true
zero-field cw and pulsed EDMR for spin-1 systems and use this to measure the lifetimes of the different spin
states of SL1 also at vanishing external magnetic field.
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I. INTRODUCTION

Irradiation of silicon and other semiconductors by high-
energy photons or massive particles leads to changes in
the electronic and structural properties of these materials
which can be attributed to the creation of a large variety of
defects. An exposure of semiconductor devices to radiation
indeed occurs in different environments such as, e.g., in
space applications [1,2], high-energy physics experiments [3],
and nuclear reactors [4]. In addition, these radiation-induced
defects may be considered as prototype examples of defects
created during the fabrication of semiconductor devices, e.g.,
by ion implantation [5]. To give a concrete example, the
oxygen-vacancy center (OV) is among the dominant defects
observed in commonly used Czochralski-grown (CZ) oxygen-
rich silicon after irradiation with high-energy electrons or
γ rays [6,7]. Under illumination, the OV center is excited
into a metastable triplet state (called SL1) which has gained
considerable interest, e.g., for the hyperpolarization of 29Si
nuclear spins [8,9] and, more recently, in the context of
quantum information processing where such excited triplet
states have been investigated as mediators coupling nuclear
spins [10,11]. In particular, the SL1 center has been used to
demonstrate a coherent state transfer between electron and
nuclear spins in silicon [12].

The SL1 center has been extensively studied by continuous
wave (cw) and pulsed electron paramagnetic resonance (EPR)
methods [13,14]. Readout of the SL1 spin state is also possible
by electric means using a spin-dependent recombination
process involving the SL1 center. Two experimental techniques
are used for this, spin-dependent conductivity (SDC) [15],
where the conductivity changes are monitored via microwave
(mw) reflectivity, and electrically detected magnetic resonance
(EDMR) [15,16], where the conductance is measured via a dc
current flowing through the sample. Both techniques allow
us to detect much smaller numbers of defects compared to
EPR due to their higher sensitivity. While the mechanism
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leading to spin-dependent recombination at SL1 centers in
undoped γ -irradiated silicon is well understood [17], the
situation in irradiated phosphorus-doped silicon has not been
studied in detail so far. A strong increase of the 31P EDMR
signal intensity has been observed after irradiation with 2-MeV
electrons, which was attributed to the formation of 31P-OV spin
pairs [16,18]. However, the presence of such spin pairs has
only been inferred indirectly from the simultaneous increase
of the SL1 and 31P EDMR signal amplitude after electron
irradiation. In addition, details of this recombination process
such as the identity of the involved intermediate states and the
time constants of the recombination steps are still unknown.

The spin-dependent recombination processes via 31P-defect
spin pairs are of considerable interest for the readout of the
spin state of donors in silicon [19–21]. So far, such studies
have been mostly limited to 31P-Pb0 spin pairs, where Pb0

is a dangling bond-type defect at the Si/SiO2 interface [22].
The presence of the interface leads to spurious effects such
as line broadening by strain-induced random variations of the
hyperfine interaction [23] and decoherence [24,25]. Spin pairs
involving the SL1, which is a bulk defect, will most likely be
distributed randomly throughout the sample and the influence
of the interface is expected to be much weaker. In addition,
in contrast to the dangling bond interface defects, the SL1
has a spin of S = 1 and therefore can be regarded as a model
system for the spin-dependent recombination involving other
S = 1 defects such as, e.g., the NV center in diamond [26],
potentially aiding the development of electrical rather than
optical readout schemes for this center as well.

Here, we will present a systematic study of the spin-
dependent effects on the photoconductivity in γ -irradiated
phosphorus-doped CZ silicon by cw and pulsed EDMR. We
will show that two different recombination processes are
observed in EDMR, which can be separated due to their
different time constants, and will identify them as the spin-
dependent recombination via the SL1 only and via a 31P-SL1
pair process. A resonant enhancement of the conductivity
is observed in connection with the pair process also when
switching off the illumination during detection, which can be
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exploited to improve the signal-to-noise ratio of the 31P and
SL1 spin state readout.

The paper is organized as follows: In Secs. II and III,
we summarize the basic properties of the SL1 center and
the experimental methods used for the pulsed EDMR mea-
surements. We discuss the cw (Sec. IV) and pulsed (Sec. V)
EDMR measurements of a γ -irradiated phosphorus-doped Si
sample. Detailed discussions of the SL1-only and the 31P-SL1
pair recombination follow in Secs. VI and VII, respectively.
The presence of these spin pairs and details of the recombi-
nation process are in particular studied using electrically de-
tected electron electron double resonance (EDELDOR) [27].
Section VIII is devoted to the determination of the different
time constants governing the recombination. Finally, we
demonstrate cw and pulsed zero-field EDMR experiments and
determine the lifetimes of the SL1 triplet states also in the
absence of an external magnetic field (Sec. IX).

II. SL1 CENTER

The OV center in silicon is created when a vacancy
produced by high-energy irradiation is trapped by an oxygen
impurity [28]. Its structure is shown in the ball-and-stick model
in Fig. 1(a). To good approximation, it can be described by a
Si–O–Si group (blue lines) which saturates two of the four
silicon bonds of the vacancy, while the other two form a
weak Si–Si bond (red line) with bonding and antibonding
orbitals a + b and a − b, respectively [29,30]. In the neutral
charge state, these are occupied by two electrons which in
the ground state OV0 form a spin singlet [Fig. 1(b)]. The
negative charge state OV−, also referred to as A center, has one
half-filled orbital with a spin of S = 1

2 and has been identified
by conventional EPR [31] and infrared absorption [28] studies.
The charge-transfer level 0/− is located 170 meV below the
conduction band edge Ec [Fig. 1(c)] [7,32]. Also, the positive
charge state OV+ (charge transfer level +/0 at Ev + 260 meV,
where Ev is the valence band edge) [33] has been observed

FIG. 1. (Color online) (a) Ball-and-stick model of the OV com-
plex. (b) Schematic representation of the OV complex in its ground
state, (excited) triplet state, and negatively charged state. (c) Position
of the SL1 0/− charge-transfer level. The 31P +/0 level is shown for
comparison [38]. (d) Energy-level diagram for the SL1 center (spin
S = 1) as a function of the magnetic field B0 [13].

in EPR [34,35]. Because of the rather deep position of these
charge-transfer levels within the silicon band gap, the OV acts
as an efficient recombination center for Shockley-Read-Hall
recombination [36,37].

Under above-band-gap illumination, the S = 1 center la-
beled SL1 has been detected by EPR and identified as the
metastable excited triplet state OV∗ of the neutral defect [13].
The corresponding spin Hamiltonian Hs for an external
magnetic field �B0 is given by

Hs = μB
�B0g �S + 1

2h�SD �S, (1)

where μB is the Bohr magneton, h is the Planck constant, �S
is the spin vector for S = 1, and g, describing the electronic
Zeeman interaction, and the zero-field splitting tensor D are
three-dimensional tensors. In the defect’s native coordinate
system, defined as shown in Fig. 1(a), g and D are diagonal
with gxx = 2.0075, gyy = 2.0057, gzz = 2.0102 and Dxx =
700.5 MHz, Dyy = 614.4 MHz, Dzz = −1314.9 MHz [13].
In Fig. 1(d), the eigenenergies of Hs are shown as a function
of a magnetic field B0 in the z direction, the two allowed EPR
transitions for a mw frequency fmw = 9.7 GHz are indicated
by arrows. For a magnetic field of B0 ≈ 350 mT, the first
term of Hs dominates and the triplet states T+, T0, and T−
are in good approximation equal to the eigenstates of the spin
operator Sz with eigenvalues mS = +1, mS = 0, and mS =
−1, respectively.

III. SAMPLE AND METHODS

The sample used in this work is a CZ-grown phosphorus-
doped silicon sample (size 10 × 4 × 0.7 mm3) with
[P] ≈ 1015 cm−3 as determined by conventional EPR. For
electrical measurements, Ohmic contact was made by arsenic
implantation in two squarelike contact areas with a distance
of about 7 mm and post-implantation annealing. The sample
was irradiated with γ rays from a 60Co source with a dose
of 3 × 1015 cm−2 resulting in [SL1] ≈ 2 × 1011 cm−3 under
illumination, again as determined by EPR, much lower than
the concentration of 31P donors. Then, a Pd-Au layer (with
thicknesses of 3 and 100 nm, respectively) was evaporated
on the implanted areas and contacted via silver paste and
Au bonding wires. This contact geometry was favored over
interdigit structures [20] to probe the volume rather than the
surface of the sample.

All experiments were performed at a temperature of 5 K in
a dielectric mw resonator for pulsed electron nuclear double
resonance (ENDOR). The samples were illuminated with the
light of a red LED (wavelength of ∼ 635 nm) and biased
with 3 V for the cw measurements and 1 V for the pulsed
measurements resulting in photocurrents of I = 37.5 and
16 μA, respectively. The bias points were chosen such that
the best signal-to-noise ratios were obtained.

IV. CONTINUOUS WAVE EDMR

In a first step, we characterized the sample using cw
EDMR. The sample was irradiated with a mw frequency
fmw = 9.7 GHz at a power of 40 mW with the mw resonator
tuned to a high quality factor. The resulting relative change of
the photocurrent �I/I is shown in Fig. 2(b) for the in-phase
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FIG. 2. (Color online) (a) Illustrations of four different orien-
tations of the SL1 complex with respect to the magnetic field.
(b) Continuous wave EDMR spectrum of a phosphorus-doped γ -
irradiated silicon sample. The two traces show the in-phase (black)
and out-of-phase (red) signals detected by the lock-in amplifier. The
labels SL10, SL160, and SL190 denote centers oriented along 〈110〉
axes enclosing angles of 0◦, 60◦, and 90◦ with the magnetic field,
resp., as shown in (a). The inset shows the central part of the EDMR
spectrum recorded in dc mode without modulation and reveals the
31P and SL160 resonances as a resonant increase of the photocurrent.

(black) and out-of-phase (red) signals of the lock-in amplifier
for a peak-to-peak magnetic field modulation of �B0 =
0.2 mT at a frequency fmod = 500 Hz. The phase has been
adjusted such that the two strongest peaks (B0 = 345.2 and
349.4 mT) are observed in the in-phase signal only. They are
associated with the two hyperfine-split lines of the phosphorus
donor electron with a characteristic hyperfine splitting of
4.2 mT [39]. The spectral positions of the 12 smaller lines in the
upper trace correspond well to the spectral positions expected
for the SL1 center for B0 parallel to the [110] crystal direction
with an additional tilt of ≈ 2◦ about the [100] direction [13].
The SL1 peaks at different spectral positions can be associated
with SL1 centers with different orientations with respect to
B0. The labels SL10, SL160, and SL190 denote SL1 centers
oriented along 〈110〉 directions enclosing angles of 0◦, 60◦,
and 90◦ with the magnetic field [Fig. 2(a)], respectively. With
a value of �I/I of about 0.5 × 10−3, the signal intensity
in this experiment is significantly higher than that found for
corresponding experiments at Si/SiO2 interfaces [20,23].

In the out-of-phase signal of the lock-in amplifier, only
the SL190 and SL10 peaks are observed while in the in-
phase signal all SL1 peaks appear with similar intensities. In
magnetic-field-modulated EDMR, the observation of signals
with different phases can be related to spin-dependent transport
processes with different characteristic time constants [40].
The experimental data in Fig. 2(b) therefore suggest that two
different processes are observed in this sample, one process

with a slower time constant which involves the SL1 center only,
and another process with a shorter time constant involving 31P
donors and SL1 centers. The signal intensity of the former
shows a pronounced dependence on the orientation of the SL1
center with respect to the magnetic field. This is visible in
Fig. 2(b) where only the SL10 and SL190 orientations are
observed for the out-of-phase signal, while all SL1 and 31P
lines are observed in the in-phase signal.

To determine the sign of the resonant changes of the conduc-
tivity, EDMR without magnetic field modulation, where the
dc current is recorded directly without lock-in amplification,
was performed. As shown in the inset of Fig. 2(b), the center
lines correspond to enhancements in the photocurrent. This
observation is surprising since in photo-EDMR experiments,
mw-induced transitions typically enhance the recombination
rate, hence decreasing the carrier mobility, resulting in a
decrease of the photocurrent [41,42]. The origin of the resonant
current increase will be addressed in Sec. VII C. Because the
sample was reinstalled between experiments, the orientation
of the sample differs slightly for the measurements shown in
the inset of Fig. 2(b) and those in the main part of that figure,
which is particularly noticed in the position of the SL160 peaks.
The same holds for the data in Figs. 3(b) and 8(a).
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FIG. 3. (Color online) (a) Change in photocurrent after a 90-ns
mw pulse for different magnetic fields B0 of 312.6 mT (SL10),
329.7 mT (SL190), 339.5 mT (SL160), and 346.4 mT (31P) after
subtraction of the nonresonant background. (b) Pulsed EDMR spectra
for two different integration intervals �1 (black) and �2 (red) as
indicated in (a).

195207-3



FRANKE, HOEHNE, VLASENKO, ITOH, AND BRANDT PHYSICAL REVIEW B 89, 195207 (2014)

V. PULSED EDMR

To further elucidate the different behavior of the resonances
with respect to modulation and magnetic field orientation, we
use pulsed EDMR [20,43] to separate them in the time domain.
To this end, the sample was irradiated with a 90-ns mw pulse at
frequency fmw = 9.74 GHz and mw power P ≈ 50 W with the
resonator set to a low quality factor. The photocurrent transient
after the pulse was recorded under continuous illumination for
different values of the magnetic field B0 in the [110] direction.

The resulting transients are shown in Fig. 3(a) where the
normalized resonant change in photocurrent �I/I is shown
as a function of the time t after the mw pulse for the low-
field 31P peak and three additional peaks corresponding to
the three different SL1 orientations. For all peaks, the current
first increases with a time constant of approximately 0.7 μs
followed by a decrease for t ≈ 2 μs. For SL10 and SL190

(green and red traces), an additional transient with slower time
constants of the order of several 100 μs and a negative �I/I

is observed.
The two different time scales of the two recombination

processes are revealed more clearly by plotting the integrated
pulsed EDMR transients �Q as a function of the magnetic field
for two different box-car integration intervals �1 = 0.7−3 μs
and �2 = 0.3−1 ms [Fig. 3(b)]. For �1, the spectrum shows a
positive signal for all SL1 peaks and the 31P peaks with similar
intensities for all SL1 lines. In contrast, for the integration
interval �2, peaks with a negative �Q are observed for SL10

and SL190, while for 31P and SL160 no signals are visible. This
directly confirms the observations made in the cw EDMR
measurements and allows us to separate the signals from the
two recombination processes in the time domain by choosing
the appropriate integration interval.

VI. SPIN-DEPENDENT RECOMBINATION
VIA THE OV DEFECT ONLY

The spectra associated with the slower process (out-
of-phase signal in cw EDMR, integration interval �2 in
pulsed EDMR) shows notable similarities to the SDC spectra
of undoped γ -irradiated CZ silicon. In the following, we
will identify it as the spin-dependent recombination process
observed in SDC and leading to the polarization observed in
EPR [8,15,44].

In this model, summarized in Fig. 4, the successive capture
of an electron e and a hole h leads to the formation of the
excited triplet state SL1. The excitation process can be written
as

OV

⎧⎨
⎩

+e−→ OV− +h−→
+h−→ OV+ +e−→

⎫⎬
⎭ → OV∗/SL1, (2)

where OV− and OV+ denote the negative and positive charge
states of the OV complex, respectively. The excited triplet state
is long lived because the transition to the singlet ground state
is mediated by the weak spin-orbit coupling. The probability
of this transition strongly depends on the spin projection mS

and is in general different for the SL1 triplet states T0 and T±
[Fig. 4(a)]. Since the formation rate for all three triplet states
is assumed to be equal, the states with slower recombination

FIG. 4. (Color online) Spin-dependent recombination process
via the excited triplet state of the OV complex. (a) Spin-orbit
interaction leads to the relaxation of the photoexcited triplet states
to the singlet ground state OV0 with lifetimes τ . Inducing EPR
transitions between these states leads to more defects in the states
with shorter lifetime and therefore promotes the relaxation. (b) The
OV0 acts as an efficient carrier trap, reducing the number of charge
carriers. This change can be observed as a reduction of photocurrent
in EDMR. On subsequent capture of an electron and a hole, the defect
can be excited to the triplet state SL1, completing the cycle. For clarity,
T0 = 1/

√
2(|↑↓〉 + |↓↑〉) is displayed in one possible projection.

rates have higher equilibrium populations compared to the
faster recombining states.

Inducing transitions between the triplet states via EPR
enhances the number of centers in the faster recombining states
and, therefore, the average lifetime of the SL1 is decreased.
Since the singlet ground state of the OV complex is an efficient
recombination center [37], this leads to a higher recombination
rate for charge carriers in the conduction and valence bands
[Fig. 4(b)] resulting in the decrease of the photoconductivity
which is observed in EDMR measurements.

The different recombination rates for the triplet states T±
and T0 can be estimated from perturbation theory and strongly
depend on the orientation of the external magnetic field [44].
For the SL160 orientation, the recombination rates for the
three triplet states are almost equal, so that all states are
equally populated and are almost not altered by resonant mw
irradiation. We therefore do not expect an EDMR signal, which
is in agreement with the observations in Figs. 2(b) and 3(b).
In contrast, for the SL10 and SL190, the lifetimes of the T±
and the T0 states differ more strongly [44], so that a resonant
decrease of the photoconductivity is observed. We will use
pulsed EDMR in combination with pulsed illumination [45]
to determine the characteristic time constants of this recombi-
nation process as discussed in detail in Sec. VIII.

VII. SPIN-DEPENDENT 31P-SL1 PAIR
RECOMBINATION PROCESS

A. EDELDOR experiments

Several observations suggest that the signal associated
with the fast transient observed in the integration interval �1

involves the formation and recombination of 31P-SL1 spin
pairs. First, the shapes of the faster current transients in the
pulsed EDMR measurements are similar for the 31P peak and
the SL1 peaks [cf. Fig. 3(a)] indicating very similar dynamics.
Second, the sum of the integrated signal amplitudes of the
two 31P peaks is almost equal to the sum of all integrated
SL1 signal amplitudes, suggesting that both amplitudes are

195207-4



SPIN-DEPENDENT RECOMBINATION INVOLVING . . . PHYSICAL REVIEW B 89, 195207 (2014)

FIG. 5. (Color online) (a) Pulsed EDMR spectrum showing the
three transitions used in the EDELDOR experiments. (b) SL1 echo
amplitude recorded as a function of the length of the 31P preparation
pulse (at f1 and f2) and (c) as a function of the time T between the
31P inversion pulse and the spin echo. (d) 31P echo amplitude (at f2)
as a function of the length of the SL1 preparation pulse (at f3) and (e)
as a function of the time T between the SL1 inversion pulse and the
spin echo. Red lines are fits with a damped sine function in (b) and
(d) and with an exponential function in (c) and (e). All EDELDOR
measurements were performed under continuous illumination.

determined by the number of 31P-SL1 spin pairs rather than
the individual densities, which differ by a factor of 104. This
is further supported by the increase of the EDMR 31P signal
intensity in P-doped silicon after irradiation with high-energy
electrons observed in Ref. [18].

In the following, we use EDELDOR [27] to directly
demonstrate the presence of 31P-SL1 spin pairs. In EDELDOR,
mw pulses of different frequencies are used to selectively
excite transitions for the two partners in a pair recombination
process. Starting from a long-lived 31P-SL1 spin pair in the
steady state under illumination, we first alter the spin-pair
symmetry by a mw preparation pulse of length τpre, changing
the 31P spin state [blue trace in the pulse sequences of Figs. 5(b)
and 5(c)]. After a time interval T , we monitor the state of
the spin pair using a spin-echo sequence, including a final
projection pulse [46], on the SL1 transition (red trace in
the pulse sequence). If the spin-dependent EDMR signal is
determined by the symmetry of the spin pair, we expect a

variation of the spin-echo amplitude for different preparation
pulse lengths τpre. In contrast, if the 31P and SL1 EDMR signals
originate from two independent recombination processes, no
such change is expected.

We use two mw frequencies f1 and f2 to simultaneously
excite both 31P transitions as indicated by the blue arrows in
the corresponding spectrum shown in Fig. 5(a). The chosen
mw power resulted in a π -pulse length of τπ = 42.5 ns for
the preparation pulse. A third frequency f3 is chosen to match
an SL1 resonance [red arrow in Fig. 5(a)]. The orientation
of the sample has to be chosen such that one SL1 resonance
is spectrally close enough to the 31P lines to excite all three
lines within the bandwidth of the mw resonator, but spectral
overlap is avoided. This was achieved for an angle of ∼ 20◦
of the [110] axis with the external field. For the detection spin
echo at f3, a two-step phase cycle sequence is employed to
implement a lock-in detection scheme where the phase of the
last π/2 pulse is switched by 180◦ as indicated by the ±π/2
in Figs. 5(b)–5(e). For details, see Ref. [47]. In this work,
the sign of the subtraction of the signal for the two cycles is
chosen differently from Ref. [47] so that the sign of the echo
amplitude represents the sign of the change in photocurrent in
the pulsed EDMR spectrum.

In Fig. 5(b), the detection echo amplitude on the SL1
transition is shown as a function of the preparation pulse length
τpre for T = 200 ns (full circles). A pronounced oscillation
with a period of ≈85 ns is visible with a complete quenching
of the echo amplitude for, e.g., τpre = 42.5 ns corresponding
to a preparation π pulse. In contrast, if the frequencies of
the preparation pulse are detuned from the 31P transitions,
no oscillation is observed (open symbols). The dynamics of
the quenching can be studied by varying the time T between
inversion pulse and detection echo while choosing τpre = τπ ,
as shown in the pulse sequence in Fig. 5(c). The quenching
of the echo signal is observed even for the shortest interval
T = 100 ns investigated which is more than one order of
magnitude shorter than the antiparallel recombination time
τap ≈ 4 μs (cf. Sec. VIII). From this observation, it is clear
that a change in the spin symmetry of the pair leads to a
change in the signal for both partners which is observed
even before a recombination has taken place. For larger time
intervals T , the echo amplitude recovers with a characteristic
time constant of 49 ± 10 μs [Fig. 5(c)], which is interpreted
as the pair generation rate governing the recreation of pairs
after the recombination. The quenching of the echo amplitude
directly after the preparation pulse suggests that a direct
spin-dependent electron transition between the 31P donor and
the SL1 is observed without involving an intermediate state
such as, e.g., an OV+.

To further support our assignment to a 31P-SL1 spin pair,
we repeated the experiments described above, but reversed
the roles of the 31P and the SL1 applying the preparation
pulse on the SL1 transition and the detection echo on one
of the 31P transitions. The sample was oriented with a 〈111〉
crystal axis in the direction of the magnetic field B0, so that
a maximum spectral overlap of the SL1 lines was achieved
[Fig. 5(a)]. The mw power used resulted in a π -pulse length
of 32.5 ns for the SL1. Again, a pronounced oscillation of
the spin-echo amplitude as a function of τpre is observed
[Fig. 5(d)], confirming the spin-pair hypothesis. In this case,

195207-5



FRANKE, HOEHNE, VLASENKO, ITOH, AND BRANDT PHYSICAL REVIEW B 89, 195207 (2014)

the echo amplitude is not completely quenched even for a π

preparation pulse since this pulse addresses only one of the two
SL1 lines. The bandwidth of the preparation pulse (∼37 MHz)
is larger than the SL1 linewidth but not large enough to
excite the two 29Si satellite peaks, reducing the maximum
possible decrease to ∼ 45%. The echo amplitude recovers
with a characteristic time constant of 85±10 μs [Fig. 5(e)].
The slower pair generation rate observed in this case is caused
by the lower illumination intensity in this orientation.

B. Model of the spin-dependent pair process

Based on these findings, we interpret the fast spin-
dependent recombination process in terms of a donor-acceptor
or spin-pair model [18,42,48]. The 0/− charge-transfer level
of the OV is located 170 meV below the conduction band [6]
which is below the phosphorus +/0 level (45 meV below
the conduction band) [38], so that a charge transfer from the
neutral 31P to the neutral OV is possible and has been observed
in ODMR experiments [49]. In the spin-pair model, the 31P
and the SL1 form a weakly coupled spin pair when the distance
between them is small enough to allow a direct transition of the
31P electron to the SL1, but large enough so that the coupling
of the two spins is small compared to the Zeeman energy. From
double resonance experiments, the distance between the two
partners of the 31P-Pb0 spin pair was estimated to range from
14 to 20 nm [50]. Since both SL1 and Pb0 are point defects and
since similar dynamics are observed for the 31P-SL1 and the
31P-Pb0 recombination (cf. Sec. VIII and Ref. [45]), we expect
a similar typical distance between the SL1 and 31P partners
involved in the spin-dependent pair process observed here.

For the 31P-SL1 spin pair, we consider three possible spin
symmetries: a parallel configuration [Fig. 6(a)]

|�p〉 = |↑,T+〉,|↓,T−〉,
a mixed configuration [Fig. 6(b)]

|�0〉 = |↑,T0〉,|↓,T0〉,
and an antiparallel configuration [Fig. 6(c)]

|�ap〉 = |↑,T−〉,|↓,T+〉,
where the arrows denote the 31P spin states and Tj (j ∈
{+,0,−}) the SL1 spin states.

FIG. 6. (Color online) Possible pair configurations for a 31P-SL1
pair. (a) For the parallel configuration �p, the three electrons are in
the same spin state and the overall spin wave function is symmetric.
A charge transfer would lead to the formation of a symmetric orbital
wave function and is therefore forbidden by the Pauli principle. (b),
(c) For the mixed and antiparallel configurations �0 and �ap, resp.,
the transition is allowed because an antisymmetric spin wave function
can be formed. As in Fig. 4, just one representation of T0 is shown.

We further assume that the rates of the electronic transition
from the donor to the SL1 center strongly depend on the
relative spin orientation. The lifetime τp for parallel spin
pairs is expected to be much larger than the lifetime τap for
antiparallel spin pairs, which is a consequence of the Pauli
principle and will be confirmed by measurements of these rates
described in Sec. VIII. The spin-dependent charge-transfer
process can be summarized by

31P + SL1

⎧⎪⎪⎨
⎪⎪⎩

|�ap〉
τap−→

|�p〉
τp−→

|�0〉 τ0−→

⎫⎪⎪⎬
⎪⎪⎭

31P+ + OV−, (3)

where the recombination times τk (k ∈ {ap,p,0}) are propor-
tional to the square of the corresponding matrix elements of
the Hamiltonian describing the recombination process Hrec:

1

τk

∝ |〈31P+ + OV−|Hrec|�k〉|2. (4)

Using |T0〉 = 1/
√

2(|T+〉 + |T−〉), the lifetime for the mixed
configuration can be written as

τ0 =
(

1

2τp
+ 1

2τap

)−1

≈ 2τap, (5)

if τap � τp.
We will now discuss the results of the EDELDOR mea-

surements in terms of this model. We start by considering the
case of a 2π preparation pulse (or equivalently no preparation
pulse) sketched in Fig. 7(a). Under illumination, the spin pairs
will mostly be in the long-lived parallel configuration shown
here exemplarily as the |↓,T−〉 state. A 2π preparation pulse
does not alter the spin-pair configuration so that the spin pair
is still in the parallel state before the detection spin echo. For
the two-step phase cycle, the echo forms an effective 2π pulse
for a final +π/2 pulse in step 1 and an effective π pulse for
the −π/2 pulse in step 2. After an effective 2π pulse on the
SL1 transition, the spin pair is still in the long-lived parallel
configuration, while for an effective π pulse the spin pair is
transferred to the short-lived mixed configuration reducing
the spin-pair lifetime in this case. Subtracting the box-car
integrated current transients for step 1 from 2 yields the echo
amplitude �Q observed, e.g., for τpre = 85 ns in Fig. 5(b).

In contrast, for a π preparation pulse on the 31P transition,
the spin pair is in the antiparallel configuration before the
detection spin echo. In this case, both the spin echo forming
an effective 2π pulse (step 1) as well as the echo forming a π

pulse (step 2) result in short-lived configurations �ap and �0,
respectively. Since the difference between the corresponding
lifetimes τap and τ0 is small compared to the difference to
τp, the resulting current transients for both steps cancel each
other when subtracted, so that the echo amplitude �Q is
almost zero as observed in the experiment for τpre = 42.5 ns in
Fig. 5(b). This result differs from what is observed for a spin
pair involving two S = 1

2 spins, where a complete inversion of
the echo signal is observed [27].

Based on the spin-pair model, we expect that the recom-
bination rates only depend on the symmetry of the spin pair
and not on the orientation of the SL1 center, so that similar
signals are expected for the SL10, the SL160, and the SL190.
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FIG. 7. (Color online) (a) Effect of a spin-echo sequence on a spin pair consisting of a 31P electron spin and an SL1 center. (b) Effect of an
EDELDOR experiment with an inversion pulse on the 31P resonance and a subsequent spin echo on the SL1 resonance.

This is indeed observed in the cw EDMR and pulsed EDMR
experiments, where the signal amplitudes and for the latter
also the time constants of the current transients are similar for
all SL1 peaks (cf. Fig. 3).

C. Enhancement in photocurrent and dark readout mechanism

The experiments described so far do not allow us to
access the last step of the recombination process, namely, the
formation of new 31P-SL1 spin pairs after the spin-dependent
charge-transfer process creating 31P+-OV− pairs and the cause
of the observed increase in photocurrent. After the charge
transfer, the phosphorus donor is left in its ionized state and
will eventually capture an electron from the conduction band,
while the OV− could either emit an electron into the conduction
band or capture a hole from the valence band. Evidence for the
emission of an electron is obtained by measuring the current
response to a resonant mw pulse applied at a time Td = 20 μs
after switching off the illumination, much longer than the
fall time of the illumination pulse of ≈ 3 μs and the carrier
lifetime (< 1 μs) [Fig. 8(a)]. At the time of the mw pulse,
nearly all free carriers have recombined and the photocurrent
is almost zero. Nevertheless, a current transient is observed
after the resonant mw pulse, which is much larger compared to
the current transient for a nonresonant mw pulse. As shown
by the integrated spectrum shown in Fig. 8(a), this is true
for all lines of the 31P and SL1 spectra, demonstrating that
the dark current transient is related to the 31P-SL1 spin-
dependent charge-transfer process. This is further confirmed
by comparing the shape of the resonant and off-resonant
current transients in the dark and under illumination, which
are nearly identical as shown in Fig. 8(b), suggesting that both
transients originate from the same spin-dependent process.
The amplitude of the observed transients is reduced for longer
waiting times Td [Fig. 8(c)]. More detailed measurements show
that the resonant part decays with a time constant that we
interpret as the parallel lifetime of the spin pair in Sec. VIII.

From these observations, we can exclude the quenching of
a competing recombination process as a possible explanation
for the current increase as well as a change in the charge-carrier
mobility. Spin-dependent hopping processes can cause a res-
onant enhancement of conductivity [51,52] but seem unlikely
because of the comparatively low concentration of donors.

One possible mechanism leading to the observed behavior
would be the excitation of charge carriers in an Auger-type

process. If the OV− is in an excited state after the spin-
dependent transition, the energy provided by the relaxation
into its ground state could be transferred to one of the electrons
in the OV−, thereby exciting it to the conduction band.
This is shown schematically in Fig. 8(d). This relaxation
process is not forbidden by spin selection rules, therefore
possibly making it sufficiently fast to explain the immediate
current increase after the mw pulse observed in the experiment.
For such an excitation to take place, the energy gained on the
relaxation of one electron to the binding orbital EOV∗ − EOV0

has to be larger than the ionization energy Ec − EOV−∗ of the
excited negative state. On the other hand, the OV∗ 0/− level

FIG. 8. (Color online) (a) Pulsed EDMR spectrum recorded by
application of a mw pulse 20 μs after switching off the illumination
and integration of the current transient observed in the dark.
(b) Comparison of resonant and off-resonant dark current transients
with current transients recorded under continuous illumination.
(c) Transient change in current after a resonant mw pulse (B0 =
364.4 mT) for different delay times Td. (d) Schematic representation
of a possible Auger process. (i) After the charge transfer an excited
negative state OV−∗ is formed. (ii) On relaxation to the OV0 ground
state, an electron is emitted to the conduction band.
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has to be located below the 31P +/0 level to allow a charge
transfer. The SL1 excitation energy has been estimated to be
EOV∗ − EOV0 ≈ 160 meV [29,30], resulting in the condition
45 meV < Ec − EOV−∗ < 160 meV for the assumed OV−∗
0/− level. However, further experiments will be necessary to
confirm this explanation. For example, ENDOR measurements
of the 29Si hyperfine interaction with the defect could help to
identify and monitor the involved intermediate states after the
recombination.

Another possible explanation could be a mw-induced
excitation of electrons from the OV− state into the conduction
band. Since the OV− is charged, the scattering cross section
with conduction band electrons accelerated by the mw electric
field is expected to be much larger than that of the neutral 31P
donor or the SL1 center. In addition, the potential of the nearby
ionized donor 31P+ would possibly lower the energy barrier for
the emission of an electron [53]. However, this interpretation is
at variance with the observed resonant enhancement of current
after a single mw pulse since the OV− form only after the
spin-dependent transition which takes place on a time scale of
4 μs, much longer than the length of the mw pulse.

Independent of its microscopic interpretation, the observed
excitation of carriers without illumination provides an interest-
ing alternative for pulsed EDMR detection in these samples.
It does not suffer from light-induced background noise and
the current transients are recorded with higher sensitivity,
significantly improving the signal-to-noise ratio compared to
measurements with continuous illumination.

VIII. RECOMBINATION DYNAMICS

Pulsed EMDR, especially when combined with pulsed illu-
mination, provides powerful tools for the study of the lifetimes
involved in spin-dependent processes [45]. In particular, the
lifetimes of the involved states can be measured with high
precision, which is essential for the design of complex pulse
sequences, e.g., ENDOR experiments [21,54,55]. For both of
the two processes described in this work, an EDMR signal
is observed because of the mw-induced transition from a
longer-lived to shorter-lived state.

We first consider the time constants involved in the
spin-dependent recombination process via the SL1 center
only, which are the lifetimes τ0 and τ± of the SL1 states T0 and
T±, respectively (cf. Fig. 4). To access these time constants, we
use an illumination delay experiment as sketched in Fig. 9(a).
After illuminating the sample for several milliseconds, the
LED is switched off and, after a delay Td, an echo sequence is
applied. The transient change in photocurrent is recorded under
illumination and the integration interval is chosen such that
only the slower process is monitored [� = 450−950 μs, gray
shaded area in Fig. 9(a)]. The results are shown in Fig. 9(a),
where the echo amplitude �Q is shown as a function of Td

for the transitions of the two detectable SL1 orientations SL10

and SL190. For all transitions, the absolute echo amplitude is
first enhanced for Td around 200 to 400 μs before decaying to
zero for longer Td. Without illumination, no more defects are
excited into the triplet state and the relaxation of the short-lived
triplet states (T± for SL10, T0 for SL190) leads to a higher
polarization of the SL1 and a rise of the echo amplitude. The
signal then decays with a time constant corresponding to the

FIG. 9. (Color online) Determination of time constants for the
SL1-only recombination process. Open and closed symbols represent
the low- and high-field SL1 transitions, resp., for the given orientation.
(a) Illumination delay experiment yielding the lifetimes τ± and τ0 of
the different triplet states. (b) Echo decay for the determination of the
coherence time. Solid lines represent fits with exponential functions.

relaxation of the long-lived triplet states to the singlet ground
state. The time constants were extracted by exponential fitting
of the data [solid lines in Fig. 9(a)] and are given in Table I.
They are in very good agreement with previous measurements
of the lifetime of the SL1 triplet states by EPR [12].

Furthermore, the spin coherence time T2 was determined
by measuring the echo amplitude �Q as a function of the free
evolution time 2τ1 as shown in Fig. 9(b). A strong oscillation
of the echo amplitude is observed due to electron spin-echo
envelope modulation (ESEEM) effects caused by the hyperfine
interactions with 29Si nuclear spins [14]. The modulation
depth depends on the strength and anisotropy of the hyperfine
interactions of the involved SL1 states and is therefore different
for the four transitions shown in Fig. 9(b). The values for T2 as
obtained by fitting with exponential functions are also given
in Table I. For all transitions, they are similar to the lifetimes
of the shorter-lived state (τ± for SL10, τ0 for SL190), which
suggests that the observed transverse relaxation time T2 is
in fact limited by these lifetimes. The observed T2 ≈ 220 μs
is comparatively long for a spin coherence time in EDMR,
where typically values of less than 10 μs are observed at
similar experimental conditions [46,56]. Only in high fields
(≈ 8.6 T), values of T2 ≈ 160 μs have been observed [57].
For the SL1 center, T2 = 240 μs has been measured in pulsed
EPR experiments, which is in very good agreement with
our results. T2 has been reported to be strongly reduced
under illumination [14]. This is in contrast to the results of
our experiments where T2 is not affected by the continuous
illumination, probably due to the comparatively low power of
the LED (PLED ≈ 60 mW/cm2) used in this work.

Until now, we have studied the dynamics of the SL1-only
recombination. For the determination of the lifetimes of
the 31P-SL1 spin pairs, we repeat the illumination delay
experiment with an integration interval chosen such that
only the faster pair process is monitored (� = 1−5 μs).
Although illuminating again after the pulse sequence is not
necessary for the detection of the signal connected to this
process (cf. Sec. VII C), the pulse sequence was not altered to
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TABLE I. Time constants for SL1-only recombination processes. The magnetic field values are given for f = 9.74 GHz [cf. Fig. 3(b)].

Transition 0 ↔ −1, SL10 0 ↔ 1, SL10 1 ↔ 0, SL190 −1 ↔ 0, SL190

Magnetic field (mT) 312.4 382 329.7 362.4 This work

τ0 (μs) 2024 ± 35 1992 ± 40 222 ± 16 196 ± 18 This work
1970 ± 4 2000 ± 4 205 ± 1 200 ± 1 Ref. [12]

τ± (μs) 283 ± 12 287 ± 15 947 ± 30 955 ± 50 This work
330 ± 2 280 ± 2 987 ± 2 960 ± 2 Ref. [12]

T2 (μs) 293 ± 11 296 ± 60 230 ± 10 218 ± 25 This work
240 ± 4 Ref. [14]

ensure consistency with the measurements shown in Fig. 9(a).
Figure 10(a) shows the integrated charge �Q as a function of
Td for the high-field 31P resonance, as well as one transition
for each of the three SL1 orientations. In this case, a single
decay is observed. Fitting it with an exponential (solid lines)
yields the lifetime of the longer-lived (parallel) state τp listed
in Table II. We observe different values for the three SL1
orientations. While for SL10 the lifetimes of the parallel pairs
might be given by the lifetimes τ± of the T± states of SL1,
this does not seem to be the limiting mechanism for the SL190

orientation, where τ± is significantly longer than τp.
The expected rise of the echo amplitude with a time constant

given by the shorter lifetimes τap and τ0 happens on a time scale

FIG. 10. (Color online) Determination of parallel and antipar-
allel lifetimes for the 31P-SL1 pair process. Solid lines represent
fits with an exponential decay function in (a) and with a stretched
exponential function (exponent n = 0.6) for the faster decay in
(b). The resulting effective time constants are given in Table II.
(c) Echo-decay experiment yielding the coherence time T2.

similar to the fall time of the illumination pulse (≈ 3 μs),
which is why the illumination delay sequence in Fig. 10(a) is
not suitable for their precise determination in the case of the
pair process. Therefore, an inversion recovery experiment [56]
was performed as shown in Fig. 10(b). When using pulsed
illumination, the inversion recovery signal �Q decays to
zero and the lifetime τap can be extracted without having
to consider the generation of new pairs [45]. Since τap most
likely depends on the distance between donor and defect and
therefore a distribution of time constants is expected, the decay
of the inverted amplitude is fitted with a stretched exponential
function (n = 0.6) as also done to quantitatively describe
the 31P-Pb0 recombination dynamics [45]. The corresponding
effective lifetimes are given in Table II. Furthermore, a second
decay with the parallel lifetime τp is observed due to the
imperfection of the inversion pulse. The two measurements
of τp [Figs. 10(a) and 10(b)] are in very good agreement.

In addition, the spin coherence time T2 was measured also
for the pair process [Fig. 10(c)]. The observed decay can be
fitted with a stretched exponential (n = 0.6) and is very similar
to the faster decay in the inversion recovery experiment [τap in
Fig. 10(b)]. It is therefore likely that the decay is limited by τap.

IX. ZERO-FIELD EDMR

The strength of the spin-orbit interaction and the resulting
lifetimes of the triplet states depend on the orientation
of the spin system’s quantization axis within the defect
geometry [15,44]. Therefore, it can be described by three time
constants τx , τy , and τz, which are connected to the defect’s
three principal axes. As shown below, we can derive these
values from the lifetimes measured for the high-field states
τ± and τ0 for different orientations of the defect with respect
to B0. It is also possible to obtain the lifetimes τx , τy , and τz

directly by measuring them in an experiment without external
magnetic field. Indeed, pulsed zero-field EPR has been used
to study the generation and relaxation mechanisms of the SL1
triplet states [59].

While spin-dependent recombination at zero field is used
quite commonly to determine the zero-field splittings of
S = 1 systems by optically detected magnetic resonance
(ODMR) [60,61], EDMR has so far only be performed at
small but finite magnetic fields [62–65], where it has proven to
be a very valuable spectroscopic tool since the signal intensity
does not depend on thermal polarization but on the relative
orientation of two partners in a pair process [42]. In our sample,
the resonance of the S = 1

2 phosphorus donor can be observed
for magnetic fields as low as 1 mT. At even lower magnetic
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TABLE II. Time constants for the 31P-SL1 pair processes. For values obtained from fitting with a stretched exponential (τ0, τap, and
T2), the effective decay time τeff = τ/n · �(1/n) is given. For details, see Ref. [58]. The magnetic field values are given for f = 9.74 GHz
[cf. Fig. 3(b)].

Transition −1 ↔ 0, SL10 1 ↔ 0, SL190 SL160 31P
Magnetic field (mT) 312.4 329.7 340 346.4

τp (μs) 213 ± 5 420 ± 13 257 ± 6 293 ± 4
τ0 (μs) 4.1 ± 0.3 4.1 ± 0.3 4.1 ± 0.3
τap (μs) 4.2 ± 0.2
T2 (μs) 4.4 ± 0.4 4.8 ± 0.4 4.5 ± 0.4 4.3 ± 0.4

fields, the signal vanishes because parallel and antiparallel spin
configurations of a 31P-SL1 pair spin pair can only form for the
SL1 high-field states T± (cf. Fig. 6). However, the signal for the
SL1-only recombination process is observed independently of
the magnetic field, allowing the realization of a true zero-field
cw and pulsed EDMR.

For B0 = 0, the SL1 center is described by the three
zero-field states Tx , Ty , and Tz with the energies

Ux = D/3 − E, Uy = D/3 + E and

Uz = −2D/3,

where D = −986.2 MHz and E = 21.525 MHz [13]. The
eigenstates of the system at zero magnetic field are given in the
defect’s coordinate system introduced in Fig. 1(a). The high-
field triplet states T−, T0, and T+, which describe the system
for μB

�B0g �S � h/2 · �SD �S, are superpositions of the zero-field
states. Considering the orientations SL10 and SL190, the
corresponding states T 0

j and T 90
j (j ∈ {+,0,−}) are given by

T 0
+ = 1√

2
(Tx + iTy), T 0

0 = Tz, T 0
− = 1√

2
(Tx − iTy),

T 90
+ = 1√

2
(Tz + iTx), T 90

0 = Ty, T 90
− = 1√

2
(Tz − iTx).

The transition rate R to the singlet ground state S0 is
proportional to the square of the matrix element of the
spin-orbit interaction Hamiltonian HSO regarding the two
states

Rj = 1

τj

∝ |〈S0|HSO|Tj 〉|2. (6)

The lifetimes τj of the different triplet states are therefore
connected by

τ 0
0 = τz, τ 0

+ = τ 0
− =

(
1

2τx

+ 1

2τy

)−1

, (7)

τ 90
0 = τy, τ 90

+ = τ 90
− =

(
1

2τz

+ 1

2τx

)−1

, (8)

where τ 0
j and τ 90

j denote the high-field lifetimes for an
external magnetic field along the z and y axes, respectively.

The SL1 energy-level diagram for small external magnetic
fields in the z direction is shown in Fig. 11(a), where the
traces are labeled with the zero-field states on the left and with
the high-field states on the right side of the plot. Since the
maximum radio frequency (rf) is limited in the experimental
setup used, only the transition Tx ↔ Ty could be studied in this
work. We first detect this transition by zero-field cw EDMR.
Figure 11(b) shows the change in photocurrent �I/I under

continuous illumination as a function of the radio frequency
f . The spectrum was recorded under continuous wave rf irra-
diation via the ENDOR coils of the resonator with frequency
modulation and lock-in detection. The external magnetic field
was tuned to zero using a Hall magnetometer connected to
a bipolar power supply. A pronounced peak is observed at
the expected frequency of fxy = 43.05 MHz [cf. Fig. 11(a)].
The coherent control of the SL1 spin system at zero field via
pulsed EDMR is shown in Fig. 11(c), where Rabi oscillation
were recorded using pulsed 43.05-MHz irradiation amplified
by a 300-W power amplifier. The transition matrix element
〈Tx | �B1 · �S|Ty〉 is nonzero only for a nonzero B1 component
along the z axis. Since the applied B1 field is oriented along
the [001] crystal axis, a nonzero Rabi frequency is expected
only for defects in the SL160 orientation, which is confirmed by
the observation of only one oscillation frequency in Fig. 11(c).

The lifetime τx of the long-lived state for this transition
was determined in an illumination delay experiment such as
shown in Fig. 10(a) but performed at zero field. Fitting with a
single exponential function yields 995 ± 35 μs. The lifetime
of the short-lived state, assigned to τy , was measured in an
inversion recovery experiment [cf. Fig. 10(b)] yielding τy =
270 ± 5 μs. Both values are listed in Table III in comparison to
the expected lifetimes calculated using (7) and the high-field
lifetimes as given in Table I. The two accessible lifetimes

FIG. 11. (Color online) (a) SL1 energy-level diagram for a mag-
netic field along the z axis. Tx , Ty , and Tz indicate the corresponding
spin states at zero external magnetic field, the labels T+, T0, and
T− show the spin states in the high-field limit. (b) Continuous
wave zero-field EDMR spectrum recorded as a function of the
radio frequency f for B0 = 0. (c) Rabi oscillations for the Tx ↔ Ty

transition observed in pulsed zero-field EDMR.
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TABLE III. Triplet lifetimes as determined by pulsed EDMR at
B0 ≈ 350 mT and at vanishing magnetic field. Values taken from
Ref. [59] were determined in pulsed zero-field EPR experiments and
are shown for comparison.

τx (μs) τy (μs) τz (μs)

High field 535 ± 110 209 ± 25 2008 ± 40 This work
Zero field 995 ± 35 270 ± 5 This work
Zero field 790 ± 40 220 ± 11 1410 ± 70 Ref. [59]

are significantly longer for B0 = 0. This could possibly be ex-
plained by the mixing of singlet and triplet states caused by the
magnetic field. Even though the SL1 is still well described as
an effective S = 1 system at B0 ≈ 350 mT, even a small singlet
content can lead to a notable reduction in the triplet lifetime.

Both SL1 transitions at zero field are so-called clock
transitions or optimal working points because their transition
frequencies are to first order magnetic field independent
(∂f/∂B0 = 0 for B0 = 0) [66,67]. Since the spin state is
insensitive to magnetic field noise at these transitions, longer
coherence times can be observed. For the Tx ↔ Ty transition,
we observed a value of T2 = 180 ± 6 μs in an echo-decay
measurement [cf. Fig. 10(c)]. This is shorter than the lifetimes
of the involved triplet states τx and τy and suggests that in
this case the coherence time is no longer limited by these
lifetimes and is in fact shorter than the coherence time at high
fields. However, to completely exclude that T2 is limited by τy ,
the experiment should be repeated for the transition Tx ↔ Tz,
where otherwise a higher value of up to 1 ms could be expected
due to the longer lifetime of the involved triplet states. This,
however, would require rf frequencies at 964.68 MHz, which
could not be delivered by the pulsed ENDOR resonator used.

X. SUMMARY AND OUTLOOK

In this paper, we presented experimental evidence for
two different spin-dependent processes in phosphorus-doped
silicon after irradiation with high-energy photons: (i) the spin-
dependent relaxation of the SL1 triplet to the singlet ground
state leading to a resonant enhancement in charge-carrier
recombination and (ii) a donor-acceptor-like recombination
process where a 31P electron is transferred to the SL1
depending on the relative orientation of their spin states. In
the latter case, a resonant increase of the conductivity of
the sample is observed. As a possible explanation for the
microscopic origin of this increase, we suggest the Auger
excitation of an electron of the OV−∗ state to the conduction
band. Independently of this mechanism, the discussed pair
recombination process provides a sensitive readout mechanism
for the electrical detection of 31P donors in bulk silicon,
a method that might also be applicable to other group-V
donors such as arsenic, antimony, or bismuth. From a more
general point of view, we showed that a spin pair involving
an S = 1 and an S = 1

2 system can lead to Pauli blockade

FIG. 12. (Color online) (a) Electronic configuration of the NV
center in diamond in its negative charge state NV− [68]. (b) Spin
pair involving a donor D and the NV− triplet ground state acting as a
net acceptor. (c) Spin pair consisting of the NV− triplet ground state
acting as a net donor and an acceptor A.

and a spin-dependent charge transfer. This could allow us to
realize an electrical readout of the other S = 1 centers, in
particular the negative charge state of the NV center in diamond
[Fig. 12(a)]. Similar to the 31P-SL1 spin pair, a spin-dependent
charge transfer might be observed for spin pairs involving
the NV−. The possible existence of Pauli blockade which is
crucial for the observation of spin-dependent recombination
processes is shown exemplary with the NV− acting as net
acceptor [Fig. 12(b)] or net donor [Fig. 12(c)]. Please note
that, however, the process involving an NV− as a net acceptor
would require the NV −/ − − charge-transfer level to be in
the band gap of diamond.

In addition, the recombination dynamics was studied for
both processes. In particular, the lifetimes of the involved spin
states were determined in pulsed EDMR experiments. The
values obtained for the SL1-only relaxation process are in very
good agreement with previous measurement with pulsed EPR.
The recombination times found for the 31P-SL1 pair process
are found to be comparable to the corresponding times for
31P-Pb0 recombination at the Si/SiO2 interface [45]. Finally,
zero-field EDMR measurements for the SL1 were presented
and the transition between two of the three zero-field states
was studied using zero-field pulsed EDMR. The time constants
obtained at zero field are longer than the high-field values and
again in good agreement with EPR measurements. At zero
field, the coherence time T2 is found to be slightly reduced
when compared to high-field values.

In summary, the work presented here shows that pulsed
EDMR can also be successfully applied to spin systems more
complicated than the S = 1

2 spin pairs studied until now,
providing a wealth of information on recombination pathways
and dynamics.
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