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The paper reports an experimental and theoretical investigation of spin-dependent recombination 
in plastically deformed Si. It is shown that the recombination occurs via the localized bound state 
of the electron-hole pair. 

PACS numbers: 71.50. + t, 62.20.Fe 

The effect of a magnetic field on the recombination of 
non-equilibrium current carriers was discovered in the pion- 
eer work of Lepine and Prejean. ' In that work, the photocon- 
ductivity of n-Si located in a constant magnetic field Ho=: 3 
kOe and a transverse-to it-microwave field h was investi- 
gated. The decrease in the photoconductivity due to the in- 
crease in the rate of recombination via surface impurity 
centers was recorded at the moment of resonance (yHo = w) .  
A new resonance method of investigating impurity centers 
was thus discovered which differs from the EPR method in 
that only the electrically active centers participating in the 
recombination process are detected in it. 

In the initial model1 it was assumed that the recombina- 
tion proceeds via the paramagnetic centers, so that the con- 
stant magnetic field, which is responsible for the polariza- 
tion of the free carriers (p, zpHo/kT)  and the unpaired 
electrons at the centers ( p, zpHo/kT),  should decrease the 
rateR of recombination by an amount AR /Roof the order of 
p,p, z ( , U H ~ / ~ T ) ~ .  The resonance microwave field destroys 
the polarization, and brings about at saturation the reestab- 
lishment of the initial rate R, of recombination. 

Subsequently, spin-dependent recombination of the 
carriers was observed not only at the surface, but also at the 
volume, centers in plastically deformed2-" and amorphous5 
silicon. A number of experiments6*' have been performed in 
which the spin-dependent recombination of the nonequilib- 
rium carriers in silicion p-n junctions was investigated, and 
this is especially interesting from the standpoint of the possi- 
ble practical application of this effect. It was shown in these 
experiments that, as a rule, the relative change AR /Ro ex- 
ceeds the simple estimate ( P H J ~ T ) ~ ,  which is equal to 
under the standard conditions o f H o z  3 kOe and T = 300 K. 
In experiments on Si samples prepared in a special manner, 
the quantity AR /Ro attained a value of 5 X under these 
 condition^.^.^ 

To explain the large value of AR /Ro, there was pro- 
posed in the model of recombination via paramagnetic 
centers a mechanism whereby the polarizationp, increases 
as a result of the combination of the centers into volume- 
ordered  cluster^.^^'^ Another mechanism, which is connect- 
ed with the local warmup of the spin system, and can be 
responsible for the increase in the recombination rate R at 
paramagnetic resonance, is considered in Ref. 11. In this 
model we also have AR / R 0 z  ( P H , / ~ T ) ~ ,  but the coefficient 
of proportionality can be large. A fundamentally different 

model, which does not contain the small quantity (pHo/ 
kT)2, was proposed for spin-dependent recombination in 
1978 by Kaplan, Solomon, and Mott.12 In their model, a 
recombination event precedes the formation of a bound state 
by an electron and a hole. Such a pair can either recombine 
or break up as a result of the electron's or hole's being 
thrown into the corresponding band. A fundamental as- 
sumption is that the recombination of the electron with a 
"foreign" hole does not occur in this case. The physical na- 
ture of these electron-hole pairs can vary. In a highly disor- 
dered semiconductor, their formation may be the result of 
the localization of the electron and hole at forbidden-band 
levels in close proximity to each other. If we neglect the weak 
spin-orbit interaction, then the recombination (in a pair) that 
gives rise to a state with zero total spin can proceed only 
from the singlet state. Therefore, the magnetic fields Ho and 
h, which induced singlet-triplet transitions, can greatly in- 
crease the recombination rate. It is clear that in this model 
the polarization of the spin system as a whole is unimpor- 
tant, only the spin correlation of the partners in a pair being 
important. Therefore, the parameterpHJkT should not en- 
ter into the answer at all, and a fundamentally different de- 
pendence on the constant magnetic field Ho should be ex- 
pected. 

In the present paper we carry out experimental and 
theoretical investigations of spin-dependent recombination 
in Si with a view to determining, and carrying, out as de- 
tailed a study as possible, of its mechanism. In 8 1 we develop 
a quantum theory of spin-dependent recombination with 
allowance for spin relaxation in the presence of a constant 
and a variable magnetic field. In 82 we describe the experi- 
mental data on plastically deformed silicon, obtained in the 
temperature range 100-300 K in different magnetic fields Ho 
and a transverse resonance microwave field. 

51. QUANTUM THEORY OF SPIN-DEPENDENT 
RECOMBINATION VIA BOUND STATES UNDER 
MICROWAVE-RESONANCE CONDITIONS 
1. Introduction 

As has already been noted, Kaplan, Solomon, and 
Mott12 have proposed for spin-dependent recombination in 
semiconductors a new model based on the assumption that 
the recombination proceeds via the bound state of the elec- 
tron-hole pair. In order to show that the microwave-field 
induced change in the recombination can be large, the auth- 
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ors carrier out a simple AR / R  calculation under microwave- 
resonance-saturation conditions, using the classical ap- 
proach in which the pairs are described with the aid of the 
function N (8 ) giving the distribution of the pairs over the 
angle between the spins. They considered the change that 
occurs in N (8 ) as a result of the dissociation and recombina- 
tion in the singlet state of the pairs. They found that 

(1.1) 
here A = WD / W, , where W, is the rate of dissociation of 
the pairs and W, is the rate of their recombination in the 
singlet state. 

Thus, the magnitude of the effect can indeed be large: it 
can attain a value of 0.1. The expression (1.1) does not exhibit 
the dependence of the effect on the constant magnetic field, a 
dependence which, as has already been noted, can serve as a 
criterion for the selection of a model for the recombination 
as realized in a particular situation. In order to describe this 
dependence and make a detailed comparison of the results of 
the theory with experiment possible, we developed in our 
previous paper13 a classical theory that takes account of the 
change that occurs in the pair distribution function as a re- 
sult of the motion of the spins in the constant and variable 
magnetic fields. The results of these calculations show, in 
particular, that the Ho dependence of AR /Ro  indeed satu- 
rates in sufficiently high magnetic fields Ho if the difference 
between the Larmor-precession frequencies of the partners 
in a pair becomes greater than the reciprocal lifetime of the 
pair. In the opposite case AR / R  cc H i .  This result of the 
theory is in qualitative agreement with the results obtained 
in our  experiment^.'^ From this viewpoint, the simple and 
graphic theory developed in Ref. 13 is satisfactory, but there 
are no guarantees that a classical (nonquantum) approach to 
the description of spin 1/2 systems will lead to qualitatively 
correct results. 

2. Basic equations 

In the quantum theory, instead of the pair distribution 
function, we introduce a density matrix in the singlet-triplet 
representationp, = N (azai),  where Nis the total number 
of pairs, the a are the coefficients of the expansion of the $ 
function of one pair in terms of the singlet state $s and the 
three triplet states: the state with zero spin component 
along the preferred axis, and $, , the states with spin com- 
ponents equal to + 1. Let us use the equation of motion for 
P(t 1: 

in which Z is the Hamiltonian for the interaction with the 
magnetic field H :  

that takes account of the fact that the gyromagnetic ratios of 
the electron and hole in the pair are different (y, # y,). The 
magnetic field H contains a constant component Ho and a 
circularly polarized microwave component perpendicular to 
the constant component: 

H,=h cos ot, H,=-h sin at, H,=H,. (1.4) 

In the basic equation (1.2) we phenomenologically take 
into account terms &(T)  describing the following stochastic 
processes: 

(a) the thermal dissociation of the pairs, which does not 
depend on their spin state: 

b) the recombination of the pairs, which, by our as- 
sumption, occurs only in the singlet state: 

W,,=W,, W,i=W,,='/,W, (if s), Wrk=O (i, k#s). 

(1.6) 
The thus obtained equation is solved in Ref. 15 with the 
initial condition pik = iNS,, which corresponds to an equi- 
probable distribution of the pairs over the spin states at the 
instant the magnetic fields are switched on. 

But the steady-state solution of the equations for pik 
with a fixed rate of pair production corresponds better to the 
physical formulation of the spin-dependent-recombination 
problem. In the simplest case of isotropic pair production, 
the corresponding term has the form: 

(d) it is also necessary to include the spin relaxation, 
neglected in Ref. 15, of the partners in Eq. (1.2): 

The above-presented equations (1.2)-(1.8) allow us, in 
principle, to solve the problem, i.e., to find the density ma- 
trix of the pairs as a function of the amplitudes of the con- 
stant and microwave magnetic fields. We can then easily 
compute the rate R of recombination of the current carriers 
via the bound pairs: 

R= W8pss. (1.9) 

But the solution of this problem in the general form is some- 
what difficult, for it requires the analysis of a linear system of 
sixteen complex equations for the elements of the density 
matrix. Let us show that the number of equations can be 
reduced to ten, if, instead of the elements p,, we use certain 
linear combinations of them, that have the classical meaning 
of the first coefficients of the expansion, in terms of the 
spherical harmonics, of a pair distribution function 
N(O,,O,) that depends on two directions. Specifically, from 
thep, we go over to the combinations 

N,P=SP (p Pa') 7 (1.10) 
h 

where the operators TUB are products of the Pauli matrixes 
8 and o$ acting on the spin states of the electron and hole, 
respectively, in a pair. The superscripts a andP run through 
four values: 0 (in the case u0 = I), z, and + (in this case 
a* = a" + id). Then 

R=W,p,,='/,W,[Noo-iV,,-Re N+-1.  
In terms of the NUB, the equations for No + , N +, , No,, and 
N, split off, and it is sufficient to study theequations for the 
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remaining ten NaB components. The relations (1.10) allow us 
to relate them to the density matrix: 

The sought equations following from (1.2)-( 1.8) and 
(1.1 1) have the form 

Here we have adopted the following notation for the charac- 
teristic times: 

Notice that the field terms (i.e., the terms proportional 
to Ho and h ) in the quantum-mechanical equations (1.12) 
coincide completely with the field terms in the classical 
equations for the moments N@ of the angle distribution 
function N (fl,,fl,) for the pairs. The terms describing the 
production (1.7), dissociation (1.5), and spin relaxation (1.8) 
processes also coincide. But the pair-recombination pro- 
cesses (1.6) occurring in the singlet state make different con- 
tributions in the classical and quantum-mechanical ap- 
proaches. This difference will not change the qualitative 
aspect of the results obtained in Ref. 13, but, as we shall show 
below, the quantitative difference between the results ob- 
tained in these approaches is quite significant. Naturally, 
this, in the final analysis, is connected with the inapplicabil- 
ity of the classical description to spin 1/2 systems. 

It can be seen that the effect of the spin relaxation on the 
zero-field recombination rate R (,O) is determined by the pa- 
rameter WD T,. In the absence of spin relaxation (i.e., for 
14WDT) 

and attains its maximum value of $G when the pair-dissocia- 
tion rate is low (i.e., when WD ( W, ). The discriminating fac- 
tor a is connected with the fact that the recombination pro- 
ceeds only via the singlet state of the pairs and the fraction of 
pairs in this state is equal to A. But if the spin relaxation 
proceeds faster than the dissociation (i.e., if WD T, (I),  then 
the recombination rate has a higher value: 

attaining a maximum value of G when WD ( W, . This is due 
to the fact that each pair has enough time to go over into the 
singlet state and recombine before it dissociates. 

The magnetic field brings about additional mixing of 
the singlet and triplet states, and increases the recombina- 
tion rate in accordance with (1.14). If this intermixing occurs 
at a rate (determined by the frequency difference w,,) higher 
than all the remaining rates (i.e., if 1 (w,,T), then the depen- 
dence R (H,) saturates: 

Now, in the absencef relaxation (1 ( WD T, ), the recom- 
bination rate is equal to 

and can attain a value of hG, i.e., a value twice as large as the 
maximum value in the case when Ho = 0. This is due to the 
fact that a magnetic field that saturates the S-To transitions 
opens a recombination channel for the pairs in the To state. 
In the case of fast spin relaxation (i.e., for WD T'4) the S- 
T, transitions become saturated without the participation of 
the magnetic field, and the effect of the field therefore disap- 
pears: 

3. Dependence of the recombination rate on the constant Let us, in conclusion of this section, note that in the low- 

magnetic Reid Ho region, where w,,Ti=< 1, the increase 
AR (Ho,O)=R (Ho,O) - R (0,O) in the recombination rate is, as 

If there is no microwave field, then N,, = N , ,  can be seen from (1.14), proportional to the square of the 
= N+ + = 0, and, to determine the recombination rate field intensity. 

R (Ho,O), we need only investigate the closed system of equa- 
tions for the quantities Nm, NZ 9 and N+ -. We find as a 4. Dependence of the recombination rate on the variable 
result that magnetic field in the region of saturating constant magnetic 

4(ws+wD) 3 
-I fields 

R (Ho, 0) =G [ 
W s  

- 
I+WDT, 

- 2WDTf(ff ,1) ] , In a saturating constant magnetic field, when 1 (w,,T, 

(1.14) the components N+ + and N+ - are small in compariso_n 

where with N,, , and they can be neglected. The condition 1 (o,,T 

(o*zT)Z also implies that the separation of the microwave resonances 

l(H')= (o,,~)2+r+w.r/z O = z f ~ l ,  at the frequencies w, and a, exceeds their widths. Therefore, 
the only important quantity will, depending on the field fre- 

~ ~ ~ = 0 , - 0 ~ ,  w,=ylH0, i=l,2. quency w, be either N + ., or N, + . All this substantially sim- 
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plifies the analysis of the system of equations (1.12). Assum- 
ing, for definiteness, that w is close to a , ,  so that - 
1((w2 - w)T, wesetn,, = N+- = N,, = Oin(1.12), and 
obtain 

where 

In the vicinity of the other resonance, where w is close to a,, 
the expression for R ( co , h ) has a form similar to (1.2 1). It is 
only necessary to make the substitutions w ,-m2 and y,-+y2. 
It can be seen from (1.21) that the microwave field gives rise 
to an additional increase in the recombination rate. This is 
due to the mixing of the states Sand T, by the microwave 
field. At saturation of the microwave resonance, when 
l ( d h  'T*T and f,(h ') = 1, we have 

It can be seen that this expression does not depend on T, and 
coincides with the formula (1.17) for R (0,O) in the fast-relaxa- 
tion case, when T, 4. This coincidence is explained by the 
fact that, in strong microwave and constant fields, both the 
S-To and the S-T, transitions are saturated, which is entire- 
ly equivalent to the effect of the spin relaxation. It follows 
from (1.23) and (1.18) that 

The second cofactor in (1.24) describes the decrease of the 
effect as a result of the spin relaxation. 

It is useful to have a formula for A R (h )/R ( co , 0) in the 
region of weak microwave fields in case we have to analyze 
experiments in which microwave saturation cannot be 
achieved: 

The resonance width is determined by the total spin- 
relaxation time T *, contributions to which are, according to 
(1.13), made not only by the natural relaxation of the spins in 
a pair, but also by the processes of recombination and disso- 
ciation into unpolarized bands. 

5. Spin-dependent recombination in intermediate magnetic 
fields 

It is possible to consider another physically interesting 
case, in which the microwave resonances are not yet separat- 
ed (w,,T< I), but the constant field Ho is high enough so that 
the resonance curve has already been formed (dm?> 1). In 
this case all the NaD components entering into Eq. (1.12) are 
important, and the solution of the problem becomes substan- 
tially complicated. But in the present case the saturation of 
the microwave resonance occurs at higher microwave-pow- 

er levels, which are difficult to attain in experiment: 
d, h 2F2 > 1. Therefore, we shall limit ourselves to the case 
of microwave fields that are weak in this sense. This allows 
us to construct a perturbation theory in terms of not only the 
amplitude H,, but also the amplitude h. After tedious calcu- 
lations we obtain 

AR (Ho. h )  

- - 4 W ,  W,yi2'h2T3 --- [l- 
(,+W,T) (3WDTY,T+W,+4WD) 

(1.26) 
Here 

It can be seen that the formula (1.26) for the magnitude of the 
effect, in contrast to the formula (1.25) for the case of sepa- 
rated resonances, contains the small factor (y,2hT)2. In the 
absence of spin relaxation (i.e., for 1 ( WD T, ), the expression 
(1.26) assumes the simpler form 

If, on the other hand, the spin relaxation is strong (i.e., if 
WD T, ( I), then the magnitude of the effect should be signifi- 
cantly smaller: 

6. Spin-dependent recombination in the regions of weak 
magnetic fields 

The effect of a weak field in the absence of a microwave 
field has already been considered in Subsec. 3. From (1.14) 
we easily obtain 

We can, by analyzing the basic equations (1.11) for 
H = 0 and small h, obtain a formula for [R (0, h ) - R (O,O)]/ 
R,(O, 0). It can be obtained from (1.30) by making the substi- 
tution Hi-h '/(I + (wF)'). At low frequencies, i.e., when 
wT41, there is no difference between H, and h, and the 
expression for AR (H,, h )/R (0, 0) then contains the sum of 
the squares of the intensities of the mutually perpendicular 
fields, i.e., the square of the intensity of the resultant field. In 
other words, 

AR R (Ho, h)  -R (0,O) 
-= 

R R (O ,O)  

A comparison of the results obtained with the results of 
the semiclassical cal~ulation'~ shows that the magnitude of 
the effect in the quantum model is almost an order of magni- 
tude greater. 
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FIG. 1. Resonance photoconductivity curves at frequencies of: a) 30 
MHz; b) 2.4 and 9.4 GHz. 

52. THE EXPERIMENTAL RESULTS AND THEIR DISCUSSION 

Spin-dependent recombination was experimentally stu- 
died by us in plastically deformed silicon. Samples of the 
parent n-type material with a resistance of 60 4 /cm at room 
temperature were prepared in the form of bars with the long 
edges along the ( 110) direction. Dislocations were intro- 
duced by plastic deformation during compression along the 
(1 10) direction. The method of preparing the investigated 
samples is described in greater detail in Ref. 8. The disloca- 
tion density in the thus obtained samples was 10'-lo9 cm-'. 
The relative change AR /R in the spin-dependent-recombin- 
ation rate was determined by measuring the relative change 
in the photoconductivity under spin-resonances conditions 
(AR / R  = - SAa/Aa). The spin-dependent photoconduc- 
tivity was measured, using the same procedure employed in 
the experiments reported in Refs. 8 and 10. The photocon- 
duction was produced by an incandescent lamp with an opti- 
cal filter having a radiation-transmission band extending to 
1.3 pm. The change - SAu/Au was studied in the broad 
range of variation of the magnetic-field intensity from 10 to 
3300 Oe and at the frequencies corresponding to these fields 
(30 MHz-9.3 GHz). Figure 1 shows the resonance curves of 
the photoconductivity change for resonance frequencies of 
30 MHz, 2.4 GHz and 9.3 GHz, and Fig. 2 shows the depen- 
dence of the change - SAa/Au observed at resonance on 
the power of the resonance electromagnetic radiation. The 
halfwidth (yAH = 1/T *) of the resonance line at half-maxi- 

FIG. 3. Dependence of the halfwidth of the resonance line (in the linear 
region of the dependence in Fig. 2) on the resonance-field strength. 

mum of its amplitude depends on the intensity of the con- 
stant magnetic field. Figure 3 shows the experimental 
AH (H,) curves for the variable fields corresponding to the 
linear section of the S (P ) curve. The parameters of the reso- 
nance signal in the 3300-0e field were studied in the tem- 
perature range 100-300 K. It turned out that H and the 
threshold microwave-field intensities, i.e., the intensities at 
which saturation of the signal begins, practically did not de- 
pend on temperature. The temperature dependence of 
- SAa/Au is shown in Fig. 4. In the region of weak constant 

magnetic fields, the photoconductivity depends on Ho and h 
in a complicated manner. 

The following experimental fact is of fundamental im- 
portance for the determination of the mechanism underlying 
spin-dependent recombination. Under conditions close to 
saturation, the value of - GAa/Audoes not change by more 
than an order of magnitude in the constant-magnetic-field 
range 10-3300 Oe. The models proposed in Refs. 10 and 11 
predict a five-to-six order-of-magnitude change in - 6Aa/ 
Aa in the indicated field range. 

The observed Ho dependence of - GAa/Ao is consis- 
tently explained only by the model developed in $1 on the 
basis of the assumption that spin-dependent recombination 
proceeds via paired states. Indeed, as can be seen from the 
formulas (1.24), the effect should not depend on the magnet- 
ic-field intensity when lgw,,T, i.e., in the case of separated 
resonances. True, two separate resonance curves are not ob- 
served in our experimental data (see Fig. 1). In our opinion, 
this may be due to the inhomogeneous line broadening, 
which is neglected in our simple theory. Let us recall that we 
consider in the theory electron transitions between two lev- 
els fixed with respect to energy, g factor, and other param- 
eters ( W,, W, , T, , etc.). In fact, for plastically deformed 

FIG. 2. Dependence of - GAu/Au at resonance on the power of the elec- 
100 100 J00 

tromagnetic radiation at frequencies of 30 MHz (curve I ) ,  2.4 GHz (curve 
T, K 

2), and 9.4 GHz (curve 3). FIG. 4. Temperature dependence of - GAu/Au.  
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silicon, such an approximation is justified only at the first 
stage of the development of the theory. If we take account of, 
for example, the statistical spread in the values of the g fac- 
tors, then this will lead to the smearing of the observed 
u ,  = ylHO and 13, = y2Ho resonance lines right up to the 
point of their coalescence. It is important to note that, when 
the condition 1 (o ,,Tis fulfilled, the recombination rates for 
each pair of centers do not depend on o,,. Therefore, all the 
conclusions about the broadening will remain unchanged, 
except that the resonance curves can merge completely. The 
absolute magnitude of the effect then decreases by a factor of 
So, T *, which takes account of the fraction of centers that 
are simultaneously in resonance. If the inhomogeneous line 
width Sw, is due to the g-factor spread, then So, -Hw 
Such a field dependence of the resonance-line width is indeed 
observed in Fig. 3. This allows us to estimate the magnitude 
of the inhomogeneous g-factor spread: SgH/g = 5X 
The difference g,, = g, - g, between the g factors in each 
pair should not exceed this value. Then the expected inho- 
mogeneous line width in a field of intensity Ho = 10 Oe is of 
the order of 0.05 Oe, which is significantly smaller than the 
measured width -- 1 Oe. Taking account of the fact that the 
amplitude of the measured effect (i.e., SAu/Au) begins to 
decrease noticeably in this field region, we should assume 
within the framework of the above-developed theory that the 
individiual widths 1/T * of the two resonance lines in a pair 
become close to the separation o,, of the lines. Thus, we . - 

obtain the estimate 1 /Tz  1 Oe at room temperature. 
In fields of intensity lower than 5 Oe, the line width is 

comparable to the resonance-field intensity. This leads to the 
distortion of the shape of the resonance curve, and makes the 
interpretation of the experimental data significantly difficult 
and, at this stage, inexpedient. Let us only note that the ten- 
dency of the magnitude of the effect to decrease with de- 
creasing Ho is clearly observed in this field region. The ob- 
tained estimate 1/T * -, 1 Oe is in good agreement with the 
resonance-saturation data for fields h = h,,, of the order of 
1-2 Oe in the microwave region. Taking account of the fact 
that h 'T  *F=: 1, we find in addition that 

tYs<1IT=1/T,+ W , .  

Since the quantity h,,, practically does not depend on tem- 
perature, and WD should depend on temperature exponen- 
tially, we can conclude that the dominant contribution to 
(and, consequently, to T *) is made by the spin relaxation: 

T ' m T z T , ,  W D T , < l ,  LVsT8<I. 

When WD T, < 1 ,  the formula (1.24) can be simplified to the 
form 

AR (m, m )  lR (m, 0) =WnTsI ( I f 4  WDI W , )  . 
It is known from experiment (see Fig. 4) that this quantity 
depends weakly on temperature. This means that, in the ex- 

perimentally realized situation in plastically deformed sili- 
con, the pair states recombine at a rate W, lower than the 
rate W, of their dissociation, at least in the temperature 
range 200-300 K. Finally, assuming that the considered 
spin-dependent channel is the principal channel, we can esti- 
mate from the absolute value of the effect the important 
characteristic W, of the pair recombination in the singlet 
state. Taking the inhomogeneous broadening in our region 
of values of the parameters into consideration, we obtain 

Substituting into this expression the values AR /R = lop4 
and SoH = lo8 set- I ,  we obtain W, z 4 X  lo4 sec- '. The 
value obtained for W, clearly indicates that the paired 
centers are located fairly far away from each other (slight 
overlap of the wave functions). The quantity 1/ W, can be 
compared with the time constant T of the spin-dependent 
recombination. The latter was determined by us from the 
variation of the photoconductivity under resonance condi- 
tions with the frequency of modulation of the microwave 
radiation. It turned out that T and 1/ W, have the same order 
of magnitude. This serves as additional corroboration of the 
correctness of the above-developed ideas about the mecha- 
nism underlying, and the character of, spin-dependent re- 
combination of carriers in plastically deformed silicon. 
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