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Hyperfine interaction between optically oriented electrons captured by impurity centers and nuclei

of the centers is considered. It is shown that this interaction decreases the stationary degree of orien-
tation of the electrons and results in polarization of the nuclei. The stationary polarization of the
electrons and nuclei is calculated as a function of excitation light intensity and the effect of longi-
tudinal and transverse magnetic fields or of a varying field at nuclear resonance frequency on the

polarization is considered.

1. INTRODUCTION

THE spin orientation of electrons in the case of inter-
band absorption of circularly polarized light!**3 is an
effective means of investigating the energy spectrum
and the spin interactions in semiconductors. Even in
his first study, devoted to optical orientation in silicon,
Lampell!) observed an appreciable polarization of °Si
nuclei, due to their interaction with the electrons orien-
ted by the light. Ekimov and Safarov(®") have observed
that the resultant polarization of the nuclei exerts in
turn an appreciable influence on the electron orientation.
The most convincing proof of this influence is the de-
crease of degree of orientation of electrons under con-
ditions of nuclear resonance on the nuclei Ga, Al and As,
observed in the solid solution p-Ga,Al, _,Ast™. The
degree of orientation of the electrons was measured by
determining the circular polarization of the recombina-
tion radiation. Ekimov and Safarov observed(®) an
abrupt decrease of the electron orientation in a perpen-
dicular magnetic field on the order of several Oe,
whereas further depolarization of the electrons requires
much stronger fields (the width of the Hanle line is of
the order of 100 Oe). The decrease of the electron
orientation in a weak transverse field, just as in nuclear
resonance, is due to depolarization of the nuclei.

In the solid solutions GayAl,_yAs at 4°K, the degree
of orientation of the electrons following stationary ex-
citation is of the order of several per cent. It can be
assumed that the smallness of the orientation is due to
the interaction of the spins of the electrons and the
nuclei. If the nuclei are not polarized, they produce a
random magnetic field in which the electrons become
depolarized. Such an interpretation is confirmed by the
strong increase of the electron orientation, observed by
Ekimov and Safarov following application of a magnetic
field parallel to the orienting beam. In an external mag-
netic field, the coupling between the spins of the elec-
trons and the nuclei is broken, and the depolarizing ac-
tion of the nuclei becomes weaker. This may be the
reason for a certain increase in the degree of polariza-
tion observed by Parsons'®) in GaSb in a longitudinal
field.

The depolarization of the electrons in the hyperfine
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interaction is accompanied by orientation of the nuclei,
which in turn decreases their influence on the electron
spin. This is precisely the reason for the decrease of
the electron orientation when the nuclear spins become
disordered (in nuclear resonance or in a weak perpen-
dicular magnetic field). This causes also the increase
of the electron orientation observed int® in a zero field
with increasing intensity of the exciting light.

It is clear that the hyperfine interaction is significant
only if the electron is localized to one degree or an-
other, for otherwise the field of the nuclei average out.
Indeed, at 77°K the electron orientation in the solid
solution p-GayAl, _ 4As is much higher than at 4°Kk,
Veshchunov, Dzhioev, Zakharchenya, and Fleisher "
have found that in this material the degree of orientation
is low at temperatures below 30°K, and then increases
sharply. This indicates that at low temperatures the
recombination radiation proceeds from donor levels.
The sharp increase of the polarization is due to thermal
ionization of the donors and to the dynamic averaging of
the nuclear magnetic field acting on the nonlocalized
electron in the conduction band. The appreciable degree
of orientation observed in strongly doped GaAs''®? is
probably due to the fact that the donor states are merged
in this case with the conduction band.

We consider in this paper optical orientation under
conditions when the hyperfine interaction of the elec-
trons and nuclei is significant. It is assumed that the
electron thrown into the conduction band by circularly
polarized light is captured by an impurity atom whose
nucleus has spin. As a result of the hyperfine interac-
tion, the electron orientation is decreased during the
time of stay on the impurity center, and the nucleus be-
comes polarized. The nuclear-relaxation time is as-
sumed to be large in comparison with the time of stay
of the electron at the center. As a result of the compe-
tition between the polarizing action of the captured elec-
trons and the nuclear relaxation, which occurs mainly
in the intervals between the captures, a certain station-
ary polarization of the nuclei and of the electrons is es-
tablished. We calculate this stationary polarization as a
function of the intensity of the exciting light and consider
the influence exerted on it by longitudinal and trans-
verse magnetic fields and of an alternating field at the
nuclear-resonance frequency. The theory contains a
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qualitatively correct description of all the experimental
results listed above.

It should be noted, however, that the theory presen-
ted here is applicable, strictly speaking, only to the
situation when the electron localized at the center inter-
acts with only one nucleus. In the experiments of
Ekimov and Safarov, the electrons interacted with the
nuclei of the main lattice of the crystal. The electron at
a shallow donor level is localized in a region that in-
cludes a large number of such nuclei. For a quantitative
description of the experimental results oft®73, it is
therefore necessary to generalize the theory to include
the case when the electron interacts simultaneously with
many nuclei. In addition, under the conditions of these
experiments, an important role is probably played by
jumps of the electron from one center to another, which
occur during the lifetime. As shown in the present pa-
per, during the time that the electron stays on one cen-
ter, the hyperfine interaction decreases the degree of
orientation by not more than a factor of three. The
additional decrease is apparently due to the jumps.

2. CHANGE OF SPIN STATE DURING THE TIME THAT
THE ELECTRON STAYS AT THE IMPURITY
CENTER

We consider an electron captured by an impurity
center at the instant t = 0. We assume that at this in-
stant the electron is oriented and has an average spin
So. The spin direction is parallel to the direction n of
the orienting light beam. The nucleus of the impurity
center, with angular momentum I, has a certain arbi-
trary spin state. As a result of the hyperfine interaction
and the interaction with the external magnetic field, the
spin states of both the electron and of the nucleus are
altered. We are interested in these states at the instant
t when the electron leaves the center for some reason
(for example, by recombining with a hole).

The spin part of the wave function of the electron
and nucleus can be written in the form

‘P=Zmlcm(t)¢mx», (1)

where ¢, describes the state of the electron with spin
projection m on the direction of the external magnetic
field (m = +1/2), and x,, describes the state of the
nucleus (—I= u < I). The dependence of the coefficient
Cn On the time can be easily obtained by reexpanding
the wave function (1) in terms of states with definite
energy and projection M of the total angular momentum
on the direction of the magnetic field. For a given M,
the energy can assume two values, Ei, (with the excep-
tion of the case M = +(I + 1/2), when %ere is only one
value Ejy); the corresponding wave functions are desig-
nated ¥ (the = symbols correspond to the total angular

momentum I+ 1/2 in a zero field), and
W= Y Lot () ¥u* +au (O], (2
where aj;(t) = aj;(0) exp (- iEpt).

The wave functions ¥3, and the energy values EleI are
obtained by diagonalizing the Hamiltonian

26 = AIS + p,gHS,
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where A is the hyperfine structure constant, u, is the
Bohr magneton, g is the g-factor, and H is the magnetic
field. The corresponding formulas aret*!’

Ex* = —Yd &= AU+ ) (1 +4Mz | 21 +1) +27)8, (3
VYt = A @rYau-n T QM‘P—’/zXMP/"

Pu~ = —PaPrXa—y, T APy X+, (4)
where
z = 2pogHA (21 + 1)1, (5)
2Eyt +AM +1/,)+ pogH 7' o
““‘z[ 4B+ A ] » Bre=(-ad)t o (6)

Substituting (4) in (2) and comparing with (1), we can
express the coefficients Cmu(t) in terms of a;VI and
thus obtain their time dependence:

C‘/,, M- (t) == e“‘“[uMC‘Ix. m—n + ch—'/., M+‘Il]1

C—'/;. M+ (1) = e“‘“[—UM'C‘/;. u-t + uu'c—'/z, M+’/:]~

()

Here C,,, are the values of the coefficients C  (t) at
its . K
t=0, ancfl the quantities uy; and vy; are given by
Un = €0S Wt + i(Pa’ — aa®) sin @, ®8)
Uy = —2iauPx SiD @l;
_oon(, M .\ A+ (9)
o= (trorerete) s em T

We note that the square root in (9), just as in the Breit-
Wigner formula (3), should be taken to mean 1 — x
(including x >1)at M =1I-1/2 and x > 0.

The evolution of the spin density matrix Pmpy,m’p’
of the electron + nucleus system can be easily obtained
with the aid of (7):

pMu.M'u'(t)=Cmu(t)C:n’u' (t) (10)

It must be borne in mind here that at t = 0, i.e., at the
instant when the electron is captured by the impurity
center, the density matrix of the system is a product of
the electron density matrix f ,,/ and the nuclear den-
sity matrix Q#u .,

3. ORIENTATIONS OF ELECTRONS AND NUCLEI IN
THE ABSENCE OF A MAGNETIC FIELD

In the absence of a magnetic field, the quantity 2 w
does not depend on the index M and is equal to the total
hyperfine splitting wy,. We choose the quantization axis
along the initial direction of the electron spin 8,. The
projection S, of the electron spin at the instant t on the
initial spin direction can be calculated with the aid of
the density matrix (10):

Sa()="/2 Y (Puts = 0 tn-). (11)

We use formulas (7) and (10) to express Sy(t) in
terms of the initial spin density matrix ¢, of the
nucleus:

Sa(t)=3S,+ /s Z (O P [ (Drigsngs — Dp) — 280 (Dpys s + D) 1. (12)

Using (6) and (8) with H = 0, we obtain
S.(t) = So+ (I+ o)~ sin®(wnt / 2) [{L.> — 2SI,2>],  (13)

where I] = (I +1)— I is the square of the projection of
the nuclear spin on a plane perpendicular to So, and the
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angle brackets denote averaging over the initial state of
the nucleus.

The polarization of the recombination radiation is
determined by the value of the electron spin averaged
over the time of its stay at the impurity center:

L
LN P 14
8a=— !e S, (t)dt, (14)
where 7 is the average lifetime of the electron at the
center. From (13) and (14) we obtain

1 (oa1)® > =284,
21t (e)? I+ )"
We see that the change of the electron spin consists of
two parts. The first part is proportional to the average
spin of the nucleus and describes the orientation of the
electron by the nucleus. This effect has a pure quantum
origin and is smaller the larger the nuclear spin I. The
second part describes the vanishing of the electron
orientation and is proportional to the mean-squared
transverse component of the nuclear spin.

This second effect admits of a simple classical in-
terpretation, in which the role of the nucleus reduces to
the production of a magnetic field acting on the electron
spin and equal to AI/uog. Indeed, if the direction of S,
does not coincide at the initial instant with the direction
of this field, then the electron spin will precess about it
with frequency wy. At w7 > 1, the value of S, aver-
aged over the precession period is S, cos® 9, where 6 is
the angle between S, and I (in the class1cal 11m1t
I > 1/2, so that the change of the nuclear spin direc-
tion can be neglected). Averaging over the initial state
of the nuclei, we obtain
§n= 8 — S/ I,

Sem ot (15)

(16)

which agrees with (15) if we neglect in the latter the
term with (I,) and assume wp7 >1andI > 1/2. In
the case of a random distribution of the nuclear spms,
formula (16) yields S, = So/3. In this case (I,) =

(I3) = 2I(I + 1)/3, and from the exact formula . (15) we
get

S,.=So[1— (ont)® 2I(I+1) ] 1
1+ (nt)? 3+ /)
According to (17), if w7 > 1 then § = S,/2 at I=1/2

and S — So/3 in the classical limit I>1.

To find S;, in the general case it is necessary to
know the spin state of the nuclei. This state is deter-
mined by two factors: by the action of the electrons cap-
tured by the centers, and by nuclear relaxation. Let us
find the change of the nuclear density matrix

= Z’ Pmu,mp’ (t) - CDI‘I"

during the time when one electron stays at the center.
During this time the nuclear relaxation, in view of its
slowness, can be disregarded. From (10) we obtain for
the diagonal elements

A = Yo [Dur 2L (1 — 280) Dyys, oyt — (4 + 255) D] (18)
+ 1/ZIVu—'Ialz[“ +28)Dyy, py — (1 — 28,) D],

We have averaged here over the time of the stay of the
electron at the center. This averaging is denoted by a
superior bar,

1 ((ﬂh‘l'{) 2
2 1+ (o)t

q+1/) — M
I +72)"

IUM|2=

(19)
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We can now write a kinetic equation describing the
change of the nuclear density matrix over a time that is
long in comparison with the time of stay of one electron
at the center:

dD,, / dt = fAD,, — (VD) (20)

where f is the number of electrons captured by one
center per unit time, and AQ is determined by ex~
pression (18), in which the ma#rlx ¢ must be replaced
by ®(t), since the change of the state of the nuclei dur-
ing the time of stay of one electron at the center is
small (fr < 1). The second term in the right-hand side
of (20) describes nuclear relaxation. The first term in
(20) describes transitions between the spin levels of the
nuclei as the result of hyperfine interaction with cap-
tured electrons. If there were no electron orientation
(So = 0), then this interaction would lead to an equaliza-
tion of the populations of the spin sublevels of the
nuclei, i.e., to their additional spin relaxation. In this
case the quantlty ( 1/2)f|v " /zl has the meaning of the
probability of the trans1t1on w=u+1l

As is well known, it is convenient to describe the
spin state not by means of a density matrix, but by
means of average values of the polarization moments of
different orders (orientation, alignment, etc.). The re-
laxation times of these moments, generally speaking,
are different. Let us find these times for relaxation on
captured electrons. Multiplying the first term of (20)
by 1 and summing over u, we obtain (at Sy = 0)

DMWY FEEIMIAN
n

where
2f (anT)?

Ve T BT A)? L (o)

(21)

is the reciprocal time of decay of the orientation (of the
average nuclear spin) as a result of the hyperfine inter-
action with captured non-oriented electrons. Analog-
ously, at So = 0 we obtain for the second moment

fz [p2— T+ 1) /3]A@p = — verl T2 — I(I +1)/3),

where Ves is the reciprocal time of decay of the align-
ment, i.e., of the quantity (I — I(I + 1)/3). Calculation
yields vg, = 3vg,.

Equations (20) can be solved for an arbitrary nuclear
spin if the character of the nuclear relaxation is known.
We present the solution for the simplest case I = 1/2.

In this case there is no alignment and (20) can be re-
duced to an equation for the single quantity (I,,) by in-
troducing a certain ‘‘dark’’ time of nuclear relaxation
Vi

&) [dt = —(ve, + v) U, + v..S,. (22)
Under stationary conditions we obtain
A = Sever | (’V“ + 'V1). (23)

We recall that the frequency f of the captures, and
consequently also v, is proportional to the intensity
of the exciting light. Thus, at low intensities (I,,) in-
creases linearly and at high intensity it saturates at the
level So. Substituting the obtained value of (I ) in
formula (15) and using the fact that (I) = 1/2'at I=1/2,
we get
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= Vet Vi

Se=S(t-F )
with increasing light intensity, the electronic orienta-
tion increases and tends to Sy when vg, > vy,

At arbitrary nuclear spin, the electron orientation at
low intensities is given by formula (17), and at high
intensities when the dark nuclear relaxation is insig-
nificant, S, — So. We note that since the electron orien-
tation depends on the spin state of the nuclei, the
nuclear relaxation time should come into play in the
transient processes that are connected, for example,
with the change of intensity or of the degree of polariza-
tion of the exciting light.

(24)

4. ORIENTATION OF ELECTRONS AND NUCLEI IN
LONGITUDINAL MAGNETIC FIELDS

A magnetic field directed along the initial electron
spin 8, should increase the stationary orientation of the
electrons and decrease the stationary orientation of the
nuclei. The reason for both effects lies in the fact that
the longitudinal magnetic field weakens the coupling be-
tween the electron and nuclear spins. A parameter
characterizing the influence of the field is the quantity
defined by formula (5).

Expressions for the electron spin and for the change
of the nucleon density matrix are given as before by
formulas (12) and (18). Now, however, we have in place
of formula (19) for [vy;[®

q+11) =M
2(1+1/2)?

(wnt)?
1 (wnt) 2[4 + 4Ma/ (21 + 1) + 2?]

|VM'2= . (25)
At low light intensities, when the nuclei are not orien-
ted, we can obtain an explicit expression for the
magnetic-field dependence of the degree of orientation
of the electrons. To this end, we put ,,,, = 21 + 17 in
(12). We then obtain

Su=S 1=+ Y ioul. (26)

In particular, at I = 1/2

(27)

S‘,.:S,,[i— 1 (onv)? ]

2 1+ (0nn)* + (nogHr/h)

Figure 1 shows plots of S,(H) calculated from (26) for
the case I = 3/2.

With increasing intensity of the exciting light, the
spin distribution of the nuclei becomes ordered and
this, in turn, influences the electron orientation. In the
simplest case I = 1/2, at arbitrary intensities, formulas
(23) and (24) are valid but with a value of vy, that de-
pends on the magnetic field and is given not by (21), but
by
_ I (ont)?

2 1+ (onm)? + (ngHr/h):

Thus, in a longitudinal magnetic field, to obtain the
same nuclear orientation and at h = 0, it is necessary

(28)

Vet

$alS,
,.';/”’—_ FIG. 1. Dependence of the stationary

2 electron orientation on the logitudinal
magnetic field at low intensity of the ex-

051 citing light for I = 3/2. The values of the

parameter w7 are zero (1), 1 (2), and

z o (3).
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to have a larger light intensity. The electron orienta-
tion, to the contrary, increases with increasing longi-
tudinal magnetic field (see formulas (24) and (28)).

For nuclei with angular momenta I > 1/2, the gen-
eral character of the dependence of the electronic and
nuclear orientations on the magnetic field and on the
intensity of the exciting light remains the same. There
appears, however, a qualitatively new effect, namely the
dependence of the orientation on the sign of the magnetic
field, i.e., on whether the magnetic field is directed
parallel or antiparallel to the initial electron spin S,.
This asymmetry is most strongly pronounced in inter-
mediate fields and is connected with the fact that the
quantities |m|2 (which determine, according to (18), the
probabilities of the transitions between the spin sub-
levels of the nucleus), are not even functions of the
magnetic field (see formula (25)).

It is curious, however, that if the populations of all
the nuclear spin sublevels relax in equal fashion (i.e.
if the last term in (20) reduces to — u[% p— (2 1)'1])
then it can be shown that there is no asymmetry in the
electron orientation. At the same time, even in this case
the stationary state of the nuclei depends on the sign of
the magnetic field (relative to 8;). Therefore, if the
states of the nuclei does not have time to change follow-
ing a reversal of the sign of the magnetic field, then the
electron orientation changes and will then tend to a
stationary value with the nuclear-relaxation time.

On the other hand, if the spin relaxation of the nuclei
is not described by a single constant (for example, if
the orientation and the alignment relax differently), as
is usually the case, then the stationary orientation of the
electrons depends on the sign of the magnetic field. The
corresponding formulas can be obtained with the aid of
(12), (20), and (25) if the character of the nuclear re-
laxation is known.

5. DEPOLARIZATION IN A TRANSVERSE MAGNETIC
FIELD (HANLE EFFECT)

A magnetic field transverse to S, flips the spins of
the electrons and nuclei and therefore decreases the
stationary degree of orientation. The character of the
influence of the transverse magnetic field is signifi-
cantly different in the three field-variation intervals.
In the weakest fields, the main effect is connected with
the influence of the magnetic field on the nuclear spins,
mainly in those time intervals when there is no elec-
tron at the center. When the nuclear spin precession
period becomes smaller than the nuclear-relaxation
time, the orientation and the alignment of the nuclei
vanish, and the stationary value of the electron spin de-
creases to the value corresponding to a random distri-
bution of the nuclear spins (formula (17)). We assume
that the nuclear-relaxation time is so long that the
spins of the nuclei are completely disoriented even in a
field that does not affect as yet the electrons directly
(LogH < hwy, iiT"). With further increase of the mag-
netic field, the electron spins will turn. So long as
togH K Nwy, the two hyperfine states with total angular
momentum I + 1/2 will correspond to g-factors
+g(2I + 1), so that in this region the hyperfine inter-
action decreases the depolarizing action of the trans-
verse field. Finally, at u,gH > Hwy, the coupling be-
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tween the electron and nuclear spins breaks and the
depolarization proceeds in the usual manner.

We consider first the case when the intensity of the
exciting light is so low that there is no polarization of
the nuclei. Then the spin intensity matrix of the nuclei
is given by &,/ = 6,,,/(2I + 1)™". We shall assume as
before that the quantization axis is chosen along the
magnetic field. The initial direction n of the average
electron spin S, is taken to be the x axis. Then the
average value of the electron spin projection on this
direction at the instant t is given by the formula

Sa()="2 ¥ Lot ptiss]- (29)
Using formulas (10) and (7) and the assumption that the
nuclear spins are randomly distributed, we obtain from
(29)

Sn=5S:20+1)7' Re Y Uyt

M

(30)

where the superior bar, as before, denotes averaging
over the time of stay of the electron at the impurity
center (see (14)). Substituting the expression for up,
from (8), we finally get

5 - 1+B, 1—B,
" 2(21+1)2 [1+(1:A )E 4+(zA,)2 ) (1)
whereAiL- Wy 1eE Oy g

_ollpttata(+) 1w — /z+z(1+’/z)] (32)

r=

I+ 1) Op ', Op—r

We recall that x = pogH /(fiwy,), and the frequencies wyy
depend on the magnetic field in accordance with (9). At
H = 0, Eq. (31) coincides with (17). We see that the form
of the S, (H) plot (the Hanle line) is in general very com-
plicated and is determined by the parameter wy 7. At
wp7 < 1, the hyperfine interaction is negligible and the
magnetic field influences the orientation only when

x > 1. Then wyy = pogH/2H, By =1, and formula (31)
yields the usual relation

8o =581+ (nogHz/h)*]-. (33)

On the other hand, if Wy T >> 1, then the orientation
vanishes already at magnetic fields such that x < 1. In
this case we obtain from (31)

cesols(EE) T e

where §n(0) is determined by formula (17) at w7 > 1.
Thus, in this case the Hanle line again turns out to have
a Lorentz shape, but with a g-factor decreased by a fac-
tor 2I + 1. Figure 2 shows a plot of Sn(H) for a nuclear
spin I = 3/2,

Formula (31) was derived under the assumption that
the nuclei are not polarized. If the intensity of the ex-

SplSntmy

FIG. 2. Dependence of the stationary
orientation of the electrons on the trans-
verse magnetic field in the case of a ran-
dom distribution of the nuclear spins at
I =3/2. The values of the parameter
wh are zero (1), 2 (2), and == (3).

[
HogHTlh
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citing light is so high that the nuclei become noticeably
polarized in the absence of a field, then this polariza-
tion vanishes in a weak magnetic field with values de-
termined by the nuclear g-factor and by the nuclear
spin-relaxation time. Accordingly, the electronic
orientation decreases from the value (15) to the value
(17), i.e., by an amount

1 (@ar)? D +25, 211+ 1)/3)

2 1+ (wpt)® (I+1/,)*
which is determined by the orientation and alignment of
the nuclei in a zero magnetic field. We present a form-
ula describing the spike on the Hanle line in a weak field
atI=1/2:

AS =— (3%)

(36)

§.=8, [1 _ Vu Vet Ve 1 ] ,

T Vet vi A+ (ungnHT/R)?
where uNgNH/ﬁ is the nuclear-spin precession fre-
quency in a magnetic field, the effective relaxation time
T depends on the intensity and on the degree of polar-
ization of the exciting light and is determined by the
formula

T = [(Ve +v1)* + 4So*vei* (0nt) 2] 7%,

and v__is given by formula (21) at I = 1/2.

At H = 0, formula (36) coincides with formula (24).
We see that the width of the spike is determined not
only by the dark relaxation of the nuclear spin, but also
by the relaxation due to the captured electrons, so that
the spike broadens with increasing exciting-light inten-
sity. A spike on the Hanle line in weak magnetic fields
was observed in‘®]

6. OPTICAL ORIENTATION UNDER NUCLEAR
RESONANCE CONDITIONS

We have seen above that optically oriented electrons
polarize nuclei and as a result the electron-spin relaxa-
tion due to the hyperfine interaction decreases. Under
nuclear-resonance conditions, the alternating magnetic
field strives to equalize the populations of the spin
levels of the nuclei, and consequently to eliminate the
polarization of the nuclei. The electronic orientation
therefore decreases under these conditions. This effect
was observed int?

Nuclear resonance can be described with the aid of
an equation for the off-diagonal density matrix of the
nuclei &,/

'd(;;t_fA(Duu —(VCD)..“ _—[V (D]uu (37)

which is a natural generalization of (20). Here
V =—unen(H + Hi)l is the operator of the interaction of
the nuclear spin with the magnetic field, where H is the
constant field directed along 8, (the z axis) and H, is an
alternating field perpendicular to the constant field
(H,x = H, cos wt, Hly =—H, sin wt).

The expression for A<I>“ u’ can be derived in analogy
with the derivation of (18). We present here this ex-
pression for the simplest case I = 1/2:

fADy, 4, = —fAD_y, _y = —YoVer (D, y, — Dy, 1) + VeuSo,
(38)
fADy, —yy = —FDy, —n,
where vy, is given by (28) and
— lwnxt iz ,
g—/‘[1—exp ( )(cosmqt-*-msmwot)
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(39)

X (cos u;h't — 2iS, sin “)th )] .
From (37) and (38) we obtain an expression for the
change in the nuclear orientation as a result of the
alternating field:

QizTiTz

AL =— <) —o—o— ———,
1+ Q2T T, + 8°T,?

(40)
where (I;)) = vg,T,S, is the stationary nuclear orienta-
tion in the absence of an alternating field (see formula

(23)),

Q, = HNgNHi /A, T, = (Vt‘i + Vl)_lv

6=0w—pvgvlH [h 45",

T.=(g'+v)™,

g’ and g” are the real and imaginary parts of g, »;* and
v are the longitudinal and transverse times of the dark
relaxation of the nuclear spin.

The change of the nuclear orientation causes a change
in the orientation of the electrons, since at I = 1/2

Su="S8e(1 —ver /) + (ver | HLLL.

We present expressions for the quantities g’ and g”,
which determine the broadening and the shift of the
resonance as a result of the interaction of the nuclear
spins with the electron spins for the case of weak and
strong magnetic fields. In a weak field (x < 1, wogH7/h
< 1) we have

=
'8 = Ve,

g"= fSeont[1 + (on7)*]~"
In a strong field (x > 1)

g = f(om)?[4+ (o)1, &7 = 4fSewnt[4 + (ont)?]~"

We see that the broadening and the shift of the reson-
ance line are proportional to the capture frequency f,
i.e., to the intensity of the exciting light. The shift of
the resonance frequency reverses sign when the sign of
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the electron orientation changes, i.e., when the circular
polarization of the exciting light changes sign.

Under resonance conditions, changes take place not
only in the orientation but also in the alignment of nuclei
with spin I = 3/2, as well as in other higher polariza-
tion moments. Since all the polarization moments of the
nuclei influence the orientation of an electron in a mag-
netic field, the resonance line shape can be very com-
plicated in the general case.
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