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The exchange interaction between the members of a pair is taken into account in an analysis of
spin-dependent recombination. The recombination rate is derived as a function of the strength of
the static magnetic field and that of the resonant alternating magnetic field. The exchange interac-
tion raises the typical value of the weakest influential magnetic field. A qualitatively new effect is
predicted: a differential and integral polarization of electrons in recombination-coupled states.
Several consequences of the polarization are discussed. Specifically, it may be possible to use a
semiconductor with this recombination mechanism as an active medium to amplify electromag-
netic oscillations and to produce differential and integral polarization of nuclei.

Nonequilibrium electron-hole pairs in various types of
disordered silicon (amorphous silicon, polycrystalline sili-
con, and silicon plastically deformed in a certain way, with a
dislocation density exceeding 107 cm ~?) recombine through
coupled states (paired states) in the band gap. According to
this model, the electron and hole are captured from the al-
lowed bands to centers which are geometrically close to each
other; the recombination terminates in the transfer of an
electron between the centers (the members of the pair). In the
substances which we just listed the transfer of an electron
between levels is spin-dependent, as was shown convincingly
in Refs. 1-3. We have previously* used this model to calcu-
late the rate of the spin-dependent recombination as a func-
tion of the strength of the magnetic field for the case in which
the spin Hamiltonian of the pair has only the Zeeman energy
of the interaction of the external field with unpaired elec-
trons at centers.

Denoting by r, the large radius of the wave function of a
member of a pair, and denoting by 7 the distance between the
members, we can assert that the probability for a transition
between centers is proportional to® exp ( — 27/r,) and be-
comes significant when the distance between the members of
a pair is small. Under these conditions, the exchange interac-
tion between unpaired electrons may prove important. The
nature of the centers which form bound states has not been
unambiguously determined, they may be two centers which
lie close together simply by chance, or they may be a pair of
states which arise in close geometric proximity for some fun-
damental reason. Some typical examples of the latter case
are donor-acceptor pairs and the states associated with dislo-
cations, one being a broken bond and the other a defect asso-
ciated with a compression or extension region near a disloca-
tion which has captured an electron. Analysis of
experimental results on the spin-dependent recombination
in amorphous silicon® and in plastically deformed silicon®*
shows that several possible pairs probably exist in these sub-
stances, although in several cases (e.g., in a certain tempera-
ture interval or when the microwave resonant field is modu-
lated in a certain frequency interval) a situation may arise in
which only certain bound states will completely control the
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recombination of nonequilibrium carriers. For simplicity we
will therefore be discussing the effects in semiconductors
which contain only one type of paired states (including sever-
al types would not exchange the physical picture fundamen-
tally, but the calculations would have to include taking cer-
tain averages over the different pairs). It is clear from general
considerations that incorporating the exchange interaction
in a pair should change the absolute rate of the spin-depen-
dent recombination and should give rise to several new ef-
fects. In the present paper we describe some of these new
effects: nonequilibrium differential and integral polarization
of electrons at recombination centers and an amplification of
resonant rf radiation (a maser effect).

§ 1. BASIC EQUATIONS

Asin Ref. 4, we start with an equation of motion for the
density matrix of the pairs, pz:

dp/dt=—i[3, p]+ Rep, (1)

where R describes stochastic processes (the thermal disso-
ciation of pairs, at the rate W, ; singlet recombination, at the
rate W; nonequilibrium pair production, at the rate G; and
the spin relaxation of pairs, with a scale time 7). An explicit
expression for Rp is given in Ref. 4. In the Hamiltonian 77
we incorporate the interaction of the magnetic moments of
the electrons of the pairs with the constant field H,, which is
directed along the z axis, and with the alternating field h,
which is perpendicular to the static field and which has a
circular polarization (h, =hcoswt, h,= — hsinwt,
h, =h, + ih,). This Hamiltonian also incorporates the ex-
change interaction in the pair, %7, :

%=%ex+%07 %ex=_i/1‘]0£027
%o=—i/2('{101+’1202) (h+H,), 2)

As in Ref. 4, we write the initial equations in the “spin
representation’’:

Nop=Sp (po,*c."), (3)

S=l/207

Y17z

where 0¢ and 0% are Pauli matrices which act on the spin
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states of the first and second members of a pair. The indices
and B run over the four values 0 (6°=1), z, and +
(c* =0* +i0c”?). In these terms the original system of
equations (1), (2), becomes

dNoo/dt=G—WD_R, R=‘/4Ws (Noo—Nu—P\e N+_) y
dN../dt=—N../T+R+Im [h, (7.N_.+1:N._) ],

dNoz — Noz+ WaNzO
a I 4
iJ
+ —4' (N+——N_+)+i'Yz(h_No+—h+No—),
szo _'Nzo' WaNoz iJ
- Y (NN
TR TR 7 +)
+i'Yi (h—N+o+h+N—o) ’
(4)
dN,- N.-  W.N- ,
d; =—i@uN,—— } +—4—i+2R+zJ(N°,— 10)
+i“{1h+N¢—_‘i'Yzh—N+¢, W= 01— 02, (1)1='Y¢Ho, (Dz='YzHo,
aN,. Nyw  WN. il
dt+ =—l(1)1N+;—TT‘-+—4_+'+—é—_(N+o—No+)
+ih-'{zN.}..},—ih.p,'YzN.{.—'*'i'Yih.'.Nu,
an, . Noo WN. i
g = o — gty ()
+ih_’{1N++—ih+'YjN—++i'Yzh+.Nz::
dN Neo W.Noy .
dt+o = —-—;—f'i- —4—°—+ —i01N 1o
iJ _
- ?‘ (N.+—N.,.) Fih 1N 20,
dn, 1 W.N
dt0+ = (im;+'F)N0++ 4+0

iJ
+ ?‘ (N;+—N+z) +ih+’YzNoz’

1YT*=1/T+'| W, 1T=1/T,+Wbp.
Here R is the rate at which current carriers recombine
through paired states, Ny, is the number of pairs, N
= pNoo, and Ny, = p,N,o, Where p, and p, are the polariza-
tions of the first and second numbers of a pair. Here
P+ = (p1 + p,)/2 is a measure of the integral polarization of
the pair, while p_ = (p, — p,)/2 is a measure of the differen-
tial polarization of the pair.

§ 2. SPIN-DEPENDENT RECOMBINATION AND
DIFFERENTIAL POLARIZATION OF EXCHANGE-COUPLED
PAIRS IN A STATIC MAGNETIC FIELD

We begin with the simple case in which there is no alter-
nating magnetic field. In this case the number of equations in
system (4) reduces to six. Specifically, we are left with equa-
tions for Ny, N,,, No,, Ny, and N, _ =N__*. Solving
them in the steady state, we find an expression for the recom-
bination rate as a function of the magnetic field:

R=G[4(W+W,)/W,—3/(1+W,T,)—2WsTfo (H*)] ",
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fo(H*) =0 (02 TAR),  Ad=(]*+1,72) 1,1,

N (5)
T =T+, W.,.

If there is no exchange interaction in the pairs (if J = 0) this

expression becomes Eq. (1.14) of Ref. 4. The only effect of

incorporating exchange is to increase the typical value (H *)

of the magnetic field at which this field becomes important:

'YizH‘=Ao, Y12="Y1—"2. (6)

We recall that the static field H increases the recombination
rate by mixing S-T, states of the pairs with the frequency
®,,, equal to the difference between precession frequencies.
It thus seems natural that the exchange interaction, which
lifts the energy degeneracy of the singlet and triplet states,
hinders S-T, transitions and correspondingly reduces the
effect of a magnetic field. It can be seen from (5) that the
magnitude of the exchange splitting competes with the scale
“width” of the state, 74 .

A qualitatively new effect arises when the exchange in-
teraction is taken into account in the theory of spin-depen-
dent recombination through paired states: a differential po-
larization of the pairs. Let us examine this effect. From the
solution of Eq. (4) we find

—I100.,.W,

T W ontt GH3W.I AR )

P-=p1=—Pp2

This polarization arises under the simultaneous effects of the
magnetic field (if w,,7#0) and the exchange interaction (if
J #0). This polarization is related in a fundamental way to
the occurrence of a singlet recombination in the pairs, which
shifts the singlet-triplet equilibrium. The sign of the polar-
ization p_ is determined by the direction of the magnetic
field (i.e., by the sign of H,), by the relation between ¥, and
¥, and by the sign of the exchange integral J. In weak fields
H < H *,withw,, <A, the polarization p _ is proportional to
H and may be much larger than its thermodynamic-equilib-
rium value uH /T. In strong fields H > H *, in which S-T
transitions are near saturation, the differential polarization
falls off as 1/H. The maximum polarization reached at any
field is

—JW.T
max p- = \ 1
[ (47,72 (W.T+4) W, T+4) BW,.T+4) 1™
(8)
with the constraint
W I=4T W, [T W +4W,T +4]"'<4. 9)
If the spin relaxation and the dissociation are slow in com-
parison with the singlet  recombination
(W, >W,. W,>T '), then we have W,T = 4 and
max p-=~—0,1J (J*+71,7%) "=—0,1 (J>+/ W) " (10)

It follows that the maximum differential polarization can
reach 10% in the case J> W,. The spin relaxation proper,
described by the time T, and the spin relaxation caused by
dissociation obviously act only to reduce the values of p_.
This reduction, however, is very slight. With W, = W, and
W.>T ', for example, we have
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(11)
Yand W,>W,,.

max p-~—0,067 (J*+'/ W *)~"

The same result is found with W, = T =

§3.NONEQUILIBRIUM INTEGRAL POLARIZATION IN STATIC
AND ALTERNATING RESONANT FIELDS

The nonequilibrium integral polarization of electrons
in exchange-coupled pairs which has been predicted may,
under certain conditions, also lead to an integral polariza-
tion in the system of spins. This situation can be arranged by
somehow disrupting the polarization of the spins of one of
the members of the pairs. If the microwave resonances at the
frequencies w, and o, for the members of a pair differ by an
amount greater than the widths of these resonances (the case
of saturation of the static magnetic field, with a)lzT)l see
Ref. 4), then an integral polarization can be produced in the
system by disrupting the polarization of the spins of one of
the members by means of its resonant alternating field 4.
This assertion can be demonstrated by solving the complete
system of equations (4) (2 #0) in the steady state near a reso-
nance of one of the members of a pair (the first, say). After the
lengthy calculations, we find the following solution for the
recombination rate at resonance for an arbitrary field:

-1
+ 1 fariper Hz] , 12
T BT ) (12
where
— Y17R2 T
B =2t e dy T
B*(0)=2, B*(»)=3,

f(H) =00 +A%], A=t UT+Y W),

27"
) =W

2202

[2(4 W+ L

T (16y,—2(2— WT)'{z)]

1(0) =4T" (4+T"W,) -,

=144y BT (44172

(o) =T" (4+W.T") /16,

In the absence of an exchange interaction, the expression for
the recombination rate in (12) is the same as the correspond-
ing expression for R in Ref. 4. The exchange interaction
shifts the maximum of the R (H) dependence upward and
weakens the # dependence of R, so that a given value of AR /
R is reached at a higher value of 4 2. An important distin-
guishing feature of the case at hand is the appearance of an
integral polarization, as predicted. Instead of (7) we find the
following expressions for p; and p, at A = 0:

2T (4—W.,T")B*F (H)

=

164°*—T*W.,* !
(13)
_ —2JT* (4A*—~W,T*) B*F (H?)
P 164 T W2
where
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F(H*)=W,0,[A*(4+3W.T)t0.?(4+ (3—B*)TW.]-'. (14)
The integral polarization is correspondingly written
p.=8IT*(1—A*)F(H) [164*—T"*W ]~ (15)

The maximum integral polarization, max p ., is reached at
saturation of the spin resonance, i.e., at A>h *, and at the
optimum magnetic field H *:

max p,=—3JT"W,[8A () (4+3W.T) "],
16)

(
G RTT | W P=4+T2T, —=A (o) [4+3W.T7%/2.

As the exchange interaction becomes stronger, the integral
polarization max p_, increases, and at

4T P> (4+W.T)2
it reaches its maximum possible value p*_ :
max p,<p,'=—",W.T[2(4+3W.T) (2+3W.T)]-"<0.43.
(17)

This estimate is slightly too low (by a factor of about two)
because we have ignored the overlap of the resonances at the
optimum value H = H *,

CONCLUSION

The nonequilibrium polarization of electrons in ex-
change-coupled pairs which we have predicted should have
several important consequences. First, there is the possibil-
ity of obtaining a population inversion at Zeeman sublevels
of one member of the pair. At the resonant frequency corre-
sponding to the energy of the Zeeman splitting of the given
member we will observe an emission, while at the resonant
frequency of the second member we will observe an anoma-
lously strong absorption. A semiconductor in which this re-
combination mechanism is operating can therefore serve,
under certain conditions, as an active medium for amplify-
ing electromagnetic oscillations at a fixed frequency, which
can be tuned with the help of a magnetic field. To see this
point, we consider the following simple expression for the
imaginary part of the transverse rf susceptibility y [" at reso-
nance (at @ = w,) which follows from the equation for N :

Ki" =4 TP Noo [4+1 T, (18)

We first note that y [ (per center) is anomalously large be-
cause the polarization p, may be much greater than its ther-
modynamic-equilibrium value. Another important point is
that y " is proportional to Ny, i.e., to the deviation of the
system from equilibirum (the illumination of the sample).
The most important feature is that y { can go negative (at p,
<0, where i = 1, 2), and we should correspondingly observe
an amplification, rather than an absorption, of the resonant
radiation. A substantial body of experimental evidence has
now been accumulated on electron spin resonances in semi-
conductors with paramagnetic centers. We know, for exam-
ple, that illuminating the surface of a silicon sample will
cause the ESR signal to increase by several orders of magni-
tude®; the signal representing photoinduced ESR in amor-
phous silicon depends in a complicated way on the illumina-
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tion level®; and, finally, an amplification of incident
microwave power has been detected'® for the first time at a
photoinduced spin resonance in paramagnetic centers at a
silicon surface. We see that all of these experimental effects
can be described by our theory for the events which occur in
semiconductors with a spin-dependent recombination
through exchange-coupled pairs. It is a simple matter to of-
fer at least a qualitative explanation for these effects at this
stage of development of the theory.

A second important consequence is that an integral po-
larization can arise in a system of spins. To arrange this inte-
gral polarization it is sufficient to somehow disrupt the non-
equilibrium polarization of the spins of one member of the
pairs which arise. This can be done, as we have analyzed in
detail, by imposing on the semiconductor an alternating
field at resonance with one of the types of centers. It is also
clear that if one of the centers of a pair exchanges carriers
with an allowed band with an extremely short spin-relaxa-
tion time for free carriers, then a nonzero integral polariza-
tion of the pair, which is determined by the polarization of
the second member, can arise even in the absence of a reso-
nant microwave field.

Third, since silicon contains a substantial number (4%)
of Si?° nuclei with spin 1/2, we can expect that the hyperfine
interaction will give rise to a nuclear polarization, both dif-
ferential and integral. The effect depends on whether the
position of the Si*® nuclei near the members of a pair are
equiprobable or correlated in some way. We do not know
just how events will actually unfold but we can assert that in
the former case there will be a differential polarization of the
nuclei, while in the latter there will be an integral polariza-
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tion. If an integral polarization of electrons by the mecha-
nism discussed above can occur in a semiconductor, then
this effect can also give rise to an integral nuclear polariza-
tion. It is pertinent to recall here that the experiments of
Refs. 11 and 12 revealed a nonequilibrium nuclear polariza-
tion in disordered silicon (plastically deformed and poly-
crystalline), which as we know, also exhibits a spin-depen-
dent recombination.
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