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We present experiments to systematically study the time constants of spin-dependent recombination processes
in semiconductors using pulsed electrically detected magnetic resonance (EDMR). The combination of time-
programmed optical excitation and pulsed spin manipulation allows us to directly measure the recombination
time constants of electrons via localized spin pairs and the time constant of spin-pair formation as a function
of the optical excitation intensity. Using electron nuclear double resonance, we show that the time constant of
spin-pair formation is determined by an electron capture process. Based on these time constants we devise a set
of rate equations to calculate the current transient after a resonant microwave pulse and compare the results with
experimental data. Finally, we critically discuss the effects of different boxcar integration time intervals typically
used to analyze pulsed EDMR experiments on the determination of the time constants. The experiments are
performed on phosphorus-doped silicon, where EDMR via spin pairs formed by phosphorus donors and Si/SiO,

interface dangling bond defects is detected.
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I. INTRODUCTION

Electrically detected magnetic resonance (EDMR) has been
widely used as a high-sensitivity alternative to conventional
electron spin resonance (ESR) to study paramagnetic point
defects in semiconductors.'= A large class of spin-dependent
recombination processes investigated with EDMR is based
on the formation and recombination of weakly coupled spin
pairs.*® A prototype example of such a spin-pair recombina-
tion process is observed in phosphorus-doped crystalline Si,
where paramagnetic interface defects (e.g., Py centers) at the
Si/SiO, interface and *'P donors in their vicinity constitute
the spin pair (Fig. 1).”® Detailed understanding and modeling
of such recombination mechanisms require the knowledge of
the time constants involved in the different steps of the recom-
bination process.”!? This is especially important for the design
of complex pulse sequences such as, e.g., pulsed electrically
detected electron nuclear double resonance (ENDOR).!!:1?
Using continuous-wave (cw) EDMR measurements, these
time constants can be inferred, if at all, only indirectly via, e.g.,
a variation of the magnetic field modulation frequency or the
microwave field amplitude.'? Here, pulsed EDMR under cw
illumination”'# offers a more direct way of accessing some of
these time constants, e.g., by measuring the current transient
after an excitation of the spin system by a short microwave
pulse'* or by applying special pulse sequences.'>'® However,
these approaches suffer from several drawbacks such as the
difficulty of separating the different time constants involved
and the influence of the bandwidth of the detection setup on
the observed time constants.

In this paper, we use pulsed EDMR in combination with
time-programmed optical excitation to determine the time
constants of the spin-dependent recombination process via *' P-
Pyo spin pairs. This approach allows us to devise experiments
which access the time constants of spin-pair recombination
and formation separately. In addition to allowing us to measure
the recombination rate of antiparallel spin pairs, this approach
also makes measurements of the recombination rate of parallel
triplet spin pairs possible, which have not been reported
yet, and allows for the discrimination between electron and
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hole capture processes for the spin-pair formation via pulsed
ENDOR. This paper significantly extends the measurements
of the spin-pair recombination rates as presented in Ref. 12.

The paper is organized as follows: In Sec. I, we first discuss
the recombination process via weakly coupled spin pairs in
general. We devise a set of rate equations to calculate the
temporal evolution of the spin system in Sec. IIL. In Sec. IV,
we describe the sample and the measurement setup and discuss
in some detail the spin-to-charge conversion for pulsed EDMR
with time-programmed illumination. In the main part of the
paper, we describe experiments to measure the recombination
rate of antiparallel spin pairs (Sec. V A), the generation rate
of new spin pairs (Sec. VB), and the recombination rate of
parallel spin pairs (Sec. V C). We then use the time constants
determined in Sec. V in combination with a rate equation
model to calculate the current transient after a resonant
microwave pulse and compare the results with experimental
data (Sec. VI). Finally, we discuss the implications of the
variation of recombination time constants over the ensemble
of spin pairs under investigation (Sec. VII).

II. RECOMBINATION PROCESS

In the following, we summarize the basic features of the
spin-pair recombination process exemplarily for the 3'P-Py
spin pair, defining the relevant time constants as depicted in
Fig. 1. This picture is based on the model of weakly coupled
spin pairs proposed by Kaplan, Solomon, and Mott (KSM
model)* and elaborated in Refs. 9, 10, and 17—19. It has been
established that this 3!'P-Py, process is the dominant spin-
dependent recombination process for phosphorus donors near
the Si/SiO, interface.®> We assume that, without illumination,
the 3'P donors at the Si/SiO, interface are compensated
by interface defects and therefore are in the ionized 3'P*
state as sketched in Fig. 1(a). Upon illumination [Fig. 1(b)],
electrons are captured by the *'P* donors with a time constant
7. and holes by the P,, with a time constant 7, forming
31P-Py spin pairs [Figs. 1(c) and 1(d)] with a generation rate
1/ty = 1/Tec + 1/The. The spin pair will return to the *'P*-Pp,
state [Fig. 1(a)] on a time scale of 7,, for antiparallel spin
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FIG. 1. (Color online) Illustration of the recombination process
via 3'P-Py, spin pairs. (a) Without illumination, the phosphorus
donors are in their positive charge state 'P* because of the
compensation by the negatively charged P,,. (b) Upon illumination,
electrons (holes) are captured by the 3'P* (P,y) with a rate 1/t
(1/7he) resulting in the generation of new spin pairs with a rate
1/ty = 1/%ec + 1/73c. For photoneutralized phosphorus donors and
Py centers in spatial proximity, a transition of the donor electron to
the Py can take place with a fast rate 1/7,, for antiparallel spin pairs
(c) and a slow rate 1/, for parallel spin pairs (d).

configuration [Fig. 1(c)] or will remain stable on a much longer
time scale 7, for parallel spin orientation [Fig. 1(d)] because
of the Pauli principle. Consequently, a dynamic equilibrium
is established in which in good approximation all of the spin
pairs are in the parallel configuration, which we refer to as the
steady state. As will be shown in this work, 7,/7,p A~ 100 in
the samples studied here, so that only a fraction of ~0.01
of the spin pairs is in an antiparallel state. ESR-induced
transitions of either the >'P or the Py electron spin lead to
a net transformation of parallel into antiparallel spin pairs and
therefore increase the overall recombination rate, giving rise
to the resonant photocurrent quenching observed in EDMR.

In the picture of the recombination process presented above,
we neglect the possibility of spin-pair dissociation through
excitation of an electron into the conduction band, a key feature
of the KSM model,* since at low temperatures (T =5 K)
thermal excitation can be neglected and impact ionization is
not expected to play arole during time intervals without optical
excitation due to the lack of carriers in the conduction and
valence bands. We also neglect the effects of spin decoherence
since typical decoherence times in the 3'P-Py, spin system
are of the order of several us,>?° long compared with the
time scale of the detection echoes used below and shorter
than the other time constants of the recombination process.
This allows us to significantly simplify the discussion of the
spin-pair dynamics in Sec. III when compared with Refs. 21
and 22 by considering only the populations of the different
states of the spin system.

III. RATE EQUATION MODEL

In this section we describe a set of rate equations modeling
the dynamics of the spin-dependent recombination process.
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The spin system under consideration consists of the phospho-
rus electron spin (S = %), the phosphorus nuclear spin (I = %),
and the dangling bond electron spin (S = %), so that in general
eight basis states are needed to describe its dynamics. The
discussion can be simplified by first neglecting the nuclear
spin degree of freedom since the recombination dynamics are
governed by the electron spin states and the electron Zeeman
interaction is much larger than the hyperfine interaction
in the experiments presented here, so that state mixing
can be neglected. The number of basis states can be further
reduced by considering only the relative orientation of the
3P and Py spins, neglecting their orientation with respect
to the external magnetic field By. This is possible since the
recombination dynamics of the spin pairs only depends on the
mutual orientation of the two spins forming the spin pair.* This
manifests itself, e.g., in the magnetic field independence of the
EDMR signal amplitude.”>>> These simplifications reduce
the number of involved states to two, with the fraction of
parallel and antiparallel spin pairs denoted by n, and ngp,
respectively. An additional state is introduced to quantify the
fraction n. of spin pairs with ionized 3'P* donors and doubly
occupied P,,. We assume that the spin pair is always in one
of these three states giving rise to the normalization condition
np+ng +ny =1

Based on the recombination picture shown in Fig. 1, we can
establish a system of rate equations given by

d =R (1)
dtp P,
with
np
P =] Nap 2
n4
and
—1/7 0 1/27g
R = 0 1/t 1/27, . 3)
/7, Ty —1/74

The typical coupling of <1 MHz of the spin pairs studied
here®® is small compared to the Zeeman energy, so that the
eigenstates of the *' P-Pb0 spin pair are in good approximation
the product states. We also assume that all eigenstates are
generated with equal probability, so that the generation rate
for the parallel and antiparallel states is 1/27,, in contrast
to the probability of three to one of forming a triplet or a
singlet state for strongly coupled spins as observed, e.g., in
organic semiconductors.?”-?® In Sec. VI, we further elaborate
this model by dividing the generation of new spin pairs into
separate electron and hole capture processes.
The steady-state solution %,oeq = 0 of Eq. (1) is given by

cq T
p 1 21,
eq T,
Peg=|Nap | =—F"—"1] 52 |- “4)
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The time evolution of the spin-pair ensemble can be calculated
by

p(t) = e p(0), (5)

where p(0) denotes the initial state of the system. The
characteristic time constants of the temporal evolution of p(f)
are determined by the inverse eigenvalues A; of the matrix R.

These eigenvalues are given by
1l 1 1\’ 1y
M=—r2|—+—+—— — — - — )
201, Tap Tp Ty Tp  Tp

+

1] 1 1 1 1\? 1 1\?
M=—|—F—+—+ =) + === |.
20t Tap Tp Ty Tap Tp

A3 =0. (6)

If the recombination of antiparallel spin pairs is much faster
than the recombination of parallel spin pairs and the generation
of new spin pairs, the expressions (6) simplify to

1/1 2 1
AM=—x|—+—), r=——, A3=0. (N
2\t T
In the case that the optical excitation is switched off, no
new spin pairs are generated, so that ri = 0, which simplifies
g
Egs. (6) further to

A3 =0. 8)

Under these conditions, the characteristic time constants of
the temporal evolution of the spin system are given by the
recombination times of parallel and antiparallel spin pairs t,
and T,p,, respectively. This is the reason why pulsed optical
excitation is advantageous for the characterization of the
recombination time constants.

If the simplifications discussed above can not be made,
e.g., for the inversion recovery experiment under continuous
optical excitation discussed in Sec. V A, the temporal evolution
of the spin system can still be calculated analytically. The
resulting expressions are, however, lengthy and do not provide
additional insight. We therefore will resort to a numerical
solution of Eq. (1) to describe experiments for which a
straightforward assignment of time constants is difficult.

IV. EXPERIMENTAL DETAILS

A. Spin-to-charge conversion

In all experiments presented in this work, we use the
amplitude of a spin echo® to measure the spin state of the
spin pair. In particular, we employ a two-step phase cycling
sequence where the phase of the last /2 projection pulse is
switched by 180° denoted as (£x).?° Depending on the phase
of the projection pulse, the detection echo sequence forms
an effective 2w pulse for (4x) or an effective w pulse for
(—x) and the signal amplitude is obtained by taking the
difference of the signals obtained in the two cycles as discussed
below. For spin systems with a sufficient phase memory time,
the spin echo can be replaced by 7 /2-7 /2 (Ramsey) pulse
sequence for which the same phase cycling sequence can be
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TABLE 1. Detection spin echo phase cycling sequence used to
readout the spin system. Here, +x and —x denote the phases of the
microwave pulses which are shifted by 180° with respect to each
other.

Step /2 b4 /2 Effective pulse length
1 +x +x +x 2w
2 +x +x —X T
3 —X +x +x T
4 —Xx +x —Xx 0

employed.*® The phase cycling sequence removes background
signals resulting from spin-independent current transients
caused by the microwave and light pulses. In addition, it is
used to realize a lock-in detection scheme by switching the
phase at frequencies between 1-100 Hz resulting in a tenfold
improvement of the signal-to-noise ratio.”’ However, small
differences in the amplitude of the microwave pulses with (4+x)
and (—x) phases result in an incomplete background removal.
This can be mitigated by extending the phase cycling sequence
to a four-step phase cycle shown in Table I for which also the
phase of the first microwave /2 pulse is switched between
(+x) and (—x). The additional cycles 3 and 4 constitute the
same effective pulses as the cycles 2 and 1, as can be seen
by the corresponding effective pulse lengths. However, we
limit the following discussion by considering only the cycles 1
and 2.

To describe the spin-to-charge conversion under time-
programmed optical excitation,'” we discuss the dynamics
of the 3'P-Py electron-spin pair in terms of the three states
depicted in Figs. 1(a), 1(c), and 1(d). Assuming that at the
beginning of the pulse sequence at time (1) (Fig. 2) there
are n,, = x antiparallel spin pairs and n, = y parallel spin
pairs, a spin echo forming an effective 2 pulse leaves the
states unaffected. During the time interval 7', chosen such that

TP Py
Nep=X NyE=X N,p=0
-‘-—‘ nP =Yy np =y np =y
—“ n,=0 n,=0 n,=x
©) ® ®
Tp >>T>>Tg
step 1 .. D|_||;| &D -Q~x
+§ +1 +é : : 1
Np=X Ny=Yy nap:OE E
n,=y n,=x Np =X 1 AQ ~ x-y
n,=0 n, =0 n, =y T
@ 2 Tp >>T>>Tg ©E E
step 2 ... ﬂ rl ﬂ (:\LED -Q-~y
+g tn 71_21: trnlin tr;lax

FIG. 2. (Color online) Readout spin echo pulse sequence for
pulsed optical excitation. Boxcar integration (gray shaded area) of
the photocurrent transient after switching on the illumination and
subtracting step 2 from step 1 results in a charge AQ proportional
to the difference between the number of antiparallel and parallel spin
pairs at the beginning of the readout pulse sequence. The number
of spin pairs in the antiparallel, parallel, and the *'P*-Py, states is
denoted by n,p, n,, and n,., respectively.
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7, > T > 1y, all antiparallel spin pairs are transferred into
the 31P+-P,:O state, while the parallel spin pairs essentially
remain unchanged, resulting in n,, =0, n, =y, and ny = x
at time (3). After switching on the light, a current transient
occurs. Its spin-dependent part reflects the generation of
new 3!'P-Py spin pairs and the spin-dependent amplitude is
therefore proportional to n, = x, the number of antiparallel
spin pairs at time (1) before the detection pulse sequence.
Repeating the same pulse sequence with a spin echo forming
an effective m pulse results in a current transient with its
spin-dependent amplitude proportional to n = y, the number
of parallel spin pairs at time (1), as shown in Fig. 2. A large
portion of the photocurrent transient, induced by the onset
of the LED illumination, is spin independent and thus is
independent of the phases of the applied microwave pulses;
it is removed when step 2 is subtracted from step 1. Boxcar
integration of the subtracted photocurrent transients from #y;,
to fmax results in a charge A Q, which is proportional to the
difference between the number of antiparallel and parallel spin
pairs before the echo sequence. A similar reasoning can be
applied to the case of continuous illumination, so that again
AQ  ny, — ny before the echo sequence. '

B. Sample and setup

The sample used in this work is fabricated by chemical
vapor deposition and consists of a nominally 22-nm-thick
(001)-oriented Si layer with a natural isotope composition
and [P] =3 x 10'® cm™3 covered by a native oxide. It is
grown on a 2.5-um thick, nominally undoped "™'Si buffer on
a silicon-on-insulator (SOI) substrate. Evaporated interdigit
Cr/Au contacts with a period of 20 um covering an active
area of 2 x 2.25 mm? are biased with 300 mV. The sample
is illuminated with a red LED (630 nm) with an illumination
intensity of 20 mW/cm2 if not stated otherwise, measured
by a photodetector placed at the sample position inside the
resonator. Pulsed illumination is achieved by modulating the
LED current using a Thorlabs LDC 210C current controller
providing pulse rise and fall times of typically 2 ws. The
measurements are performed at 5.0 K stabilized to +0.1 K
in a helium gas flow cryostat. The samples are oriented in an
external magnetic field By with the [110] axis of the Si wafer
parallel to By.

The pulsed EDMR experiments are performed at a mi-
crowave frequency of v,y = 9.739 GHz in a Bruker X-band
dielectric microwave resonator for pulsed ENDOR at By =
350.65 mT chosen such that the microwave pulses resonantly
excite the high-field line of the hyperfine split *'P electron
spin transitions. The corresponding EDMR spectrum can be
found, e.g., in Ref. 30. The microwave and rf pulses are
shaped using a SPINCORE PulseBlasterESR-Pro 400 MHz
pulse generator and a system of microwave mixers. The mw
pulses are amplified by an Applied Systems Engineering 117X
traveling wave tube with a maximum peak power of 1 kW.
The microwave power is adjusted to achieve a 7 pulse time of
7 = 40ns (B; = 0.45 mT) for the spin echoes and 7, = 30ns
(B; = 0.6 mT) for the inversion pulses to ensure that the
bandwidth of the inversion pulse is larger than the detection
bandwidth.>' The length of the free evolution intervals of the
spin echoes is 7y = 7, = 300 ns. The ENDOR rf pulses are
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amplified by a 300-W solid-state amplifier resulting in a
pulse time of 29 us for the 3'P* nuclear spin transition at
6.036 MHz. The current transients after the pulse sequence are
amplified by a custom-built balanced transimpedance amplifier
(Elektronik-Manufaktur, Mahlsdorf) with low- and high-pass
filtering at cutoff frequencies of 2 kHz and 1 MHz, respectively,
and recorded with a fast data acquisition card (Gage). The
current transients are boxcar integrated over an interval from
typically 5 to 40 us resulting in a charge Q. The measurements
are repeated and averaged with different shot repetition times
chosen such that the sample is illuminated for at least 5 ms
before each pulse sequence to ensure that at the beginning of
the pulse sequence the spin system has reached a steady state.

V. MEASUREMENT OF THE RECOMBINATION
TIME CONSTANTS

In the following main part of this paper, we present
different pulse sequences combining pulsed illumination and
spin excitation to measure the recombination rates of parallel
and antiparallel spin pairs, as well as the generation rate of
new spin pairs.

A. Recombination rate of antiparallel spin pairs

Following the discussion in Sec. III, we have seen that it
is advantageous to switch off the optical excitation to separate
the effects of spin-pair recombination and generation. In this
case, the characteristic time constants of the temporal evolution
of the spin system are given by 7,, and 7, [see Eq. (8)].
To measure the recombination time of antiparallel spin pairs
Tap, We therefore employ a standard inversion recovery pulse
sequence®’ and switch off the optical excitation during the
pulse sequence as sketched in Fig. 3. Under illumination,
almost all spin pairs are in the parallel state and remain so for
a time T, after switching off the LED. The inversion 7 pulse
is applied 50 us after switching off the illumination, which is
much longer than the 2-us fall time of the light pulse and the
carrier lifetime (cf. Sec. V B) to ensure that no carriers are left
in the conduction band. The & pulse creates antiparallel spin
pairs which recombine during the waiting time 7, however, in
contrast to the case of continuous illumination, no new spin
pairs are generated. Therefore, 7,, can be determined directly
by measuring the number of antiparallel spin pairs as a function
of T using the spin echo sequence followed by a detection light
pulse as discussed in Sec. IV A.

The result of such a measurement is shown in Fig. 3, where
the detection echo amplitude AQ o n,, —n, is plotted as
a function of 7 (black squares). The first decay reflects the
recombination of antiparallel spin pairs. It can be fitted with a
stretched exponential AQ oc e~"/™)" with a time constant of
Tap = 15.5(8) us and an exponent of n = 0.5 (red line). The
stretched exponential character of the decay is thought to be the
consequence of the broad distribution of recombination rates
within the ensemble of spin pairs caused by a distribution of
3IP-Py distances within the sample. An overshoot is observed
followed by a second decay with a longer time constant of
7, = 1.2ms andn = 0.5, reflecting the recombination of those
spin pairs for which the 3'P spin has not been inverted by the
first = pulse and which are therefore in a parallel state. They
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FIG. 3. (Color online) In the upper part, the pulse sequence
used to determine the recombination time of antiparallel spin pairs
Ty is depicted. It is based on a standard inversion recovery pulse
sequence with spin echo detection. To separate the effects of spin-pair
recombination and generation, the above band-gap illumination
provided by ared LED is switched off 50 s before the inversion pulse
and switched on 50 us after the detection spin echo, so that during the
inversion recovery pulse sequence no new spin pairs are generated.
In the lower part, the amplitude of the phase-cycled detection echo
A Q (black symbols) is shown as a function of the waiting time T
between the inversion pulse and the detection spin echo. The observed
decay can be fitted with two stretched exponential decays with a
constant offset (red line), the first with a time constant of 7,, = 15.5(8)
us and an exponent of n = 0.5. The second decay with a longer
time constant of 7, = 1.2 ms and n = 0.5 reflects the recombination
of those spin pairs for which the 3'P spin has not been inverted
by the first = pulse and which therefore are in a parallel state during
the waiting time 7. The small offset is caused by imperfections in the
background subtraction of the phase-cycling sequence.

recombine with a rate 1/7, during the waiting time 7. The
bandwidth of the 7 pulse (B; = 0.6 mT) is not sufficient to
fully excite the inhomogeneously broadened 3'P electron spin
transition with a peak-to-peak linewidth of 0.3 mT.* To reduce
uncertainties in the determination of these rates, we use further
experiments discussed in Sec. V C to independently measure
7,. The time constant and exponent of the slower decay of
the fit were therefore fixed to the values obtained in those
experiments and only 7,, and the amplitudes of the decays
were left as free fitting parameters.

The stretched exponential character of the decay indicates
that recombination processes with a broad distribution of time
constants rather than a single time constant are observed.
We attribute this to a variation of the 3!'P-Py, distance over
the spin-pair ensemble under investigation. Since the spin-
dependent transition between the localized donor and defect
states involves a tunneling process, even small variations of the
tunneling distance result in a broad distribution of recombina-
tion time constants. Measurements of the exchange coupling
between the *'P donor and the Py using electrically detected
double electron electron resonance (DEER) reveal coupling
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FIG. 4. (Color online) Inversion recovery pulse sequence under
continuous illumination. After a mw 7 pulse, the spin pairs are
dominantly in an antiparallel state from where they recombine with
a time constant T, during the waiting time T, while at the same
time, new spin pairs are generated with a rate 1/7,. The phase-cycled
echo amplitudes are shown in panel (a) for different light intensities
(black symbols, data offset for clarity). AQ is given in normalized
units to allow a direct comparison of the data traces for different
illumination intensities. The data traces are fitted by numerically
solving the system of rate equations (Sec. III) with 7, and 7,, as
fitting parameters. The resulting fits are shown as red lines with the
different recombination times T, plotted in (b). The generation rates
1/7, are summarized in Fig. 7.

strengths around 600 kHz, compatible with a distribution of
spin-pair distances ranging from 14 to 20 nm.?

It is interesting to compare these results with a standard
inversion recovery experiment under continuous illumination
which has been used previously to determine the recombina-
tion rate of antiparallel spin pairs.'> The corresponding pulse
sequence is depicted in Fig. 4(a). In contrast to the case of
pulsed illumination, here, new spin pairs are formed during
the waiting time 7 by electron and hole capture processes
with a time constant 7, resulting in a recovery of the echo
amplitude for long 7T'.

The results of such a measurement are shown in Fig. 4(a)
for different illumination intensities stated next to the traces.
All traces have been normalized and offset to allow for easier
comparison of the involved time constants. Due to the interplay
of both 7, and 7, the observed decay can not be described by
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a single stretched exponential dependence. However, already
by comparing, e.g., the top and bottom traces, it can be
seen that the observed time constants strongly depend on
the illumination intensity. Moreover, for the lowest values of
the illumination intensity [bottom traces in Fig. 4(a)], a step
in the A Q trace is clearly observed, indicating the presence of
two different time constants.

We attribute the shorter time constant to the recombination
of antiparallel spin pairs and the longer time constant to the
generation of new spin pairs. This assignment is motivated by
the fact that a recombination process has to take place before a
new spin pair can be generated. However, for most of the traces
a straightforward discrimination of the two time constants is
not possible and we have to resort to modeling the decay with
the system of rate equations introduced in Sec. III.

To this end, we start with the state vector p(0) after the
inversion m pulse given by

Peg; C))

- o O

0 1
p)=1]1 0
00
and further calculate
p(T) = e*7 p(0), (10)

where T' denotes the time interval between the inversion pulse
and the detection echo and p(T') denotes the state vector before
the detection echo. The amplitude of the detection echo is given
by n.p(T) — np(T) as discussed in Sec. IV A.

We fit the data shown in Fig. 4(a) with a numerical
solution of Eq. (10) (red lines) with fitting parameters T,p,
75, and an amplitude and an offset for each value of the
illumination intensity. The offset accounts for an imperfect
subtraction of the background by the lock-in detection scheme.
In addition, we use fixed values of 7, = 1.2 ms obtained
from the experiments described in Secs. VA and VC. The
fits reproduce the basic features of the data traces quite well,
although the steplike structures appear more pronounced in
the fits, e.g., for 2.7 and 6.7 mW/cm2 in Fig. 4(a). This is
attributed to the fact that the solution of Eq. (10) involves only
standard exponential decays thereby ignoring the stretched
exponential character observed in Fig. 3, which masks the
steplike structure.

The values of t,, extracted from the fits are plotted in
Fig. 4(b). We find a value of 7., ~ 7 us for low-illumination
intensities which slightly decreases for higher-illumination
intensities, possibly due to different subensembles of spin
pairs contributing to the observed signal at higher-illumination
intensities. The values of 7., observed under illumination
agree within a factor of 2 with the values reported in Ref. 15
for the *'P-Py spin pair. The difference between T,, under
illumination and in the dark is again mainly related to the
stretched exponential character of the decay. The values for
1/7, obtained here are summarized in Fig. 7 and discussed
in Sec. V B together with the result from further experiments
performed to measure .

B. Generation rate of spin pairs

In the next set of experiments using pulsed illumination,
we directly determine the generation rate of new spin pairs
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FIG. 5. (Color online) Pulse sequence to determine the generation
time constant 7, with which new spin pairs are formed under
illumination. Starting without illumination from 3'P*-P, spin pairs,
a light pulse of length Ty gp (fill pulse) creates new spin pairs 3'P-Pyg
by electron and hole capture from the conduction and valence bands
(cf. Fig. 1). The amount of newly created spin pairs is determined
by measuring the amplitude AQ of a phase-cycled spin echo as a
function of 7y gp. The results are shown in the lower part for different
intensities of the fill light pulse (black squares) while the intensity of
the detection light pulse is kept constant at 16.7 mW /cm? resulting
in similar AQ for long Tigp. AQ is shown as measured for the
highest-illumination intensity, while all other traces are offset for
clarity. The data are fitted with a stretched exponential dependence
with a characteristic time constant given by 2/ (i + %) (red lines).

after a recombination process has taken place. To this end, we
employ the pulse sequence sketched in Fig. 5. We switch off the
illumination at least 10 ms before the pulse sequence, much
longer than the recombination time constants of antiparallel
and parallel spin pairs (cf. Secs. V A and V C) to ensure that
all spin pairs have recombined. At the beginning of the pulse
sequence without illumination all spin pairs are therefore in
the charged 3'PT-Py state. A light pulse of length T gp (fill
pulse) generates new spin pairs with a rate 1/t, depending on
the intensity of the light pulse, which accumulate in the parallel
state since T, 3> T,p. The amount of newly created spin pairs is
determined by measuring the amplitude A Q of a phase-cycled
spin echo as a function of Tigp. Following the discussion in
the Appendix A, the echo amplitude is expected to increase
exponentially with a characteristic time constant of

1 2
I AR
Al (+32)

This means that the time constant observed in the fill pulse
length experiment is determined by the faster of the two
processes, either the generation of new spin pairs or the
recombination of parallel spin pairs.

The experimental results are shown in Fig. 5 for different
intensities of the first light pulse (black squares, offset for

an
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clarity) while the intensity of the detection light pulse is kept
constant at 16.7 mW /cm?. Starting from A Q = 0 for short fill
pulses, the absolute value of the echo amplitude increases for
increasing T with a characteristic time constant determined by
fitting the data with a stretched exponential (red lines) of the
form

el 2ym
AQ x e DGR, (12)

where the value of 7, = 1.2 ms is fixed as determined in
Secs. VA and VC and n = 0.8. A summary of the obtained
rates 1/7, is plotted in Fig. 7 (green triangles) together
with the 1/7, values obtained by fitting the results of the
inversion recovery experiment [Fig. 4(a)] under continuous
illumination (black squares). Both experiments show consis-
tent generation rates which increase linearly with increasing
illumination intensity, confirming the assignment of 7., and 7,
in the previous Sec. V A. Assuming a constant mobility, this
results in a linear dependence of the generation rate on the
carrier density as expected for an electron capture process.>?
The fitting procedure of the fill pulse length dependence only
gives meaningful results for 7, as long as 7, < 7,/2. Since
7, increases for decreasing illumination intensities, its value
can not be determined at illumination intensities lower than
0.3 mW /cm? in our sample.

The experiments described so far allow us to determine
the generation rate of new spin pairs. Referring to Fig. 1, two
processes, namely, the capture of an electron by the 3!P*+ and
the capture of a hole by the P, are involved in the generation of
new spin pairs. To decide whether the observed time constant
is determined by the electron or hole capture process, we
can use the nuclear spin of the ionized 3'P donor following
the approach described in Ref. 12. The corresponding pulse
sequence is sketched in Fig. 6.

Starting from the steady state under illumination, in a first
step we selectively depopulate the *'P donors associated with
one orientation of their nuclear spin with respect to the By
field, e.g., spin up. This is done by switching off the LED
and applying a 7 pulse on the corresponding *'P electron spin
transition. The spin pairs with 3! P nuclear spin up are now in an
antiparallel state and therefore recombine with a time constant
of 7,p &~ 15 us while the spin pairs with the 3IP nuclear spin
down remain stable on the much longer time scale 7, ~ 1.2 ms.
This results in ionized *' P donors with one preferred direction
of their nuclear spin since without illumination no new spin
pairs are generated. The nuclear spins of the ionized 3! P can be
resonantly flipped by applying a rf 7= pulse with a frequency
of 6.036 MHz corresponding to the Larmor frequency of
the 3'P* nuclear spin at By = 350.6 mT.'? This results in
a polarization of the nuclear spins which can be detected
by comparing the amplitudes of spin echoes for resonant
A Qion and off-resonant A Qe 1f pulses measured after
repopulating the donors with a light pulse. The polarization is
then given by 1 — A Qigon/ A Orsofr- Introduction of a light pulse
of length 71 gp between the depopulation pulse and the rf pulse
repopulates the ' P+ donors with a rate 1/7.., thereby reducing
the achievable nuclear spin polarization. Figure 6 shows the
polarization for an illumination intensity of 20 mW/cm? as a
function of the light pulse length Tygp (black squares). The
polarization decays with a time constant of 7., = 40(9) us

PHYSICAL REVIEW B 88, 155301 (2013)
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FIG. 6. (Color online) Pulse sequence to measure the electron
capture rate using the nuclear spin of the ionized 3'P donor as a
probe. The first part of the pulse sequence removes the electron from
the 3'P donor for one orientation of its nuclear spin with respect to
the By field as described in Ref. 12, where the time interval of 150 us
is chosen such that the antiparallel spin pairs have recombined while
the parallel spin pairs have not. During the following light pulse of
length T; gp, the 3'P* captures electrons with a rate 1/7... The number
of ionized *'P donors after the light pulse is probed by applying a rf
pulse with a frequency corresponding to the Larmor frequency of the
3P+ nuclear spin. The resulting nuclear polarization determined by a
detection spin echo reflects the number of *'P* nuclear spins before
the 1f pulse. In the lower part of the figure, the polarization is plotted
as a function of the length 7 gp of the light pulse with an illumination
intensity of 20 mW /cm? (black squares). The polarization decays
with a time constant of 7. = 40 us as determined by a stretched
exponential fit (red line).

and an exponent of n = 0.74 as determined by a stretched
exponential fit (red line).

The rate for the generation of new 3'P-Py, spin pairs,
however, is given by 1/t, =1/t + 1/Tp assuming that
the electron and hole capture processes are uncorrelated.
Since the time constant observed in the ENDOR experiment,
which directly measures the electron capture time constant
Tec, fits well onto the dependence observed for 1/7, by both
experiments so far (Fig. 7), we associate 7, = 7. To access
The, @ similar ENDOR experiment could be performed using
the hyperfine coupling of the Py to a nearby 2°Si nuclear
spin.*3 For the Py in the negative charge state, the nearby
2Si nuclear spins should be polarizable by a rf pulse at their
free Larmor frequency, while for a neutral Py the nuclear spin
transition frequency is changed by the hyperfine interaction.

The fact that the polarization does not decay to zero
indicates a steady-state nuclear polarization created by the
illumination as has been observed in illuminated phosphorus-
doped silicon at higher (8 T) magnetic fields.** The reason
for this steady-state polarization appears to be related to the
excitation of carriers into the conduction band. This, however,
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FIG. 7. (Color online) Summary of the generation rates of new
spin pairs 1/, determined from (i) the variation of the fill pulse
length (green triangles), (ii) the inversion recovery under continuous
illumination (black squares), and (iii) the detection using the ionized
donor nucleus (red dot) as a function of the illumination intensity. All
experiments consistently show a linear dependence of the generation
rate as a function of the photocurrent (dashed line). Assuming a
constant mobility, this results in a linear dependence of the generation
rate on the carrier density as expected for an electron capture process.

requires further experiments for clarification and is beyond the
scope of this investigation.

The capture rate 1/t can be calculated from the capture
rate constant o, of 3'P*, which has been determined already
in several studies, notably also using electron spin resonance
techniques,??*>3 allowing the comparison of the experimental
results presented here with 1/t.. = 0ecne, Where n denotes the
carrier density in the conduction band. We estimate the value of
n. in our sample for the illumination intensity of 20 mW /cm?
used in the ENDOR experiment. For red light with a wave-
length of 635 nm, this corresponds to a photon flux of Iphoon =
6.4 x 10'® cm~2 s~! incident on the sample surface. With an
absorption coefficient of ag; ~ 2 x 103 cm™' (77 K) (Ref. 37)
and a reflectivity of ~40%,*® a fraction of 0.6 x e~*¢ ~ 0.4
of the incident photons are absorbed in the d = 2.5 um thick
device layer of the SOI sample. We expect that the optically
excited carriers rapidly diffuse within this layer, so that we
can assume a spatially homogeneous carrier generation rate
of G = 0.4 X Iphoon/d = 1.0 x 10* cm™3 s~'. The carrier
density is then given by n. = G 1), where 1; denotes the carrier
lifetime. We experimentally determine an upper bound for 7|
by measuring the decay time constant of the current transient
after a rectangular illumination pulse and find a value of
100 ns, which, however, corresponds to the bandwidth limit
of our measurement setup. In silicon, surface recombination
velocities of S = 10* cm/s have been reported for the Si/SiO»
interface with a native oxide® corresponding to a carrier
lifetime of 7j = d/2S = 10 ns, where the factor of 2 accounts
for recombination at the surface and the buried oxide. Using
this value of 7 rather than the above upper bound results in
ne = 102 cm™3.

References 32 and 35 report values of o, =7 X
10°cm?® st at42 Kand o.c =5 x 107¢ cm® s~ at 5 K,
respectively, while a one order of magnitude higher value of
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Oec = 6 x 1075 cm?® s~! at 5 K is found in Ref. 36. Taking the
lower value of o, = 5 x 1078 cm?® s~!, we expect an electron
capture rate of 1/Te. = 0ectte = 5 x 10 s™!, which is a factor
of 10 larger than the values experimentally observed here at
20 mW /cm?. Most importantly, the method presented here
allows us to determine the electron capture rate directly for
3P+ donors at the Si/SiO, interface. The remaining difference
to the published data for 3'P* in bulk Si might be attributable
to higher surface recombination velocities S at the Si/Au
contacts, since Au acts as a very efficient recombination
center*” or too large local electric fields near the contacts
which would reduce the capture rate constant.*!

An alternative approach of measuring the generation rate
of new spin pairs in amorphous hydrogenated silicon has been
presented in Ref. 16. In this approach, the separation of spin-
pair recombination and generation rates is achieved by using
a rotary echo.

C. Recombination rate of parallel spin pairs

The recombination time 1, of parallel spin pairs, which has
been observed in the inversion recovery measurement shown in
Fig. 3, can be determined directly by measuring the amplitude
of a spin echo with pulsed optical excitation as a function of
the time 7 between the spin echo and the detection light pulse
(see Fig. 8). Starting from a steady state with only parallel spin
pairs, a spin echo creates antiparallel spin pairs for the (—x)
phase and parallel spin pairs for the (4+x) phase of the last
7 /2 pulse. For waiting times 7., < T < T, the antiparallel
spin pairs have recombined while the parallel spin pairs
have not. Switching on the illumination results in a current
transient with an amplitude proportional to the number of
recombined spin pairs. For T > 7,, the parallel spin pairs

w2 m T2 T
LED -—
[ .
S0 ps << 1

Al i
1 10

100 1000 10000 100000
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FIG. 8. (Color online) Pulse sequence to determine the recombi-
nation time of parallel spin pairs 7. The integrated current transient
is recorded as a function of the time interval 7' between the detection
spin echo and the detection light pulse. The experimentally observed
decay (black symbols) can be fitted with two stretched exponentials
(red line) with an exponent of 0.5 and time constants of 15.5 us and
1.2(1) ms, respectively.
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recombine as well, decreasing the contrast between the (+x)
and (—x) phases of the spin echo and thus the observed spin
echo amplitude.

Figure 8 shows the amplitude of the detection echo
AQ  ny, — ny (black symbols) as a function of the waiting
time 7 between the spin echo and the detection light pulse.
The observed decay can again be fitted by two stretched
exponentials with an exponent of 0.5 and time constants of
15.5 ps and 1.2(1) ms, respectively. The former reflects the
recombination rate of antiparallel spin pairs as determined by
the inversion recovery experiment (Fig. 3), while the latter is
attributed to the decay of parallel spin pairs. For the fit (red
line), the exponent and time constant of the first decay have
been fixed to the values determined by the inversion recovery
experiment.

We can also use the nuclear spin of the ionized 3'P donor to
measure the recombination time of parallel spin pairs similar
to the measurement of the generation rate shown in Fig. 6.
Again, we first selectively depopulate one hyperfine transition
of the *'P donors, e.g., with nuclear spin up. We then apply a
7 pulse on the nuclear spin transition of the ionized donor to
create a nuclear spin polarization which is measured using a
spin echo similar to the experiment described in Sec. V B. For
large waiting times T between the depopulation sequence and
the rf pulse also the parallel spin pairs start to recombine so that
also the 3'P with nuclear spin down becomes ionized, thereby
reducing the polarization created by the rf pulse. Figure 9
shows the polarization 1 — A Qrfon/ A Orfors as a function of
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FIG. 9. (Color online) Pulse sequence to measure the recombina-
tion rate of antiparallel spin pairs using the nuclear spin of the ionized
31P donor as a probe. First, the 3' P donors with one orientation of their
nuclear spins with respect to the magnetic field are depopulated.
Application of a rf 7 pulse on the *'P* nuclear spin transition
after a waiting time 7 creates a nuclear spin polarization which
is measured using a spin echo after repopulating the donors with
a light pulse. The nuclear spin polarization (black squares) decays for
large time intervals T due to the recombination of parallel spin pairs.
The decay can be fitted with a stretched exponential (red line) with
7, = 1.0(5) ms and n = 0.5.
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T which decays with a stretched exponential with a time
constant of 7, = 1.0(5) ms and an exponent #n = 0.5. This is in
good agreement with 7, = 1.2 ms obtained in the experiment
described in Fig. 8. Again, for large T, the polarization does
not decay to zero as observed in Fig. 6.

The recombination of parallel spin pairs can be interpreted
as a two-step process consisting of a spin flip of either the *'P
or the Py spin and a recombination of antiparallel spin pairs.
A value of ~10 s has been determined for the spin relaxation
rate for 3'P electron spins in bulk silicon at 5 K (Ref. 42) and
comparable 3!P concentrations, much larger than the value of
7, = 1.2 ms observed in our experiments. The spin relaxation
time of dangling bonds at the Si/Si0, interface in crystalline
silicon has so far not been studied experimentally. There are,
however, detailed studies of the dangling bond relaxation in
amorphous silicon which report relaxation times of 0.1-1 ms
at 0.3 T and 5 K.**** Since these values are comparable with
7, = 1.2 ms obtained in this work, we tentatively attribute the
recombination of parallel spin pairs to be caused by the spin
relaxation of the Py spins.

VI. PULSED EDMR PHOTOCURRENT TRANSIENTS

The time constants involved in the recombination process
as analyzed so far also determine the time dependence of the
spin-dependent part of the photocurrent transient after resonant
excitation by a short microwave pulse.'* In this section, we set
up arate equation model describing this pulsed EDMR current
transient and compare the simulated current transients with
experimental results. For this, we extend the model described
in Sec. III by including the hole capture time constant tp,
explicitly.

We discuss the dynamics of the populations of the spin
states in terms of the five states sketched in Fig. 10. This
includes the parallel (a) and antiparallel states (b) of the spin
pair, the ¥'P*-P, | state (c), the *' PPy state (d), and the *'P-
Py, state (). The corresponding populations are denoted by 7,
Nap, N4, N4, and ns, respectively. These five states represent all
combinations of 3P, 3'P* as well as Py and P, and, therefore,
they are normalized such that np + ng +ny +n4 +ns =1,

n (@ ng, (b)
e0 00

4‘*31& * 31P
hv TP\\‘\ # ‘
P
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©
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FIG. 10. (Color online) Dynamics of the populations of the spin
states. These include the parallel (a) and antiparallel states (b) of the
spin pair, the 3'P*-P state (c), the *'P*-Py state (d), and the *'P-P;
state (e). The corresponding populations are denoted by ny, ny,, n4,
ng, and ns, respectively.
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so that, e.g., n,, denotes the fraction of 31P—Pb0 pairs in the
antiparallel configuration.

Analogous to Sec. III, the time evolution of the state vector
ps is governed by the differential equation

%Ps = Rsps, (13)
with
np
Nap
= |0 (14)
ns
and
1/, 0 0 120 1/270
0 —1/5 0 127 1/2%he
Rs=| 1/, 1t —1/tee—1/the O 0
0 0 1/%he 1t 0
0 0 1/Tec 0 —1/The
(15)

The solution of Eq. (15) is given by
ps(t) = ps(0) - " (16)

describing the time evolution of ps(¢). The steady-state vector
Pseq 1s determined by the condition

Rs - pseq = Rs| nid | =0. (17)

Having established the dynamics of the spin-state popu-
lations, we calculate the changes of the carrier densities in
the conduction and valence bands n. and ny, respectively.
Assuming that at low temperatures only photoexcited carriers
are present in the conduction and valence bands, the time
dependence of the carrier densities is given by

dne ne(t) Msp
= G — —= — i)+ ni(0)],
t T Tec
(18)
dny, na(t)  ng
— =G - —= = 2 () +ns@)],
dt T The

where G is the generation rate of electron-hole pairs, 7; the
carrier lifetime in the sample assuming monomolecular spin-
independent recombination as confirmed in our sample by
the linear dependence of the photocurrent on the illumination
intensity, and ng, the density of 3p_p, pairs, so that, e.g.,
ngphap denotes the total density of antiparallel spin pairs. The
third terms in the Eqs. (18) describe the change of the carrier
densities caused by spin-pair recombination. The electron and
hole capture rates 1/7.. and 1/t are proportional to n.(t) and
ny(t), but we neglect the resulting implicit time dependence
of 7. and 7, since the third terms in Egs. (18) are small

PHYSICAL REVIEW B 88, 155301 (2013)

compared with the first two terms. This appears justified since
the relative current changes detected by EDMR are usually
<1072 5o that the resulting variations in n.(t) and ny,(¢) are
negligible compared with their steady-state values.

With these assumptions, we calculate the steady state of
Eqs. (18) dnen/dt = 0 given by

Ngp Ty
ne(t) =G — . [n4(t) + na(0)],

ne (19)
nn(1) = 1G — . [n4(1) + ns(0)].

We hereby also take into account that the carrier lifetime t; is
short compared to the characteristic time constants of the spin
pair, so that n.(¢) and ny(¢) instantaneously follow the time
dependence of ps(f). In Sec. VB, we determined an upper
bound of 7 = 100 ns much shorter than the shortest time
constant of the spin pair 7,, ~ 2 us.

The change of the carrier densities after a resonant mi-
crowave pulse is then given by

Ngp Ty
Ane(r) = [Any (1) + Ang(0)],
Tec (20)
Ngp Ty
Anp(t) = [Any (1) + Ans(t)],

The
where An; = n?q —n;(t) with i = +,4,5. This results in a
photoconductivity change of

Ao = e[ueAne + unAny], (2D

where (. and up denote the electron and hole mobilities, re-
spectively. With this, the relative change in photoconductivity
becomes

Ao e(pelAne + pnAny)

o eGr(pe + tn)
_ M
TGl +y)
X [TL[AM(IHAM(U] + %[An+(t)+Ans(t)]} ,
ec hc

(22)

where we have introduced the ratio of the electron and hole
mobilities y = e/ Un-

We will briefly discuss some implications of Eq. (22).
First, it predicts that the maximum relative change of the
photocurrent AI/I o Ao /o only weakly depends on the
illumination intensity. The electron and hole capture rates
1/t and 1/7y are proportional to the carrier density in the
conduction and valence bands, respectively. Therefore, both
capture rates as well as the electron-hole pair generation rate G
are proportional to the illumination intensity, so that their ratio
in Eq. (22) is independent of the illumination intensity. Only
the An;(t) depend on the illumination intensity via 7., and tyc,
with, however, only small variations as long as Tec,The > Tap
as can be confirmed by numerical simulations of Eq. (16).

To compare the predictions of Eq. (22) with experimental
data, we show photocurrent transients recorded for three
different illumination intensities in Fig. 11. We use a current
amplifier with a bandwidth of ~1 MHz without any additional
filtering for this experiment since, in particular, high-pass
filtering alters the shape of the current transient. The pulse
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FIG. 11. (Color online) Spin-dependent photocurrent transients
normalized to the photocurrent after resonant excitation by a short
microwave 7w pulse for different illumination intensities (open
symbols). The solid lines show fits of the experimental data based
on Eq. (22) with fitting parameters as summarized in Table II.

used for resonant excitation has a length of 120 ns with a
microwave magnetic field amplitude of 0.15 mT corresponding
to a m pulse. The nonresonant part of the photocurrent
transient was removed by recording the photocurrent transient
at two additional values of the static magnetic field where
no resonances are observed and subtracting the linearly
interpolated transient as a background.” The resonant part of
the current transients normalized to the photocurrent is shown
in Fig. 11 (open symbols). All three transients show a similar
maximum value of Al/I, although the illumination intensity
varies over one order of magnitude, confirming the prediction
of Eq. (22). Similar observations have been reported in Ref. 39
for cw EDMR measurements in differently passivated silicon.
The rise time increases with decreasing illumination intensity,
demonstrating that it is not limited by the bandwidth of the
current measurement setup. It is rather determined by the
recombination time of antiparallel spin pairs in agreement with
the illumination dependence observed in Fig. 4(b). We also
observe that the decay time constants of the current transient
increase with decreasing illumination intensity, indicating that
they are related to the electron and hole capture time constants.
This assignment is in agreement with the physical picture that
a recombination process has to occur before a change in the
photocurrent is observable, while the electron and hole capture
processes restore the steady state causing the photocurrent
transient to decay.

For a more detailed comparison, we fit the three experi-
mental photocurrent transients with the recombination model
described by Egs. (15) and (16) in combination with Eq. (22).
To this end, starting from pscq, we calculate p5() after an ideal
m pulse which exchanges the populations of the antiparallel
and parallel spin states. We use only two free parameters to
fit the data for all three illumination intensities: the density of
31P_Py pairs ngp and the ratio of the electron and hole capture
time constants Te./Th.. The recombination time constants of
antiparallel and parallel spin pairs 7,, and 7, are extracted
from Figs. 4(b) and 8, the electron capture rate is taken from
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TABLE II. Summary of the parameters used for the fits of the
photocurrent transients in Fig. 11. Only two independent fitting
parameters are used: the 3'P-Py density ng =4 X 10"2 C# and the
ratio Te./The ~ 2. The value of y = u./un = 2 is estimated based
on Ref. 45 and all other parameters are extracted from the results
obtained in Sec. V.

Illumination

intensity (2% G(z5) T (us) Ty (uS) Tec (48) The (us)
6.7 5% 10" 7 1200 90 45
20 1.6 x 10% 4 1200 30 15
66.7 5 x 102 2 1200 9 5

Fig. 7, the electron-hole pair generation rate G is calculated
from the measured illumination intensity, and the ratio of the
electron and hole mobilities y is estimated to be ~2.45 All
parameters thus determined are summarized in Table II. The
best fits (solid lines in Fig. 11) are obtained for t../7,. = 2 and
a 3'P-Py pair density of ng, = 4 x 10'? cm™ corresponding
to an absolute number of 4 x 107 spin pairs in the sample. The
fits reproduce the general features of the experimental data
such as the near constant amplitude of the current transient for
different illumination intensities and the increase of the decay
time constant with decreasing illumination intensity. Some
differences are, however, found, e.g., in the time constant of the
decay in particular for the lowest illumination intensity. This
shows that the rate equation model neglects some features,
most of all the distribution of recombination time constants
leading to the experimentally observed stretched exponential
decays, but also, e.g., the additional feature observed at
t = 2 us for the lowest illumination intensity in Fig. 11.

The value of ng, =4 x 10> cm™ obtained from the fit
can be compared with an estimation of the spin-pair density
ney based on the 3P concentration of 3 x 10! cm™3 in the
doped epilayer and the geometry of the sample. Since the
resulting area density of >'P donors (6 x 10'° cm™2) is much
smaller than the Py density [~1 x 10'2 cm™? (Ref. 46)], the
spin-pair density is limited by the donors rather than by the
Pyo centers, so that 1. = 3 x 10'® cm~3. This value is further
reduced since we estimate that only 3'P donors in a ~6 nm
part of the sample are observed,’® while the whole silicon layer
above the buried oxide is illuminated and therefore contributes
to the observed current. This reduces the density of 3'P-Py
pairs with respect to the whole volume through which the
current flows to e = 7 x 103 cm™3, only a factor of 20 larger
than the fit result of nyp =4 x 10'2 cm™3. However, in this
estimate we again neglect the distribution of recombination
rates within the spin-pair ensemble, possibly explaining the
observed discrepancy.

The recombination model discussed here differs in several
aspects from the model used, e.g., in Ref. 14 to describe the
photocurrent transient in pulsed EDMR. First, we simplify the
rate equations by neglecting the 3!P-Py coupling of <1 MHz
(Ref. 26) since it is much smaller than the 3'P-Py, Larmor
frequency difference (=30 MHz), as well as the possibility of
spin-pair dissociation by emission of an electron (hole) into the
conduction (valence) band characteristic for the KSM model.
Most importantly, we explicitly take the different electron and
hole capture time constants into account, which have been
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neglected in the description of the time dependence of the
spin-pair dynamics in Ref. 14. For the experimental conditions
in this work, these time constants appear to be longer than the
recombination time constant of antiparallel spin pairs, so that
the time dependence of the decay of the photocurrent transient
is mainly determined by t.. and ty,., while the rise time is
determined by 7., as confirmed by the transients shown in
Fig. 11. For much higher-illumination intensities or in different
samples, Te. and Ty, eventually can become shorter than t,,, in
which case the decay time constant would be given by T, as
described in Ref. 14, while the rise time would be determined
by e and 1, or the bandwidth of the detection setup.

VII. IMPLICATIONS OF A BROAD DISTRIBUTION
OF RECOMBINATION TIME CONSTANTS

In most pulsed EDMR experiments, boxcar integration
of the spin-dependent part of the photocurrent transient is
used to determine the state of the spin pair after a pulse
sequence.”'* As we have seen in the preceding section, the
time dependence of the photocurrent transient itself depends
on the spin-pair recombination and formation time constants,
so that the results of measurements of these time constants
are expected to depend on the chosen boxcar integration
interval. In this section, we will show exemplarily using a
simplified model for the current transient and a distribution of
antiparallel recombination rates that the characteristic time
constant measured by an inversion recovery experiment is
determined solely by the boxcar integration interval. We
further compare the results predicted by this model with
measurements of 7,, for different boxcar integration intervals.

To allow for a simple description of the current transient, we
consider the case of high-illumination intensities, so that the
electron and hole capture time constants are much smaller than
the recombination time constants of antiparallel spin pairs. In
this case, which corresponds to the situation discussed in Ref.
14, the characteristic decay time constant of the photocurrent
transient is equal to 7,,. For longer capture time constants,
a reasoning similar to the argument developed now can be
applied to measurements of the electron and hole capture
time constants. Under these conditions, the current transient is
given by

I(t) ocre ™, (23)

where we have introduced the recombination rate of antipar-
allel spin pairs r = 1/t,,. The additional factor of r before
the exponential takes into account that the recombination
current is proportional to the recombination rate. In particular,
Eq. (23) is a simplification of Eq. (25) in Ref. 14 including that
TT—: = 0.01 < 1, that the 3'P-Py spin-spin coupling is much
smaller than the difference of their Larmor frequencies, and
that the possibility of spin-pair dissociation can be neglected.

In the preceding sections, we have argued that the stretched
exponential character observed in most of the measurements
is a consequence of a broad distribution of time constants
for different spin pairs contributing to the observed signal.
Considering, in particular, t,, we assume that the recombi-
nation involves a tunneling process between the two defects
forming the spin pair. Therefore, a distribution of spin-pair
distances over the ensemble under investigation results in a

PHYSICAL REVIEW B 88, 155301 (2013)

broad distribution of the recombination time constants T,;, due
to the expected exponential dependence of t,;, on the spin-pair
distance. Measurements of the 3'P-Py spin-spin coupling in
a similar sample using electrically detected double electron
electron resonance (DEER) in combination with numerical
simulations of the exchange coupling indicate that spin pairs
with distances from 14 to 20 nm are observed in pulsed EDMR
resulting in a variation of 7,, by more than two orders of
magnitude.?®

As a consequence, the current transient [Eq. (23)] has to
be averaged over a distribution p(r) of recombination rates to
accurately describe the current transient expected for spin-pair
ensembles. Assuming a homogeneously 3'P-doped layer of
thickness z.x with a 3'P volume concentration ¢, the area
density of dopants Np/A is given by

ND Zmax Fmax
— = cdz = o(rydr, 24)
A 0

Fmin

where z denotes the distance between the donor and the
Si/Si0O; interface, which, for simplicity, we assume to be
equal to the 31p-Py, distance. The integration boundaries 7y,
and ry. denote the minimum and maximum recombination
rates for the range of 31p_p,, distances considered. We further
calculate p(r) taking into account an exponential dependence
of r on the 3'P-Py distance

r(z) = roe_a;, (25)

where rg and a are at first unknown parameters. The change
of variables in Eq. (24) results in

p(r) = 2 l (26)

r r
With these considerations, we are now able to calculate
the current transient after the detection echo for the inversion
recovery experiment as a function of the time interval T
(cf. Fig. 3). In Sec. I1I, we have shown that without illumination
the time constant of the inversion recovery decay is determined
by r = 1/7yp, so that

I(T) x e, (27)

Combining Egs. (23), (26), and (27), the current transient
averaged over the distribution of recombination rates is then
given by

(I1(¢,T)) oc/max e"Toryre"dr

Tmin

Fmax T
% / e Ty

T'min
— l (e_"mmx(T+t)
T+t
This current transient is integrated over the boxcar integration
interval [#in,fmax ] to obtain the charge

AQ(T) =/

Imin
Tmax 1
— / (e_rmin(T+t) _ e_rmax<T+7)) dt. (29)
min T + t
This integral can be evaluated analytically assuming that
Pmin(T + tmax) << 1 and rmax (T =+ #min) > 1, which means that

_ e—rmin(T-H))_ (28)

Tmax

(I(t,T)) dt
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FIG. 12. (Color online) (a) Plot of Eq. (30) as a function of T for
different integration intervals (open symbols) and the corresponding
stretched exponential fits (solid lines) to determine the characteristic
time constant. (b) Recombination time of antiparallel spin pairs .,
for different box-car integration interval [f,,,x — 5SS, fmax] measured
by an inversion recovery with pulsed illumination (black squares).
For comparison, the time constants of the stretched exponential fits
in (a) are shown as well (red circles). The dashed lines are a guide to
the eye.

the range of recombination time constants covered by the
distribution p is much larger than the time scales of the
inversion recovery experiment. With these simplifications, we
can evaluate Eq. (29) resulting in

AO(T) / ™ o (—”’m“) (30)
= In .
T+t T + tmin

Imin

Equation (30) describes a decay which closely resembles a
stretched exponential, as shown in Fig. 12(a), where Eq. (30)
is plotted for different integration intervals [fyin,fmax] (Open
symbols). The solid lines are stretched exponential fits with
time constants of 5.8, 34.8, and 114 us and exponents of 0.41,
0.52, and 0.58 for [fmin,tmax] = [5 us, 10 us], [20 ws, 25 us],
and [50 us, 55 us], respectively. From Eq. (30) and Fig. 12 itis
clear that if the assumptions hold for which Eq. (30) has been
derived, the time constant measured in an inversion recovery
experiment is completely determined by the boxcar integration
interval, and therefore independent of the spin-pair properties.
Indeed, a dependence of the inversion recovery time constant
on the integration interval is observed for the 3!P-Pyy spin
system for an inversion recovery under pulsed illumination.

PHYSICAL REVIEW B 88, 155301 (2013)

Figure 12(b) shows t,, for different boxcar integration interval
[tmax — 5 1S, tmax] Obtained from a fit as described in Sec. V A
with 7, = 1.2 ms fixed. The observed value of t,, increases
with increasing f,x from 15 to 27 us for f, = 11 us to
tmax = 170 us, although with a much weaker dependence than
predicted by Eq. (30).

The considerations leading to Eq. (30) certainly involve
several simplifications. Most importantly, the time dependence
of the current transient is more complicated than assumed in
Eq. (23), including also the electron and hole capture time
constants as discussed in the previous section. In particular, the
decay of the current transient for short ., is determined by e,
and Ty, rather than .. The data shownin Fig. 11 were recorded
for an illumination intensity of 20 mW /cm?, corresponding to
Tee A 50 us >, = 4 us. We therefore expect that A Q only
weakly depends on t,p, explaining the weak dependence of
Tap ON fyax Observed in the experiment. However, in this case,
the measurement of the electron capture time constant . is
expected to show a stronger dependence on the integration
interval if the values of 7. vary sufficiently over the spin-pair
ensemble.

In conclusion, we have demonstrated that the choice of the
boxcar integration interval can have a pronounced influence
on the recombination time constants measured by pulsed
EDMR. In particular, for a simplified model of the photocurent
transient, we have shown that the time constant observed in a
inversion recovery experiment is completely determined by the
boxcar integration interval. In the experimental data, however,
the dependence is much weaker than predicted by the model
indicating that these time constants depend on the properties
of the spin pair. But, care has to be taken when interpreting
these results.

VIII. SUMMARY

We developed pulsed electrically detected magnetic reso-
nance measurements combined with pulsed optical excitation
to characterize several time constants involved in the spin-
dependent recombination process via *'P-Pyy spin pairs at
the Si/SiO, interface. In the particular samples studied, we
determined the recombination times of parallel and antiparallel
spin pairs and obtain values of 7,, = 15.5(8) us and 7, =
1.2(1) ms, respectively. The recombination of parallel spin
pairs is attributed to a spontaneous spin flip of the Pyy. We also
measured the generation time of new spin pairs, which we find
to depend linearly on the illumination intensity. Using pulsed
ENDOR, we identified this generation time constant with the
capture time constant for electrons from the conduction band
by 31p+ donors. Based on these time constants, we devised a
set of rate equations to calculate the current transient after a
resonant microwave pulse and compare it with experimental
data, which allowed us to also estimate the hole capture rate.
We further demonstrated experimentally and theoretically that
the choice of the boxcar integration interval influences the
recombination time constants measured by pulsed EDMR.
The reason for this appears to be the broad distribution of time
constants caused by the variation of 3p_p,, distances over
the spin-pair ensemble, which is also reflected in the stretched
exponential character of the observed decays.
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The experimental values obtained are, as pointed out,
specific to the samples studied. It would, therefore, be im-
portant to apply the techniques developed here to a systematic
study of the 3!P-Py, recombination process by varying the
concentration of interface states, e.g., dry or wet oxides and
H-terminated or organically functionalized surfaces. It would
be interesting to study spin pairs with different distributions
of time constants, e.g., by varying the thickness of the
doped epilayer and ultimately by confining the dopants to
a monoatomic layer at a certain distance from the Si/SiO;
interface.*’** Furthermore, the presented techniques can be
applied to other spin pairs involving, e.g., the Py, center at
the Si/SiO; interface which is controversially discussed in
the literature,*®*° defects in thin-film silicon solar cells® or
spin-dependent transport in organic semiconductors.>?-?
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APPENDIX: FILL PULSE LENGTH

In Sec. VB, we measured the spin echo amplitude as a
function of the length Tigp of the illumination fill pulse to
determine the generation rate of new spin pairs 1/7, (Fig. 5).
In this Appendix, we derive a formula for the phase-cycled
spin echo amplitude as a function of 7Ty gp and show that for
1/t > 1/7,,1/7,, the time dependence is determined only
by the time constant 1/ given in Eq. (7).

We assume that before the illumination fill pulse all spin
pairs have recombined, so that the state vector p(0) is given by

0

pO)=10
1

(AD)

After an illumination pulse of length 7', the populations have
evolved to

0
o(T)=¢e"*"| 0
1

(A2)

By carrying out the matrix exponential, we obtain an expres-
sion for the spin echo amplitude A Q given by

where n, and n,, are given by the first and second components
of p, respectively [cf. Eq. (2)]. For 7, < 14,75, Eq. (A3)
simplifies to

1 1

T,
_ + Mt 3 gt
1+ 2j—§ 1+ 2%

27,

Rap — Np = (A4)

e, (A3)

The third term on the right-hand side of Eq. (A4) is suppressed
compared with the second term by a factor of

Lo (1 +2E) <01

A5
27, T (A5)

for the experiments in this work (cf. Figs. 3, 7, and 8), so that
we can neglect this term in Eq. (A4). This justifies us to fit the
data in Fig. 5 with a single exponential with a time constant ;.

“Corresponding author: hoehne @ wsi.tum.de

'D. J. Lepine, Phys. Rev. B 6, 436 (1972).

2M. Stutzmann, M. S. Brandt, and M. W. Bayerl, J. Non-Cryst. Solids

266-269, 1 (2000).

3A. Schnegg, J. Behrends, M. Fehr, and K. Lips, Phys. Chem. Chem.

Phys. 14, 14418 (2012).

“D. Kaplan, I. Solomon, and N. F. Mott, J. Phys. (Paris) 39, 51

(1978).

5B. Stich, S. Greulich-Weber, and J.-M. Spaeth, J. Appl. Phys. 77,

1546 (1995).

6J.-M. Spaeth and H. Overhof, Point Defects in Semiconductors and
Insulators (Springer, Berlin, 2003).

A.R. Stegner, C. Boehme, H. Huebl, M. Stutzmann, K. Lips, and
M. S. Brandt, Nat. Phys. 2, 835 (2006).

8F. Hoehne, H. Huebl, B. Galler, M. Stutzmann, and M. S. Brandt,
Phys. Rev. Lett. 104, 046402 (2010).

°B. Movaghar, B. Ries, and L. Schweitzer, Philos. Mag. B 41, 159
(1980).

10A. V. Barabanov, O. V. Tretiak, and V. A. L’vov, Phys. Rev. B 54,
2571 (1996).

155301-14


http://dx.doi.org/10.1103/PhysRevB.6.436
http://dx.doi.org/10.1016/S0022-3093(99)00871-6
http://dx.doi.org/10.1016/S0022-3093(99)00871-6
http://dx.doi.org/10.1039/c2cp41258f
http://dx.doi.org/10.1039/c2cp41258f
http://dx.doi.org/10.1051/jphyslet:0197800390405100
http://dx.doi.org/10.1051/jphyslet:0197800390405100
http://dx.doi.org/10.1063/1.358906
http://dx.doi.org/10.1063/1.358906
http://dx.doi.org/10.1038/nphys465
http://dx.doi.org/10.1103/PhysRevLett.104.046402
http://dx.doi.org/10.1080/13642818008245377
http://dx.doi.org/10.1080/13642818008245377
http://dx.doi.org/10.1103/PhysRevB.54.2571
http://dx.doi.org/10.1103/PhysRevB.54.2571

TIME CONSTANTS OF SPIN-DEPENDENT ...

I'E Hoehne, L. Dreher, H. Huebl, M. Stutzmann, and M. S. Brandt,
Phys. Rev. Lett. 106, 187601 (2011).

12, Dreher, F. Hoehne, M. Stutzmann, and M. S. Brandt, Phys. Rev.
Lett. 108, 027602 (2012).

BH. Dersch, L. Schweitzer, and J. Stuke, Phys. Rev. B 28, 4678
(1983).

14C. Boehme and K. Lips, Phys. Rev. B 68, 245105 (2003).

158, Y. Paik, S. Y. Lee, W. J. Baker, D. R. McCamey, and C. Boehme,
Phys. Rev. B 81, 075214 (2010).

16J. Behrends, K. Lips, and C. Boehme, Phys. Rev. B 80, 045207
(2009).

7R. M. White and J. F. Gouyet, Phys. Rev. B 16, 3596 (1977).

18R. Haberkorn and W. Dietz, Solid State Commun. 35, 505 (1980).

9K. Lips, Ph.D. thesis, Philipps-Universitit Marburg/Lahn, 1994.

20H. Huebl, F. Hoehne, B. Grolik, A. R. Stegner, M. Stutzmann, and
M. S. Brandt, Phys. Rev. Lett. 100, 177602 (2008).

21C. Boehme, Ph.D. thesis, Philipps-Universitit Marburg/Lahn, 2002.

22H. Huebl, Ph.D. thesis, Walter-Schottky Institut, Technische Uni-
versitat Miinchen, 2007.

231, Solomon, D. Biegelsen, and J. Knights, Solid State Commun. 22,
505 (1977).

2*M. S. Brandt, M. W. Bayerl, M. Stutzmann, and C. F. O. Graeff,
J. Non-Cryst. Solids 227-230, 343 (1998).

2W. J. Baker, K. Ambal, D. P. Waters, R. Baarda, H. Morishita,
K. v. Schooten, D. R. McCamey, J. M. Lupton, and C. Boehme,
Nat. Commun. 3, 898 (2012).

26M. Suckert, F. Hoehne, L. Dreher, M. Kuenzl, H. Huebl,
M. Stutzmann, and M. S. Brandt, Mol. Phys. (2013), doi:
10.1080/00268976.2013.816796.

77J.S. Wilson, A. S. Dhoot, A. J. A. B. Seeley, M. S. Khan, A. Kohler,
and R. H. Friend, Nature (London) 413, 828 (2001).

M. Reufer, M. J. Walter, P. G. Lagoudakis, A. B. Hummel, J. S.
Kolb, H. G. Roskos, U. Scherf, and J. M. Lupton, Nat. Mater. 4,
340 (2005).

2F. Hoehne, L. Dreher, J. Behrends, M. Fehr, H. Huebl, K. Lips,
A. Schnegg, M. Suckert, M. Stutzmann, and M. S. Brandt, Rev. Sci.
Instrum. 83, 043907 (2012).

37, Lu, F. Hoehne, A. R. Stegner, L. Dreher, M. Stutzmann, M. S.
Brandt, and H. Huebl, Phys. Rev. B 83, 235201 (2011).

PHYSICAL REVIEW B 88, 155301 (2013)

SA. Schweiger and G. Jeschke, Principles of Pulse Electron
Paramagnetic Resonance (Oxford University Press, Oxford, 2001).

¥2M. Loewenstein and A. Honig, Phys. Rev. 144, 781 (1966).

3A. Stesmans, B. Nouwen, and V. V. Afanas’ev, Phys. Rev. B 58,
15801 (1998).

3D. R. McCamey, J. van Tol, G. W. Morley, and C. Boehme, Phys.
Rev. Lett. 102, 027601 (2009).

3R. Levitt and A. Honig, J. Phys. Chem. Solids 22, 269 (1961).

3P, Norton, T. Braggins, and H. Levinstein, Phys. Rev. Lett. 30, 488
(1973).

¥7W. C. Dash and R. Newman, Phys. Rev. 99, 1151 (1955).

388, Koynov, M. S. Brandt, and M. Stutzmann, Appl. Phys. Lett. 88,
203107 (2006).

¥A. Lehner, F. Kohl, S. A. Franzke, T. Graf, M. S. Brandt, and
M. Stutzmann, Appl. Phys. Lett. 82, 565 (2003).

408. M. Sze, Semiconductor Devices: Physics and Technology (Wiley,
Hoboken, NJ, 2001).

4IN. Sclar, Prog. Quantum Electron. 9, 149 (1984).

“2G. Feher and E. A. Gere, Phys. Rev. 114, 1245 (1959).

M. Stutzmann and D. K. Biegelsen, Phys. Rev. B 28, 6256
(1983).

“T. R. Askew, H. J. Stapleton, and K. L. Brower, Phys. Rev. B 33,
4455 (1986).

45F. J. Morin and J. P. Maita, Phys. Rev. 96, 28 (1954).

4A. Stesmans and V. V. Afanas’ev, J. Phys.: Condens. Matter 10,
L19 (1998).

47S.R. Schofield, N. J. Curson, M. Y. Simmons, F. J. RueB, T. Hallam,
L. Oberbeck, and R. G. Clark, Phys. Rev. Lett. 91, 136104 (2003).

48S. R. McKibbin, W. R. Clarke, A. Fuhrer, T. C. G. Reusch, and
M. Y. Simmons, Appl. Phys. Lett. 95, 233111 (2009).

“T. D. Mishima, P. M. Lenahan, and W. Weber, Appl. Phys. Lett. 76,
3771 (1999).

0V. Dyakonov, G. Résler, M. Schwoerer, S. Blumstengel, and
K. Liiders, J. Appl. Phys. 79, 1556 (1996).

SID. R. McCamey, H. A. Seipel, S.-Y. Paik, M. J. Walter, N. J. Borys,
J. M. Lupton, and C. Boehme, Nat. Mater. 7, 723 (2008).

32J. Behrends, A. Schnegg, K. Lips, E. A. Thomsen, A. K. Pandey,
I. D. W. Samuel, and D. J. Keeble, Phys. Rev. Lett. 105, 176601
(2010).

155301-15


http://dx.doi.org/10.1103/PhysRevLett.106.187601
http://dx.doi.org/10.1103/PhysRevLett.108.027602
http://dx.doi.org/10.1103/PhysRevLett.108.027602
http://dx.doi.org/10.1103/PhysRevB.28.4678
http://dx.doi.org/10.1103/PhysRevB.28.4678
http://dx.doi.org/10.1103/PhysRevB.68.245105
http://dx.doi.org/10.1103/PhysRevB.81.075214
http://dx.doi.org/10.1103/PhysRevB.80.045207
http://dx.doi.org/10.1103/PhysRevB.80.045207
http://dx.doi.org/10.1103/PhysRevB.16.3596
http://dx.doi.org/10.1016/0038-1098(80)90258-6
http://dx.doi.org/10.1103/PhysRevLett.100.177602
http://dx.doi.org/10.1016/0038-1098(77)91402-8
http://dx.doi.org/10.1016/0038-1098(77)91402-8
http://dx.doi.org/10.1016/S0022-3093(98)00073-8
http://dx.doi.org/10.1038/ncomms1895
http://dx.doi.org/10.1080/00268976.2013.816796
http://dx.doi.org/10.1038/35101565
http://dx.doi.org/10.1038/nmat1354
http://dx.doi.org/10.1038/nmat1354
http://dx.doi.org/10.1063/1.4704837
http://dx.doi.org/10.1063/1.4704837
http://dx.doi.org/10.1103/PhysRevB.83.235201
http://dx.doi.org/10.1103/PhysRev.144.781
http://dx.doi.org/10.1103/PhysRevB.58.15801
http://dx.doi.org/10.1103/PhysRevB.58.15801
http://dx.doi.org/10.1103/PhysRevLett.102.027601
http://dx.doi.org/10.1103/PhysRevLett.102.027601
http://dx.doi.org/10.1016/0022-3697(61)90272-4
http://dx.doi.org/10.1103/PhysRevLett.30.488
http://dx.doi.org/10.1103/PhysRevLett.30.488
http://dx.doi.org/10.1103/PhysRev.99.1151
http://dx.doi.org/10.1063/1.2204573
http://dx.doi.org/10.1063/1.2204573
http://dx.doi.org/10.1063/1.1540732
http://dx.doi.org/10.1016/0079-6727(84)90001-6
http://dx.doi.org/10.1103/PhysRev.114.1245
http://dx.doi.org/10.1103/PhysRevB.28.6256
http://dx.doi.org/10.1103/PhysRevB.28.6256
http://dx.doi.org/10.1103/PhysRevB.33.4455
http://dx.doi.org/10.1103/PhysRevB.33.4455
http://dx.doi.org/10.1103/PhysRev.96.28
http://dx.doi.org/10.1088/0953-8984/10/1/003
http://dx.doi.org/10.1088/0953-8984/10/1/003
http://dx.doi.org/10.1103/PhysRevLett.91.136104
http://dx.doi.org/10.1063/1.3269924
http://dx.doi.org/10.1063/1.126776
http://dx.doi.org/10.1063/1.126776
http://dx.doi.org/10.1063/1.360999
http://dx.doi.org/10.1038/nmat2252
http://dx.doi.org/10.1103/PhysRevLett.105.176601
http://dx.doi.org/10.1103/PhysRevLett.105.176601



