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Spin-dependent recombination of free carriers via dislocation dangling bonds is investigated as a
function of the temperature and of the light power in magnetic fields 0.04, 3.3, and 12.5 kQe. A
model of the effect is proposed on the basis of an analysis of the obtained data. The model makes
use of the concept of recombination via the dangling bonds, with preliminary capture of the
carriers by intermediate shallow levels assumed to be due to the deformation potential of the

dislocation.

PACS numbers: 61.70.Ga, 61.55.Dc, 72.20.Jv, 72.80.Cw

1. INTRODUCTION

It can be regarded as established by now that disloca-
tions in silicon plastically deformed at 7% 720 °C contain
chains of dangling bonds which produce an EPR signal and
cause deep donor and acceptor states in the forbidden
band."?? The onset of these levels (or narrow bands) is due to
the possibility of capture, by the dangling bond, of a hole or
of an additional electron. Since the number of such states is
quite large (N ppp > 10'® cm 3 at a strain € = 1.5-2%) and
they have large capture cross sections for both electrons and
holes,* one can expect them to make the decisive contribu-
tion to the carrier recombination. Since an electron or hole
can be captured by a dangling bond only in the singlet spin
state, it is quite probable that the recombination rate de-
pends on the spin state of the dangling dislocation bonds
(DDB).

The simplest method of investigating spin-dependent
recombination (SDR) is to saturate the EPR signal that
equalizes the populations of the Zeeman levels, and to ob-
serve under these conditions the changes in the recombina-
tion rates. Such an effect was observed by Lepin on surface
centers in silicon.® This effect was later observed by us on
dislocations in silicon at helium temperatures,® and by Fi-
gielski and Wosinski’ in the 300-100 K range on deformed
silicon. The SDR effect was later observed by Solomon et al.
in amorphous silicon. All the experiments except in Ref. 6
were performed in the range 300-77 K, and in a magnetic
field of the order of 3 kOe.

The simplest variant of an explanation of SDR in the
case of dislocations is the following: the applied constant
magnetic field H,, polarizes the spins and the free carriers as
well as the DDR electrons. Since capture can take place only
in the singlet state, the probability of which is proportional
to

is="/.—<S5.Sppp >»
the average capture probability, neglecting capture pro-
cesses with spin flip, is

We="/.(1—p.P ppg) We. (1)
Here p, and P are the equilibrium spin polarizations of

the electrons and of the DDB ( p ~ H,/T ). A resonant micro-
wave field superheats the DDB spin system until Py van-
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ishes. As a result, a change should be observed in the recom-
binationrate R, withAR /R =p, Pppg ~H 3/T?(Ref.5). At
T'=300 K and H,=3 kOe we should have AR/
R<p, Pppp =~107°. The value of 4p/p observed in all ex-
periments, however, exceeds by several times the calculated
P. Pppp- Several models were proposed to explain the large
value of the SDR, but there is still no unambiguous interpre-
tation of the observed effect in the case of dislocations in
silicon. In Ref. 4 was proposed a model for the production of
polarons via interaction of DDB with the captured electron,
while in Ref. 8 a ferromagnetic exchange interaction
between a neighboring DDB was suggested. Both models led
to a large value of the effect on account of the increase of
P g It was shown® that the exchange interaction between
the DDB should be antiferromagnetic, and a model was pro-
posed in which the SDR is due to resonant heating of the
phonon system or of the exchange reservoir'® in EPR.

In Ref. 11, finally, a model was discussed in which the
electron and the hole are captured by closely located traps
without an intrinsic spin. In this case ony singlet pairs can
recombine, and the lifetime of the triplet pairs are deter-
mined only by the thermal ionization, which leads to their
accumulation. If the microwave field is capable of transfor-
mating the triplet state into a singlet state, SDR will be ob-
served, and the magnitude of the effect can reach 10% and is
independent in first-order approximation of the field H,. It
was reported in the same paper'' that SDR in amorphous
silicon, measured at 300 K and at microwave frequencies 9.3
and 1.9 GHz, turned out to be of the same order (4p/
p~107"), in agreement with the proposed mechanism.

Later'? measurements of SDR on deformed silicon at
frequencies 9.3 and 2.4 GHz and at 300 K likewise yielded
equal values of the effect, close to'! (4p/p=~10"*), and the
SDR had approximately the same width and the same g-
factor as in Ref. 13. The results of Ref. 12 were explained
within the framework of the model proposed in Ref. 11.

When discussing these results, it seems important to us
to call attention to the fact that plastic deformation of the
silicon produces, beside the DDB, also certain paramagnetic
centers whose parameters (line width, g-factor, spin-lattice
relaxation time) differ from those of DDB and agree with the
parameters of the EPR centers in amorphous silicon.'*
When the samples are annealed at temperatures above
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650 °C, the EPR spectrum of the DDB vanishes (the activa-
tion energy of the process is ~2 eV), and all that is left is the
EPR line from those “amorphous” centers whose number is
usually not more than 7-10% of the initial DDB concentra-
tion even in strongly deformed samples.'” It is not excluded
that plastic deformation produces microscopic regions of the
amorphous phase or separately broken the bonds, surround-
ed by a strongly distorted lattice and similar to the EPR
centers in a-Si. We note that in Refs. 7, 8, and 12 the charac-
teristics of the SDB also agreed with the parameters of the
EPR signal in a-Si (width 6 Oe, g = 2.004-2.005). We there-
fore assume that the samples investigated in the cited refer-
ences were without DDB and the SDR was similar to the
SDR in amorphous silicon.

The purpose of the present study was to investigate
SDR on DDB in silicon in various magnetic fields at low
temperature, with an aim at studying the mechanism of this
effect.

2. SAMPLES AND MEASUREMENT PROCEDURE

We used samples of single-crystal p-type silicon (10'3
cm ™ of boron) grown by crucible-less zone melting in vacu-
um. The samples were plastically deformed at 700 °C in an
argon atmosphere by compression along (110). The sample
preparation procedure is described in detail in Ref. 16. The
deformation time was 4-5 min. The degree of deformation
(strain) of the samples was 2-2.5%, corresponding to a dislo-
cation density (1-3)X10° cm™2 and to a DDB density
Npps =(2-3)Xx 10'® cm 3, as determined by EPR at T'> 50
K, (Ref. 2), i.e., the average distance between the DDB along
the dislocations did not exceed 5-7 A. The Fermi level in the
non-illuminated samples at 7'< 200 K lies in the region of
E, +0.42 eV (Ref. 17), therefore the dark conductivity at
T <100 K is negligibly small. The sample resistance was
measured by a four-contact method, the sample dimensions
were 2X2 X7 mm when measured at 9 and 110 GHz and
1X1X5 mm at 36 GHz.

When working at 9 and 36 GHz the sample was placed
in the antinode of a microwave stainless-steel cavity (wall
thickness 0.3 mm) with a copper coating on the outside. Mo-
dulating coils were placed on the cavity and were used to
apply to the sample an alternating field of frequency up to 1
kHz parallel to the constant external field. In the measure-
ments in the 110 MHz range the cavity was replaced by a
coiled wire. The sample was illuminated through a filter of
pure silicon 2 mm thick by a miniature incandescent lamp
mounted on the cavity.

The sample conductivity was replaced by measuring the
voltage drop between potential contacts with direct current
flowing through the sample. The voltage was measured with
an electrometric amplifier having an input resistance up to
10'* 2. The amplified voltage, past the analog-digital con-
verter, was read with a minicomputer that controlled the
experiment in real time. The experimental procedure was the
following: the dependence of the sample resistance of the
magnetic field was recorded in the region of the resonance
conditions for EPR with the microwave power on and off.
The difference between the functions yielded the influence of
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FIG. 1. DDB EPR spectrum, Y Agp, and the SDR spectrum (H, = 0.02
Oe)at T= 1.4 K; Hy||[111]; H, = 3.3 kOe.

the microwave field on the sample conductivity. To improve
the signal/noise ratio the procedure was repeated a number
of times and the SDR signal was accumulated.

3. EXPERIMENTAL RESULTS

We describe first the results obtained in the 9.3 GHz
range, i.e., at a static magnetic field of approximately 3.3
kOe. Figure 1 shows the EPR spectrum of the BDB recorded
in the adiabatic fast passage (AFP) regime,'® and the SDR
spectrum recorded at microwave field values H, of the order
of 0.02 Oe. The spectra were obtained at 7= 1.4 K and with
weak illumination corresponding to a sample conductivity
0=10"'902 ~L.cm™" It is seen that the sample resistance
increases on passing through magnetic resonance corre-
sponding to DDB (i.e., the recombination probability in-
creases), and the SDR spectrum is similar in shape and in
characteristics to the DDB EPR spectrum.

As shown earlier”'® the EPR spectrum of the DDB is
inhomogeneously broadened and consists of individual spin
packets spaced 0.6-0.8 Oe apart in a 3.3 kOe field. The inho-
mogeneous broadening is due in the main to the scatter of the
g factors, so that the spectrum width increases in proportion
to the magnetic field. Indeed, it was found that at an orienta-
tion H, ||[[111] the width of the EPR spectrum of the DDB is
of the order of 15.5 Oe in a 3.3 kOe field, 38 Oeina 12.5 kOe
field, and according to the SDR data, of the order of 7-8 Oe
in a 0.04 kOe field.

It follows from these data that the spectrum broadening
can be described by the empirical relation

AH=T7.5+(Aglg)H,, Ag~5-10-°.

At not too high a microwave power, the only DDB satu-
rated are those for which resonance conditions are satisfied,
and the observed value of the SDR should be less than the
true value corresponding to saturation of the entire spec-
trum, even if the saturation conditions

,Yzle,ti off T2 eff >1
are satisfied for the individual spin packets.

To know the total width of the effect, we have the total
value of the effect, we have used modulation of the magnetic
field H,, sin w,, ¢, such that 2H,, > AH and w,,7,> 1. Here
H,, and w,, are respectively the amplitude and frequency of
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FIG. 2. Dependence of the SDR on the modulation frequency of the con-
stant magnetic field. Solid curve-calculation by formula (2).

the modulation. In this case it becomes possible to saturate
the EPR signal of all the spin packets. Indeed, when this
condition is satisfied the magnetic moments of the spin pack-
ets stay half the time in an inverted state and the projection
of the moment on the magnetic field is on the average zero.
The use of this method uncovers a possibility of determining
the characteristic SDR time, whence the dependence of 4p/
p on w,, is found. In fact, regardless of the SDR mechanism,
it is possible to introduce a time 7; during which the system
“remembers” that a definite spin packet was saturated. If it
is assumed that the contribution to the SDR from the i-th
packet after being acted upon by the microwave field de-
creases like

(Aplp) i~exp (—t/1°),

it is easy to obtain the dependence of the quantity (4p/p)fy
on the modulation frequency. In the general case this quanti-
ty depends on H,,AH,H,,, and on the ratio of w,, and 77,
and the expression is quite unwieldy. However, at 2H,, >4 H
and Y H2775>1, where 7, =~(2yH,)~', the expression
takes the simpler form

(8p/p) ,,=A+2Bfut,'[1 —exp(—1/21'fa) ], (2)
where
fu=ou/2n, A=(Ap/p);, =0

B=(Ap/p) 1 ,,»o—(Ap/0) 1, =0

Figure 2 shows by way of example the dependence of 4p/p
onf,, obtained at T = 1.4 K, and the calculated curve [Eq.
(2)]; 7; and B are determined by a best least-squared fit to the
experiment.
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FIG. 4. Dependence of the SDR on the microwave power at T =14 K;
O—p=310°2cm, fo, >(7])""; 0 — p = 5-10° 2:cm, £, =O;

/\ —p = 5-10" 2-cm, and f;, >(7;) " ". The solid curves were calculated
from formula (6).

Figure 3(a) shows the dependence of 7] on the illumina-
tion level at T'= 1.4 K. The same figure shows the values of
7, measured by pulsed saturation of the EPR signal of the
DDB. The EPR signal was detected in the adiabatic fast
passage regime at a modulation frequency 600 Hz and a sa-
turating-pulse duration 3 sec. Figure 3(b) shows the depen-
dence of the EPR signal y ' on the illumination level. We note
that when the illumination is turned off y ' and 7, are re-
stored to their dark values. The restoration time of y ' did not
exceed the spin-lattice relaxation time in darkness.

Figure 4 shows the experimental dependences of the
SDR 4p/p on the amplitude H, of the microwave field, ob-
tained at T = 1.4 at a modulation frequency f, > 1/7,. Also
shown is the Ap/p dependence without field modulation.

Figure 5 shows the temperature dependences of 7; and
Ap/p. In the temperature region 7> 35 K, the value of dp/p
corresponds to saturation of the entire EPR spectrum of the
DDB, i.e., the condition f;,7; 2 1 was satisfied, correspond-
ing to the plateau on the plots of Ap/p against f,, (Fig. 2), and
the microwave field H, was also strong enough to maintain
the effect constant when H, changed slightly (this corre-
sponds to the plateau on Fig. 4). Figure 5(a) (curve 1) shows
the values of 7, obtained by pulsed saturation of the EPR
spectrum of the DDB in Ref. 2. It is important that the val-
ues of 7, and 7, differ greatly.

The next result was that an increase of the magnetic
field H, from 3.3 to 12.5 kOe did not increase 4p/p by ~ 16
times, as expected, but even decreased it somewhat.
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FIG. 5. a) O—temperature dependence of 7;, curve 3 — calculated dependence of 7; (W, and W, were calculated from formula (11)); curves 1 — spin-
lattice relaxation time 7,, dashed curve — values of 7, used in the calculation of the quantities 4p/p; p = 3-10° 2-cm.b)0 — H, = 400e; V — H, = 12
kOe; ®,0 — H, = 3.3k0e (O — for >(7}) ", 4V’ H } 74 73> 1); p = 3-10° 2-cm. Curve 1—calculation by formula (6) at W, and W, from formula (11),
values of 7, from curve 2 of Fig. 5a; dash-dot — value of 4p/p under the assumption W, = const = 63 sec™ ' and 7, from the formula of Ref. 2.

For a more unambiguous choice of the model we have
measured the SDR in a field H,~39 Oe (frequency 110
MHz) and obtained approximately the same value as in the
12 kOe field. Thus, the effect is independent, in first-order
approximation, of H, in the range from 40 Oe to 12.5 kOe. It
is important that at the same p and T the value of 7| is like-
wise independent of H,,.

The values of 4p/p at 12.5 kOe (frequency 35 GHz) and
0.04 kOe (110 MHz) can be seen in Fig. 5(b). Finally, Fig. 6
shows the values of (4p/p) for total saturation of the EPR
spectrum of DDB as a function of 7}, obtained at 7= 1.4 K
for different illumination conditions, i.e., different values of
p [see Fig. 3(a)]. It should be noted that the maximum value
of the effect varied somewhat from sample to sample, de-
pending on the strain.

4. DISCUSSION OF RESULTS

Thus, on passing through the paramagnetic resonance
condition for the DDB in plastically deformed silicon sam-
ples, a decrease of the photoconductivity is observed. This
can be interpreted as an increase of the rate R of the recom-
bination of the electrons and holes on the DDB. It is impor-
tant that the magnitude of the effect AR /R is practically
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FIG. 6. Dependence of Ap/p on 7, at T = 1.4 K, @—experimental points.
The curves were calculated from Eq. (6); solid curves N = 8, W_ = 63
sec™ !, with account taken of 7,; when account is taken of the exchange
field H,,, the same curve corresponds to N = 20, the dashed curve —
N=9, W, =63sec”,a=10""%
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independent of the static magnetic field applied to the sam-
ple (at least in the range from 39 to 12.5X 10° Oe), and the
characteristic time of the effect 7;, during which the recom-
bination “remembers” the action of the resonant microwave
field on the DDB is much longer than the spin-lattice relaxa-
tion time 7, of the DDB (see Fig. 5), and also depends weakly
on the magnetic field H,. The magnitude of the effect Ap/
p=~AR /R remains practically unchanged when the tem-
perature is raised from 1.3 to 10 K, after which it decreases
rapidly; 7; behaves similarly with changing temperature,
but a change of the illumination level affects 7; much more
strongly than it does AR /R (Figs. 3 and 6).

We shall attempt below to choose an SDR model capa-
ble of explaining these facts and of understanding, at least
qualitatively, the observed temperature dependence of 4p/p
and 7| . In addition, we must discuss the causes of the strong
change of the quantities 7, and 7; with change in the illumi-
nation condition. This model should also agree with the
known experimental facts concerning the energy spectrum
of the DDB.'*"7

Let us discuss once more briefly the main existing mod-
els of the spin-dependent recombination. The first type of
model is based on the spin dependence of the capture of free
electrons (or holes) by centers having an intrinsic spin in the
absence of an additional electron (e.g., by the DDB). It is
assumed that the capture can occur only in a singlet final
state (S = 0). If capture with simultaneous spin flip is ne-
glected, it is easy to obtain for the capture probability expres-
sion (1). In the paramagnetic case we have p < H,/T, where
H,, is the static magnetic field, T is the temperature of the
spin system. At paramagnetic resonance for the DDB, the
spin system of the DDB absorbs energy from the microwave
field H,, and if the field is strong enough total equalization of
the populations of the Zeeman levels of the DDB becomes
possible, corresponding to vanishing of Ppg. One should
observe in this case an increase in the rate R of carrier cap-
ture by the DDB, with AR /R =p, P pg . In the case of para-
magnetism we should thus have

Aplp~AR/RxH?|T?
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which disagrees with the experimental data both in func-
tional dependence and in absolute value.

The assumption that a ferromagnetic interaction exists
in the DDB system on account of direct exchange® or on
account of formation of ferromagnetic polarons when the
DDB interact with the captured electrons®, makes it possible
to improve somewhat the agreement with experiment, i.e., to
increase the calculated value of the effect via increasing
Pypp and weaken the dependence on the magnetic field at
sufficiently strong fields via saturation of P 35 . However, a
dependence on the magnetic field of the type AR /R < H,,
should be observed just the same, owing to the polarization
of the free carriers. In addition, the assumption of direct
ferromagnetic exchange® does not agree with the EPR
data.>'® Thus, in this way one can hardly obtain agreement
with experiment. The models of the second type are’based on
allowance for the fact that when captured by deep centers,
such as DDB, the electrons should give up to the lattice a
rather high energy. One of the ways of capturing by a deep
level due to the DDB is the Lax cascade process with excita-
tion of local vibrational modes of the dislocation core. These
local modes should play a substantial role also in the spin-
lattice relaxation of the DDB and it is this which apparently
leads to the observed anomalously weak temperature depen-
dence of 7,, observed in Ref. 2. Upon saturation of the EPR
signal of the DDB, the system of the localized phonons may
turn out to be significantly overheated relative to the remain-
ing lattice, because of the effective interaction with the spin
systém of the DDB. This in turn, can lead to an increase of
the capture probability and to recombination of the carriers.
Such a model of the SDR was proposed in Refs. 9 and 19.

In Ref. 10 is considered an analogous possibility, con-
nected with the cascade process of magnon radiation and
with the superheating of the exchange reservoir upon satura-
tion of the magnetic resonance in the chains of exchange-
coupled DDB (an antiferromagnetic interaction between the
neighboring DDB), which does not contradict the EPR
data®'® was assumed). In both cases the magnitude of the
effect is described by the expression

é_liza( )X°H° (3)
R ) er

where 7] is the temperature-relaxation time of the localized
phonon reservoir (or of the exchange reservoir), i.e., a pa-
rameter that characterizes the coupling of this reservoir with
the lattice; C is the heat capacity of this reservoir; y, is the
magnetic susceptibility of the spin lattice, H, is the magnetic
field, 7, is the relaxation time of the homogeneous precession
excited upon magnetic resonance, and

(W) 1

=157,
where c is the electron-capture probability. We note that in
this model the characteristic SDR time is determined by 7,
which can differ from 7,. The case 7] > 7, corresponds to the
“phonon bottleneck.”

Generally speaking, one can attempt to attribute the
independence of AR /R of H, to the exotic dependence of 7,
and 7; on H,, but thisis not very likely. Thus, it is apparently
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impossible to explain the experimental results on SDR with
the aid models of the second type.

InRef. 11 was proposed a fundamentally different SDR
model, which differs substantially from the first type in that
the electrons and holes are first captured by certain closely
lying centers that have no intrinsic spin (and this process is
spin-independent), yet the probability of further recombina-
tion, which due to the possibility of tunneling between the
centers, is spin dependent. SDR can be observed in this situa-
tion because only singlet electron-hole pairs can recombine,
and the lifetime of the triplet pairs is long enough to make
their thermal ionization possible, after which the electron
excited into the conduction band can again participate in the
conduction. If the microwave field can mix effectively at
resonance the singlet and triplet states, an increase will be
observed in the recombination rate, and the effect in first-
order approximation is independent of the applied static
field H,. We believe this idea to be quite fruitful and shall use
it to construct our model of SDR on dislocations in silicon.
For this purpose it is convenient to reformulate the model as
applied to this case.

4.1 SDR model on DDB

According to Refs. 1, 17, and 3, the main part of the
energy spectrum of the electronic states of the DDB consists
of two narrow bands, E, <E_, + 0.38eVand E,~E, + 0.67
eV. The states E, correspond to the DDB electrons them-
selves or to holes captured by DDB. The states E, corre-
spond to electrons captured by DDB in the singlet state. We
assume that the DDB system corresponds to a one-dimen-
sional Mott-Hubbard dielectric with narrow bands.'” In ad-
dition to the bands E, and E, there exist levels connected
with different defects on dislocations,* but their density is
low compared with the DDB at approximately the same cap-
ture cross sections, so that when discussing the SDR effects
we shall not consider them. Besides the deep levels connect-
ed with the DDB, there can obviously exist slower one-di-
mensional bands for holes and electrons, due to the presence
of deformation potential near the dislocation cores, which
leads to a local change of the width of the forbidden band.*
The calculated depth of these levels is not more than 0.05-
0.1 eV. It is important that they must be spatially separated
to some degree from the DDB (see Fig. 7). Let the energies of
the electrons and holes in such bands be E,; and E,,. We
assume that the probability of carrier capture into the bands
E,, and E,; is much higher than the probability of direct

FIG. 7. Dislocation-level scheme (see explanation in text).
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capture into the bands E, and E, (first because E,; and E,,

are shallow, and second because of the larger number of
states). The recombination will then proceed as follows: the
electrons and holes are captured into the bands E,; and E,;,
after which the transitions E,; —E, and E,;, —E, take place.

Next, since the electrons in E, and the holes in E, can move
along the dislocations, they arrive at one dangling bond,
which corresponds to their recombination E,-E,. Since the
E, and E, bands are deep enough, the thermal activation of
the carriers captured by them in the E,. and E, at T < 100K
can be neglected, i.e., a carrier captured in E, or E, is as-
sumed to be lost, and sooner or later recombines. Since the
situation for the holes and electrons is symmetrical, we con-
sider for the sake of argument electron capture.

We shall show that the SDR can be due to the spin-
dependent character of the transition of the electron from
E,, into E,, i.e., to a dangling bond.

We consider a finite isolated chain of DDB, consisting
of N spins. The probability of electron capture from E,; by
this chain (into the E, band) is W, W,, where W, is the prob-
ability of the transition of an electron from E,, into E, (per
dangling bond in the singlet state) and W; is the probability
that the electron-DDB pair has (prior to the transition) op-
positely directed spins (i.e., forms a singlet configuration). If
the g-factors of the DDB and of the electron in E,; differ
somewhat, the spin precession in the field H, causes the
probability W, to contain a term that oscillates with fre-
quency |g8. — gpps |YH,- If this frequency is much higher
than W_, we can use a certain mean value W, . Let the angle
between H, and the electron spin be 6, then, as is well known,
the probability of the state + 1/2 is

cos® (0/2) =(1+cos 0)/2,
and of — 1/2:
sin® (6/2) =(1—cos 0)/2,

or, putting cosf = p, we obtain respectively (1 4 p)/2 and
(1—p)/2.

Since the electron can move along the chain, i.e., it can
be captured by any of the DDB and there exists in the chain
an effective exchange of spins between the DDB, it is impor-
tant for us to have the average probability, for the given
chain, of observing any spin of the DDB in the states + 1/2
or — 1/2. It is a rather complicated task to calculate rigor-
ously this probability, but one can estimate quite reliably the
effect for the case N> 1, if it is assumed that each of the DDB
spins is in a “pure state” + 1/2 or — 1/2. The problem of
finding the average spin projection for a given chain (i.e., of
its polarization, reduces to the problem of placing N parti-
clesin 2N states. The probability that the polarization of this
chain is

o= (Ne—=N_)/ (N, +N_),

where NV, is the number of spins in the state + 1/2 and N_
is the number in the state — 1/2, can be easily shown to be

W (p.) =(N1)*/(2N!) [(N=N,) 1 (N) 12
We neglect here the influence of the external field H, on
the polarization. If we have an electron in E,; with polariza-
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tion p, and the polarization of the DDB chain is p,, the prob-
ability of capturing an electron in the band E,, i.e., in singlet
states, with one of the DDB, is

WW.(py; po)="/sW. [(1+p,) (1=p2) +(1—p,) (1+72) ]
(4)
=‘/4Wc(1—171172) .

Introducing the DDB spin-flip probability W, (on account
of the spin-lattice relaxation and spin-spin interactions with
other chains, or on account of the microwave field at reso-
nance), and the probability of activating an electron from
E,, to the percolation level and its departure from the chain
(W5 ), we have for the number of pairs n( p,; p,) consisting of
anelectronin E,; and a DDB chain, with given p, and p,, the
following balance equation:
an(py; ps) ~ GW (p.)
a 2

—n(py; Pe) [(Wot W, (ps; p2) WA W 1+N (ps; —p2) Wi,
whence
2GW (p.)/W.
&t 1—p.p2+8ap.ps/ (Batirtppt1) )

where A = Wy, /W ;a = W,;/W,_;G is the rate of electron
generation by the light. From this we can easily obtain the
recombination rate

R= i j' n([h;}—’-z) (%,‘c) (1“171172)d111 : (6)

No=0 —1

n(ps; p;) =

and the average lifetime of the electron in E,; :

T’ =é‘ i j n(py; ﬁz)dpt- 7

No=0 —1

Upon saturation of the EPR of the DDB we increase the
probability of the DDB spin flips on account of the micro-
wave field. At H,— o we have

a=Wf mw /Wﬁ»mi

which leads to an increase of the probability of the transition
E,,—E, of those electrons which made up triplet configura-
tions with the DDB and could not be captured by them. As a
result, the average lifetime 7; decreases somewhat and the
recombination rate increases. It is important that after sum-
ming over p, and p, there is no magnetic-field dependence in
first-order approximation.

Since the condition that the number of electrons in the
conduction band be stationary can be written in the form

nW;—R=0,

where R is the rate of an electron capture in E, followed by
their recombination, # is the density of the free electrons,
and W; is the probability of their capture in E,,, it follows
that the observable magnitude of the effect is

An AR R..—R
A / N—— = — = ’
pe== R R

where R and R, can be easily calculated from Eq. (6), and
R, corresponds to @— oo . Obviously, the measured 7; must
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FIG. 8. Theoretical curves for 7} (¢)and AR /R (b), cal-
culated from formulas (6) I—N = 1, = 1075 2—

N=8a=10"%3—N=8a=44-N=8a=0.1;
5—N = 15,@ = 10~° (with account taken of H,

ee)‘

correspond in first-order approximation to the average life-
time (7).

We have so far not taken into account the possibility of
exchange interaction H,, between the electrons in £,; and
the DDB. If H,, is larger than the distance between the EPR
lines of the BDB and of the electrons in E,; ,H,, >Agg ™ 'H,,
which is quite probable, then the projection of the spin of the
electron in E,; on the average spin of the chain will not
oscillate at the difference frequency |g. — gppg |VH, We
can then choose the quantization axis for the average polar-
ization of the chain p, the spin direction of the electron in
E,,,i.e., thereis no need to integrate with respect top, in (5)-
(7), and we can simply put p, = 1. Calculation shows that the
form of the functions AR /R (¢;4;N) and 7;(a;A;N) is
changed little thereby (see Fig. 8), but the magnitude of the
effect increases by approximately 2.8 times.

It should be noted that at H,, »H, the magnetic reso-
nance will correspond to precession of the total angular mo-
mentum of the chain as a whole. In the case of large H,,,
however, the SDR effect can be observed, since saturation of
the EPR signal of the DDB should lead to heating up of the
exchange reservoir, corresponding to a change of p,. (In this
paper we do not consider the situation in which H,, is so
large that the indirect ferromagnetic interaction that arises
between the DDB spins leads to a change in p, of the chain
upon capture of an electron in E,, . The calculation formula
should in this case have a different form and the SDR should
be larger.)

The calculated relations

'& _ R (a+d1mw) —R ((Z)

R R(a)
as functions of the spin-flip probability in the microwave
field ., are shown in Fig. 4. It was assumed that

O mw =Wj mw/Wc=’YH12/Wc'8HM,

where H,, is the amplitude of the modulation of the magnet-
ic field at fo, >(1/7;1/7) ),Hy >AH, where AH is the width
of the EPR lines. It was found that the calculated relations
are quite close in form to relations of the type

YAH T 5 T’
—
1+‘/1.'YZH‘2T off T2

where 75 = (27H,;) !, which correspond to the usual curves
of the saturation of the EPR spectrum with 7, replaced by
the latter being a certain combination of 7,,Wp,, and W,
approximation we have 74

Tefrs

(in first-order !
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=(r7)"" + (r)7"). Itis seen that the agreement with experi-
ment is good.

Figure 8 shows the calculated dependences of the SDR
AR /R (correspondingto H,— w0 )and 7, for certain values of
the parameters. AR /R decreases approximately like N ~'.
The quantity 7,, as expected, depends little on N, and 7, is
determined mainly by the parameters W, and W,.

4.2 Dependences of 7}, r,, and y’ on the illumination level

We discuss now the dependences of 7] and 7, on p, plot-
ted in Fig. 3(a). The simplest way of explaining the depen-
dence of 7, on the density of the free carriers is to take into
account the exchange interaction of the DDB with the free
electrons and holes. A decrease of 7, upon illumination was
observed in Ref. 21 for paramagnetic Fe® centers in Si. In-
deed, in the presence of photoelectrons, the relaxation of the
DDB spins described by the expressions
- Boop—1/T

BDDB=_nU(ﬁDDB"Bj)“'ﬂ_r}l‘)ﬁ" - )
Be=—NpppU (B.—p DDB) — ———B'—1O/T — _Ei’

where S ppp and B, are the reciprocal spin temperatures of
the DDB and of the electrons, 77 and 79, are the times of the
spin-lattice relaxation of the DDB and of the electrons, 7, is
the electron lifetime, U is the exchange probability,
U=2(V,)o, where V, is the thermal velocity of the elec-
trons and o is the cross section for exchange interaction of
the electron with the DDB.

Similar equations were solved in Ref. 21:
- nU[ (t.°) '+r.7']
" NoosUtt '+ (1.0)" '

&)

Ty
and

3 .. X DDB
DDB %.DDB (10)

~ nU (1,.°) =T+ (1.") " (Nppp U~ (1..°) "' +77") T

T U (1) e ]+ (1) (N ppp U+ (10°) ~ 1)

According to Hall-effect data, the mobility of the free carri-
ers in our samples is £ =600 cm®.s~'-V ™, so that knowing
the resistivity we can estimate the carrier density. Figure 3
shows the calculated plots for 7, and y ppg, With the values
of U, 79,, and 7, fitted by minimizing the mean squared devi-
ation. The curves correspond to the values U=~2X 10~ ® and
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FIG. 9. Dependence of the resistance of the sample (O) and of the number
of photons absorbed by the sample (®) on the lamp power at T = 1.4 K.

79, =7, =~3X 107! sec. It can be seen that the agreement is
not very good. In addition, direct measurements®? yield at
helium temperatures 79, X 10~3 sec.

As for the quantity 7, it can be formally estimated in the
following manner: Fig. 9 shows the dependence of the sam-
ple resistance on the power absorbed by the illuminating
lamp. The same figure shows the number of photons ab-
sorbed by the sample, divided by the sample volume. The

calculation was based on the formula
11 eV

G= [ kNa(E)A(E)EE,
08 eV

where k is a geometric factor, N, (E ) is the spectral density
of the radiated photons, which is close to N, (E) of a black
body, and 4 (E ) is the absorption coefficient of the sample. It
wasassumedthat4 (1.1eV) = 1,and theA (E )spectraldepen-
dence coincides with the spectral dependence of the photo-
conductivity measured in Ref. 17 (where samples with the
same dislocation density and with approximately the same
dimensions were used). From a comparison of the curves in
Fig. 9 it follows that the lifetime of the carriers is
7, 24X 107 '% sec. From such a rough estimate it is quite
clear that the real 7, >3 X 10~ !! sec. Thus, the DDB interac-
tion with the free carriers cannot explain the experiment.

The disparity can be resolved by recognizing that the
carrier density in the sample is inhomogeneous because of
the presence of band bending near the dislocations, due to
the deformation potential of the dislocations. In this case the
density near the dislocations can be many times larger than
the density of the dislocations that determine the conductiv-
ity. Indeed, the dc conductivity is determined by the free
carriers with energies above the percolation threshold. If the
electron temperature is =~ 10 K and the bottom of the con-
duction band near the dislocations is 10 meV lower than the
percolation level, the local density is higher by five orders of
magnitude than would follow from the conductivity. In ad-
dition, it must be recognized that the electrons and the holes
are excited by the light in a substantially superheated state
and then relax rapidly in energy with emission first of optical
and then of acoustic phonons. In this case rapid thermaliza-
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tion of their spins should also take place. It is therefore nec-
essary to use a certain 75" <7,,. Thus, the dependence of 7,
on p can be understood, at least qualitatively, by taking into
account the presence near the DDB, due to the deformation
potential.

As follows from Fig. 3a, the parameter 7, which is de-
termined by the ratio of W, and W, [see Fig. 8(b)] also de-
pends strongly on the illumination level. It can be assumed
that the activation of the carriers from the levels E,; and E,,
is not thermal means but is due also, e.g., to Auger processes.

4.3 Comparison of experimental data on SDR with the
proposed model

Figure 6 shows the experimental dependence of 4p/p
on 7, at 1.4 K, and the calculated relation obtained from (6)
to (7) at N =8 and W, = 63 sec™'. In the presence of ex-
change interaction between the DDB and the electrons in
E,, and H,,, calculation yields a similar dependence at
N =20. The value of W, was obtained from 7, while W,
was estimated by extrapolating the EPR data [Fig. 3(a)]. It
can be seen that the agreement with experiment is good.

Figure 5(b) shows an attempt to compare the tempera-
ture dependence of 4p/p with the calculation. Unfortunate-
ly, we do not know the exact dependences of W, and W, on
T, and experimental data on 7,(T’) are available only in the
region T> 25 K (Ref. 2) [curve 1 of Fig. 5(a)]. Curve 1 for 7,
in Fig. 5(a) was drawn for the region 6 K < T'< 25 K by using
a highly approximate extrapolation formula proposed in
Ref. 2. The dashed curve 1 of Fig. 5(b) was calculated from
these data for 7, wunder the assumption that
W, = const = 63 sec™!, i.e., does not depend on the tem-
perature. The agreement with experiment is in this case un-
satisfactory. It must therefore be assumed that W, depends
on the temperature, which is perfectly reasonable, since an
energy barrier can exist between E, and E,; (Fig. 7). Curve 1
of Fig. 5(b) and the calculated curve for 7] on Fig. 5(a), which
agree well with experiment, and were obtained under the
assumption that

W.[sec!] =63+1.6-10°exp (—E*/ksT),
Wo[sec—]=25+1.9-10° exp (—E*/ksT), (1)
where E * = 10 meV; N = 20 (the H,, exchange is present),
and the values in the region T <27 K correspond to curve 2
on Fig. 5(a), i.e., the extrapolation formula of Ref. 2 underes-
timates somewhat the values in this temperature region.

Thus, the model proposed above can explain in princi-
ple all the experimental results both qualitatively and quan-
titatively.

We discuss now the requirements imposed by this mod-
el. We note first that for the model to be valid the spin chains,
which are separate sections of the dislocations with DDB,
should be sufficiently isolated from one another, so that the
probability of inversion of the projection of the total spin of
the chain on account of spin interactions, primarily dipole-
dipole interactions, with the neighboring chains must not
exceed the experimental values of Wy, ie., Wy, €Wy op-
The minimum W, observable in experiment at T'= 1.4 K
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and under weak illumination corresponds to W, = 10-20
sec™ L.
We can roughly estimate the distance between the spin
chains, which follows from the requirement W, <W;. Gen-
erally speaking, the distance between the DDB in a disloca-
tion core depends on the type of dislocation. For 60° disloca-
tions this value is a* ~ 3.8 A. However, as shown in Ref. 2, at
T <45 K the effective number of paramagnetic DDB de-
creases, and at T < 20 K their number is 2-3 times smaller. It
was proposed in Ref. 2 that this is due to the instability of the
chains to variation of the period, which leads to a pairing of
two out of three neighboring spins into a singlet state on
account of the increase of the exchange interaction between
them. As a result, the distance between the paramagnetic
DDB at T<20 K can become of the order of 3a*~10 A.
However, even when account is taken of this fact, the dipole-
dipole interactions between then should give a EPR line
width of the order of H,;; ~up/(3a*)* =~ 10 Oe. Since the ob-
served EPR line width is of the order of 0.4—1 Oe (Ref. 18), it
must be assumed that an exchange interaction exists
between the paramagnetic DDB and leads to a narrowing of
the lines.?>** We then have ‘
AH=H.(Hu/H.),
where H, is the exchange field. Whence H, (T < 20 K) =200
Oe (at T2 50 K the estimates of H, are even larger). Thus,
this is a lowerbound estimate of H,. Let now the distance
between the individual DB chains be of the order of 7,. We
then have

Wa[sec ']~y (us/re*) */ He 15,

whence r, =70 A ~17a*. Thus, the dislocation core should
be as follows: there exist DDB chains, separated by sections
of dislocations without DDB, of length (10-20)a*. We note
that if the real H, is larger, then the sections without the
DDB can be accordingly shorter. What is the average length
of the DDB chains? From a comparison with experiment we
obtain N,; ~7-8 in the absence of H,, of N&~20 in the
presence of exchange interaction H,, between the DDB and
the electrons in E,, . If the lengths of the chains are described
by a Gaussian distribution with parameters N and
[(N—N)/xN1? ]

X(N)=(1/72 7xN) exp [— .

we have, assuming that Ap/p < 1/N,
-7 dN
Ni = j X(WN) =

from which we can obtain the dependence of N on x. As x—0
we have, obviously, N= Ng. At x=0.7-1.5 we have
N=2N,;. Thus, the average length of the DDB chains is
(14—40)a*, depending on the presence of the exchange A, . It
is precisely for this reason that the average distance between
the DDB along the dislocations, calculated from the disloca-
tion density N, and from the DDB density, usually amounts
toa =Np/Nppg =5-7 A in place of the expected 3.5-4 A.

Let us discuss the possible cause of the onset of suffi-
ciently extended sections without DDB. As already noted,
when the samples are annealed at TR 700 °C, the EPR signal
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of the DDB vanishes. This was investigated in detail in Ref.
15, where it was suggested that the most probable mecha-
nism is the reconstruction of the dislocation cores in such a
way that the DDB are pairwise closed to form covalent
bonds. The energy gain due to the formation of covalent
bonds compensates for the increase in energy on account of
the lattice deformation.? The energy difference is apparent-
ly large enough and exceeds k, T when T is lower than the
melting temperature, therefore the reconstruction is irre-
versible, in contrast to a transition that occurs in DDB
chains at TS50 K. The existence of nonreconstructed
chains is due to the high activation energy for the recon-
struction process, and is a nonequilibrium situation.

The substantial differences between this model of DDB
annealing and the model with diffusion of impurities to the
dislocations with formation of DDB + impurity—atom
bonds consists in the fact that in the impurity mechanism the
DDB should vanish one by one at arbitrary points of the
dislocation. In the case of the model with reconstruction, by
virtue of the collective character of the process, the DDB
should close immediately on sufficiently long sections of the
dislocations, bounded apparently by certain pinning points,
e.g., jogs or impurity atoms.

It should be noted that favoring the reconstruction of
the dislocations upon annealing are, as is now clear, certain
results, of Ref. 23. In Ref. 23 they investigated the ratio of
the integral intensities of the EPR spectra of the DDB and of
the neutral phosphorus atoms at 7'= 1.3 K. When the dislo-
cations are introduced, the intensity of the EPR signal from
the phosphorus decreases because of the capture of electrons
by the DDB (into the E, band). The ratio of the number of
captured electrons N, to the number of the DDB, N pg,
namely f= N, /N ppg, Was always less than 0.2, this being
due to the Coulomb interaction of the electrons captured by
the dislocations. Upon annealing of the samples it was found
that NV, decreases in proportion to the decrease of N ppg, i.€.,
f~const. This can be explained only by assuming that the
DDB vanishes at once over sufficiently long sections of dis-
locations (> Sa*), and on the remaining sections the distance
between the DDB remains the same as before and their
length is also larger than 5a*. In the opposite case N, would
start to decrease only after the vanishing of 80% of the DDB.

5. CONCLUSION

Thus, the experimental results can be qualitatively and
quantitatively understood on the basis of the following mod-
el: the dislocation core contains spin chains of DDB, whose
average length is of the order of 15-40 spins. The chains are
separated by dislocation sections without free spins, and the
maximum length of these sections needed for the model to be
valid is 10-20 lattice constants. The recombination of the
free carriers proceeds as follows: the electrons and holes are
captured (with arbitrary spin directions) near the dislocation
cores into shallow states which can be due to the deforma-
tion potential that is present. They are next either activated
back into bands, or captured on the dangling bands (DDB)in
the singlet state, followed by recombination. The spin-de-
pendent is only the capture of the electrons (or holes) from a
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shallow state on the DDB chain. The capture probability
depends here on the polarization of the given chain along the
electron-spin direction.

At magnetic resonance, the chain polarization begins to
vary with time, and if these changes occur within times much
shorter than the electron lifetime in the shallow state, the
recombination probability of those electrons that have
formed triplet configurations with DDB increases. The SDR
is then independent in first-order approximation of the ex-
ternal magnetic field.

An analysis of the dependence of the time of the spin-
lattice relaxation of the DDB on the illumination level also
shows the need for taking into account the band bending due
to the deformation potential of the dislocations.

In the calculations of the value of the SDR we have

neglected the DDB polarization due to the external magnet-
ic field H, allowance for which should apparently add to the
calculated value an increment of the order of

(usHo)*/ks*Te (Topp +Tx),

where T, and T g are the spin temperatures of the elec-
trons and of the DDB, and T, is the Neel temperature of the
DDB. In addition, we did not take into account the influence
of the various exchange interactions between the DDB in the
chain, capable of changing the distribution of the probabili-
ties W ( p,) of observing a given polarization p, of a finite
chain. Allowance for the last circumstance can change the
estimates for the chain length.
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