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The nonlinear magnetization induced in an atomic gas by an elliptically or circularly
polarized light wave whose amplitude is an arbitrary function of time is calculated in the
resonance approximation using perturbation theory. The limiting cases of a
monochromatic traveling wave and a short pulse are studied. The nonlinear magnetization is
studied as a function of the type of atomic transition, detuning from resonance, Doppler
broadening, gas temperature, and relaxation constants. In the case of a short pulse a method is
proposed for determining the widths of the resonance levels. The fundamental properties

and the precession of the nonlinear magnetization in the presence of a magnetic field are found.

The magnetization of an atomic gas during the passage
of an extended light wave or ultrashort light pulse has been
observed in a number of experiments.'” The results of a
series of experiments performed with potassium or rubid-
ium vapor both with and without a constant magnetic field
H are reported in Refs. 1 and 4. In the case of resonance
excitation, optical pumping redistributes the populations of
the Zeeman sublevels of the gas atoms. This redistribution
ultimately results in an uncompensated magnetic moment
per unit volume of the atomic gas, and it is this uncom-
pensated magnetic moment that is the photoinduced mag-
netization. In Refs. 1-5 a detecting coil, wound around a
cell containing the experimental gas, was used to record
this magnetization. The alternating photoinduced magne-
tization excited a current in the winding of this coil and
produced a voltage at the terminals of the coil. The behav-
ior of the photoinduced magnetization could be judged
from this current and voltage. In addition to fundamental
problems of the interaction of laser radiation with matter,
this magnetooptic phenomenon has also been employed for
observing the relaxation rates of the excited states of an
atom.

In Refs. 1-5 the photoinduced magnetization was ex-
plained with the help of a phenomenological representation
of the interaction of a light wave with an atomic gas. With
the help of this representation it is possible to consider only
separate aspects of the observed magneto-optic phenome-
non, and many questions remained open. In this connec-
tion, as well as in view of the high sensitivity of the exper-
imental method, as noted in Ref. 2, it is of interest to
construct a detailed theory of photoinduced magnetization
in order to both explain existing experimental data and
formulate new experiments.

Nonlinear magnetization of an atomic gas upon reso-
nance excitation of atoms by an arbitrarily polarized light
wave was studied in the present work on the basis of a
quantum-mechanical equation for the density matrix, tak-
ing into account the splitting of the levels in a constant
magnetic field H and the flow of atoms into the lower level
due to spontaneous emission in the upper level. Such a
general approach to this problem made it possible to de-
termine the basic laws of photoinduced magnetization and

371 JETP 77 (3), September 1993

1063-7761/93/090371-08$10.00

also to investigate its vector properties together with its
quantitative characteristics.

It was established that without the magnetic field H a
light wave induces magnetization only in the case of elliptic
or circular polarization. In a magnetic field, however, a
linearly polarized wave propagating in the direction of the
field H also induces at the transition frequency w,, in the
absence of resonance, ws~w,,, magnetization whose sign is
revered by the substitution H— —H grows with increasing
magnetic field in accordance with the experiment of Ref. 1,
and decreases in sufficiently strong fields H. This photoin-
duced magnetization intensifies the magnetic field H for
one sign of the detuning from resonance w—w;, and de-
creases the field for the opposite sign of w—wy,, while at
resonance w=ay, the photoinduced magnetization van-
ishes, owing to the symmetry of the Zeeman sublevels with
positive and negative projections of the angular momen-
tum.

The magnetization induced by an arbitrarily polarized
light wave whose wave vector k is parallel to H consists of
two parts, one an even function of H and of the detuning
from resonance  — w,,, while the other is an odd function
of the same quantities. The direction of the odd part of the
light-induced magnetization is determined by the direction
of the vector H, while the direction of the even part de-
pends on the direction of the wave vector k and the direc-
tion of rotation of the electric field E of the exciting light
wave. In the case of resonance at the transition frequency,
W=wmy,, replacement of right-hand elliptic or circular po-
larization with left-hand polarization changes the direction
of the photoinduced magnetization, while near resonances
with the Zeeman sublevels, in a sufficiently strong mag-
netic field H switching from right- to left-hand circular
polarization does not change the direction of the photoin-
duced magnetization, in agreement with the experiment of
Ref. 1.

In the case when an ultrashort light pulse propagates
at an angle to the direction of the magnetic field the photo-
induced magnetization precesses around H as a sum of
separate magnetizations.
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1. COMPUTATION METHOD FOR ATOMS WITH SPINLESS
NUCLEI

Consider a nonmagnetic magneto-optically inactive
atomic gas.® Let a plane light wave pass through the gas
and have a rotating electric-field vector E

E=l, a exp[i(kr—owt)] +c.c., @))
where 1, ; is a unit complex elliptic-polarization vector

(lul*u‘—‘l, A=x+ 1)

and a=a(?") is the complex amplitude, which is a function
of r and ¢, thanks to the argument ¢’ =t—f,—k(r—ry)/w
and is a slowly varying function compared with exp[i(kr
—ot)]. Here ¢, is the initial time at which the light wave
(1) enters the atomic gas at the point r,, with the front of
this incident wave in the boundary plane k(r—ry) =0 of
some volume containing the given gas. The frequency o is
close to the frequency w,,=(E,—E,)/# of the atomic
transition between two states of an active atom with zero
nuclear spin; these states, together with the other quantum
numbers, are characterized by the energies £, and E,
(E,<E,). The indicated frequency is related to the mod-
ulus of the wave vector k by the dispersion relation
w’e(w) =k*?, where c is the velocity of light in vacuum
and e(w) is the real permittivity,6 which accounts for the
effect of both resonance levels of active atoms and nonres-
onance levels of active and impurity atoms of the given
isotropic gas.

In studying the photoinduced magnetization the de-
pendence of the elliptic polarization unit vector l,; on k
and on the parameter A that determines the direction of
rotation of E, must be represented explicitly as

L =LY cos Y+ sin ¢ (2)
for right-hand polarization A=1 and as

lk—l“‘—lksm t/z+ﬂl((,2c)osdf (3)
for left-hand polarization A= —1. Here the argument ¢
assumes the values 0<¥<7/2 and characterizes the semi-
axes cos Y(sin ¢) and sin ¢(cos ¢) of the polarization el-
lipses. In particular, for ¥=m/4 the polarization ellipses
become circles and Eqgs. (2) and (3) describe the polar-
ization of a circular wave. For =0 and y¥=m/2 the po-
larization ellipses in Egs. (2) and (3) degenerate into or-
thogonal segments and Eqgs. (2) and (3) describe two
linearly polarized waves with orthogonal polarization
planes. The other quantities in Egs. (2) and (3) satisfy the
relations

kI =

kl(l) 1(1)1(2) =0, l(_ll)(=l(”

k

(2) (2)
l—k l

L=, half, =61, [ ]=Bk/k,

[Nl ] = (k/k)AB sin(2¢), (4)

where (3 is the unit pseudoscalar, 5=+ 1 and after inver-
sion f=—1.

The resonance interaction of the active atom with the
field E gives rise to redistribution of the populations of the
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Zeeman sublevels, which in turn gives rise to an uncom-
pensated magnetic moment of the atom. As a result, the
atomic gas acquires a magnetic moment g per unit volume.
This moment is connected with the density matrix p in the
JM representation by the well-known relation

H= “:”'af (8aPrpInm, +8oPMp I p,) AV, (5)

where pu z=|e|#/2mc is the Bohr magneton, e and m are
the electron charge and mass, g, and g, are the gyromag-
netic factors (g factors), v is the velocity of the atom,
oM dM;(pM bML) and J,, W{,(J MpMZ,) are, respectively, the
matrix elements of the density matrix p and the angular
momentum operator J in the lower (upper) level, and M,
and M, are the quantum numbers of the projections LJ,
and LJ, of the angular momenta J, and J, on the quanti-
zation axis, which is oriented along the unit vector 1, of the
Cartesian z axis. Repeated vector indices are summed over.

In order to calculate the photoinduced magnetization
(5), taking into account the splitting of the resonance lev-
els into Zeeman sublevels

Ey =E,+QM#, Ep =Ey+Q,Mh, (6)
a b

it is necessary first to solve the quantum-mechanical equa-
tions

a
[a_t+vv+i(wba+Qbe_‘QaMa)+7ba]PMbMa
—% (Edwspr prrm,— PrprEdagn,)s (7

a

VolVof (v)

=27, +1 oMyt 7 (Bdas e pra pe,— Paypa By pry),

(8)

)
[a_t+vv+lﬂa(Ma_Ma) +7alpMaM"z

_ (YaNa—YNp) f (V) Y(2Jp+1)
=T 1 MM, T g T MM P

Xy, + é (Edypr, o000~ Prapt Edupr), (9
where

Q=g p(LH) /%, Qu=gyp(1.H) /4,

Yoa=(Vs+Va)/2, Y=4|dp,|*0p,/353 (2, +1),

f() = (7"%u) 73 exp(—v*/u?),

dum,m, is the matrix element of the electric dipole moment
operator d of the atom, v,, is the half-width of the spectral
line of the resonance atomic transition, #y, and iy, are the
homogeneous widths of the lower level E, and upper level
E,, v is the probability of spontaneous emission of a quan-

u=2xgT/m,)"?
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tum fiw,, by an isolated atom, d,, is the reduced dipole
moment,’ J, and J,, are the angular momentum quantum
numbers in the lower and upper levels, f(v) is Maxwell’s
distribution, v is the modulus of the velocity v of the atom,
u is the most probable velocity, xp is Boltzmann’s con-
stant, 7 is the temperature of the gas, m,, is the mass of the
active atom, and N,(N,) is the stationary density of atoms
in the level E,(E,) and is determined by he Boltzmann
distribution over the energy states in the absence of an
external field (E=0). The quantities ¥, and ¥, are deter-
mined by radiative decay and inelastic atomic collisions.
The terms in Eq. (9) which contain ¥ describe the arrival
of atoms in the lower level £, due to spontaneous emission
on the upper level E,. Similarly, the terms that contain the
factors y,N,f(v) and y,N,f(v) in Egs. (8) and (9) de-
scribe the flow of atoms into the upper and lower levels,
respectively, as a result of the statistical distribution over
the energy states and velocities.
In Egs. (7)-(9) the time origin is

to=ty+k(r—rp) /o,
in the initial values of the density matrix components are

Npf(v) s
pmm, =0, PMM =27 1 OMy

N.f(v) 5
Py M= 2,41 oMM,
where
Q| My—M,|, QalMa_M('z|<xBT/2-

2. NONLINEAR MAGNETIZATION

The calculation of the photoinduced magnetization
(5) for the light wave (1) propagating at an arbitrary
angle with respect to H leads to a very complicated expres-
sion. For this reason, we consider the simplest case, when
the light wave (1) is collinear with H. Solving the equation
for the density matrix by perturbation theory in the region
to < t and using Eq. (5) in the case of the light wave (1)
with arbitrary polarization and amplitude a(#’), depending
arbitrarily on the time ¢’ = ¢t — #;, we obtain the following
expression for the nonstationary photoinduced magnetiza-
tion:

p (' H) = —ppN | dpe|*(27) “HLIG(#',1) +G(¢',—1)]
+ (k/k)AB sin(29)
X [G(#',1)—=G(t',—1)]}+c.c., (10)
where
Nu=N,/(2J,+1)—Ny/(2Jp+1),
G(1,9) =8,P.(?',q) +8,Ps(?',q)
+78.9%Pas(t',9)/ (Vo—7a)»
Jy J,

1 2
I(tg), (11)
L g—p —q) att

D, (1'9)= 2 (q-u)(
m
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Jy, J,  1\?
D4y(1',q) = Zu( ’ _q) B9, (12)

" H g
Jy J, 1?2
’ — I;l t', _I;l r’ ,
®,(1',9) %#(# .y ﬁq)[a( Q) —Iit'\9)]
(13)
Q= (—1)%(27,+1)
LT+ 1) (2, + D\ [, 1 Ja‘
X(Jb(Jb+l)(ZJb+1)) !Jb 1 J)
It (t',q) =exp(—v,t’) fdvf(v) Jw dra*(t,)
0
Xexp{[Ya_Yba+iAy(q)]Tz}J'Oszla(Tl
Xexp{[yba—iA#(q)]Tl}, (14)

A(g) =0—wp—kv—p(Qp—Q,) —qQ,, g==1.

The quantity 7#/(¢',q) in Eqs. (12) and (13) is ob-
tained from Eq. (14) by making the substitution y,—v,.
The standard notation is used for the 6; symbols.’

The expression (10) obtained above is suitable for an
amplitude a(#’) of arbitrary form. In particular, for the

stepped profile
a(t’')=0 for ¢'<0; a(t')=agexp(—ia) for 0L,

where a; and a are constants, there exists a large time
interval

1/yy<t' <1/7,,

in which the nonstationary photoinduced magnetization
(10) increases linearly with time:

w(t',H) = —Moypt' {L.[R(1) +R(—1)]

+ (k/k)ABsin(2y) [R(1) —R(—1)1},
(15)

where
My=ppN 4| dp,| 2“(2/3%27’%:1»
R(q) =8,[P.(q) +7Q2P,(q)/7s],

> )(J” a1 )21( ), (16)
D,(9)=3 qg—u q),
V=22 pog—p —gq) "
Iy J, 1\2
= I , 17
D,y(g) 3%#(“ i—p _q) 4(9) (17)
Viof (v)dv
— —_— 5, = 1‘ 18
Il-lr(q) [A“(q)]2+,y§a qg== ( )

In the case of a Maxwellian distribution f(v) the in-
tegral (18) assumes the form

I1,(q)=Y(x,(q).y), (19)

where
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x,(q) =[0—0p—p(Qy—Q,) —qQ,]/ku,
Y=Y/ ku,

and the quantity Y (x”(q),y) can be expressed in terms of
the well-known function Y (x,y) with x=x,(q). This func-
tion is tabulated in Ref. 8 and has the form

exp(—&2)dE

Yooy =2 I

WIETR ) L GO
For long times

1<Yat'9 1<ybt"

the photoinduced magnetization (10) reaches a stationary
state and describes the constant magnetization induced by
a traveling monochromatic wave:

p(H)=—My{L[G(1)+G(—1)]+ (k/k)AB sin(2¢)
xX[G(1)-G(-1]}, (21)

(20)

where
G(q) =Vba[8:Pa(9) /Y2 +8:P(q) /7

+v8.9Pp(q)/YaYs],

It is evident from Egs. (16)—(20) that Doppler broad-
ening significantly weakens the photoinduced magnetiza-
tion (15) and (21), since at exact resonance with the tran-
sition frequency between the Zeeman sublevels, xﬂ(q) =0,
we have

g==1.

Y(0p)=7"% (22)
for inhomogeneous broadening (y<1) and
Y(0y)=1 (23)

for homogeneous broadening ( y2>1 ).

Since the most probable velocity u is proportional to
the square root of the gas temperature, the photoinduced
magnetizations (15) and (21) decrease with increasing
temperature as T~ /2 if the resonance transition between
the Zeeman sublevels is inhomogeneously broadened.

We now assume that an ultrashort pulse with small
area (so that perturbation theory is applicable) passes
through the atomic gas.” The duration 7 of the pulse is
small compared with the irreversible relaxation time of
optical coherence

YbaT<1) (24)

which ensures that the following inequalities are also sat-
isfied:

Yr<l, y,7<K1, yyr<l.

Thanks to the inequality (24) the nonstationary
photoinduced magnetization (10) by the ultrashort pulse,
is

p(t' H) = —p pN | dpa| > (277) L[ Gp(#',1)
+Gy(t',— 1)1+ (k/k)AB sin(2¢)
X [Gy(#',1) = Gy(',— )]}, (25)
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where

G (t',q) =8,Dy(7',q)exp(—vat') +8sDp(t',q)exp(—7yt")
+ [v8.9Ds(t',q)/ (Vs—7a) ]
X [exp(—v,t") —exp(—7ut') ],

S @-w(” ! o ra,  (26)
! = - t" ’
D,(?.,q) ”(q “(u g—n _q) u(t'q
Jy J, 1\?2
’ ) — o,, , 27
Dy(t',q) %#(# i _q) (', @) (27)
o= [ 10| [ a®
2
Xexp[—iA#(q)é‘]dé" dv, gq==1. (28)

After expanding the brackets and braces, the photoin-
duced magnetization (25) separates into three different
parts. The first two parts, which are proportional to the
exponentials exp( —v,¢) and exp(—7,t) without the factor
7, grow with time from zero to some maximum value at
t' =~ (the first maximum of the photoinduced magnetiza-
tion) and then decrease exponentially as exp(—7,t') and
exp(—7v,t'), respectively. This decrease is determined by
the fact that after the resonance excitation of the atoms the
populations of the Zeeman sublevels return to their equi-
librium value after the relaxation times 1/7, and 1/y,. In
contrast to this, after the action of the ultrashort light pulse
the third part with the factor ¥ continues to increase with
time because atoms continue to flow into the lower level
due to spontaneous emission in the upper level, and after
the maximum value is reached (second maximum of
photoinduced magnetization) at the time

tr=(Yo—7a) " In(¥s/70)

it is decreased by the relaxational processes described by
the difference of two exponential functions. As a result the
second maximum of the photoinduced magnetization (25)
is delayed by the time ¢,,, where ¢,, > 7 for ¥,>7,.

The exponential decay law obtained for the photoin-
duced magnetization (25) makes it possible to determine
experimentally the relaxation constants y, and y, by mea-
suring the nonlinear magnetization as a function of time
for any value of H. It should be kept in mind that, in the
absence of a magnetic field, the photoinduced magnetiza-
tions (25) and (10), (15), and (21) are produced by the
circularly or elliptically polarized light wave (1) but are
absent in the case of linear polarization, since it is impos-
sible to form from a single real linear-polarization vector
an axial vector (4) that determines the direction of the
magnetization (5). At the same time, a linearly polarized
light wave (1) also induces in a magnetic field a magneti-
zation equal to the term with the factor I, in the braces
(10), (15), (21), and (25), since sin(2¢)=0 for linear
polarization.
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3. FUNDAMENTAL PROPERTIES OF PHOTOINDUCED
MAGNETIZATION

We can draw from the results (10)-(28) above the
basic conclusions that follow from symmetry for gas atoms
in external fields.

The substitution H— —H does not change the direc-
tion chosen in Eq. (6) for the quantization axis, so that the
quantities 1, and (), change sign. However, with the sub-
stitution 2,—» —(Q, and Q,— —Q, it is also reasonable to
change the summation index, u— —u, in Egs. (11)-(13),
(16), (17), (26), and (27). This leads to the following
important transformations:

(Da(t"q)_’_q)a(t"_q)a (Db(t’,q)_'_q)b(tly_q)’

(29)
q>ab(t’7q) - ‘—(Dab(t,:'_’q)’

(pa(q)_'_q)a(_q), (Db(q)_’_q)b(_q)y

(30)
G(q)-»—G(—9q),

Db(t,’q) - _Db(t,y_q)y
(31)

Da(t’yq) - —Da(tly_q),

G(t’yq)_’_G(t’y_q), Gp(t"q)_'_Gp(t’,_q)-

(32)

According to Egs. (29)-(32), under the substitution
H - —H, the sum of the terms in the first brackets in Egs.
(10), (15), (21), and (25) changes sign and vanishes
when H=0; the expression in the second brackets is pre-
served and is different from zero when H=0. In other
words, the photoinduced magnetizations (10), (15), (21),
and (25) separate into two parts, the first an odd and the
second an even function of H. For circular and elliptic
polarizations both parts are different from zero, while for
linear polarization only the odd part exists.

We emphasize that the direction of the odd part of the
photoinduced magnetization (10), (15), (21), or (25) is
determined by the orientation of the vector H and does not
depend on the orientation of k. This can be easily verified
using as the example a stationary state for which the odd
part of the photoinduced magnetization is

Hoaa(H)=—1My[G(q) +G(—q)]
= —4H(0—wp,) " LMot~ 'V,

%S J‘ D, [1(gs—8a) +48.1 S (v)dv
T ) [(A+A) 75 (A=A +74,]

where
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o 3(1,, J, 1 )2
M=\ q—p —q Yba
(g—n)g, u( gaQ)]
X|——+— | g+ ,
[ e 1 \&T T,

AL=p(Qp—Qp) +9Q;, A=w—wy—kv, g==1,
and the integral is an even function of k.

The direction of the even part of the photoinduced
magnetization (10), (15), (21), or (25) is determined by
both the vector k and the direction of rotation of the elec-
tric field E of the light wave (1), which forms with the
even part of the photoinduced magnetization a right-hand
screw at A=—1 and a left-hand screw at A=1, i.e., the
even parts of the indicated magnetizations is directed along
k for A= —1 and opposite to k for A =1, if the difference in
brackets is positive.

In the case when the detuning from resonance changes
sign, @ —wp,— — (0 —wy,), the sign of the summation in-
dex must be changed, u— —pu, in Egs. (11)-(13), (16),
(17), (26), and (27) and the sign of the integration vari-
able must also be changed, v— —v, in Egs. (14), (18), and
(28). Then we arrive once again at the transformations
(29)-(32). This means that under the substitution
©0—wy,— — (0—w,,;) the photoinduced magnetizations
(10), (15), (21), and (25) transform in the same manner
as under the substitution H— —H, with separation into
even and odd parts with respect to w —w,,.

The substitutions 1,— —1,, 1,—»—1, and 1,— —1, are
accompanied by the transformation (29)-(32). Together
with this, k and the unit pseudoscalar 8 change sign, so
that the photoinduced magnetizations (10), (15), (21),
and (25) transform as axial vectors.

After the magnetic field H is switched on, the odd part
of the photoinduced magnetizations (10), (15), (21), or
(25) in the region

|A,uq| <max( |w_wba!’ ku,vsq)

at first grows in proportion to H. It varies next according
to a different law, and as the magnetic field increases fur-
ther, it approaches zero in the region

|AM| >max(|o—wy,|, Ku,Ys4),

where g= = 1. The magnetization induced by a linearly
polarized light wave (1) behaves in the same manner. This
magnetization enhances the external field H for one sign of
the detuning from resonance w—w,, and diminishes the
external field for the opposite sign of w —w,,. However, a
detailed study of this opposite effect of photoinduced mag-
netization on the internal magnetic field in a gas requires a
separate analysis.

In the case of resonance at the transition frequency
0=w,, the Zeeman sublevels with negative and positive
projections of the angular momentum enter symmetrically
in all formulas. This has interesting consequences. To see
this, we change the sign of the summation index, u— —pu,
in Egs. (11)-(13), (16), (17), (26), and (27) and simul-
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taneously the sign of the integration variable v— —v in
Egs. (14), (18), and (28). We obtain, using the fact that

WD=Wp,,
G(t',4)=—G(t',"9), R(q)=—R(—Q),
G(9)=—-G(—¢q), Gy(r,9)=—-G,(¢,—q). (33)

Thus the equivalence of the Zeeman sublevels when
w=w,, implies that the photoinduced magnetizations
(10), (15), (21), and (25) are different from zero only for
circular and elliptic polarizations, and a linearly polarized
light wave in the presence of a magnetic field H does not
induce magnetization, just as in the case H=0.

It also follows from Eq. (33) that replacing in the light
wave (1) the right-hand polarization A=1 by left-hand
polarization A= —1 (circular or elliptic) at the transition
frequency w=w,;, changes the direction of the photoin-
duced magnetizations (10), (15), (21), and (25) for any
value of H, just as for H=0 and arbitrary detuning from
resonance o —p, .

To investigate the photoinduced magnetization near
Zeeman resonances we set k/k=1, and L,||H and write the
expression in the braces in Eq. (21) in a different form:

L[G(1)+G(—1)]+ (k/k)ABsin(29) [G(1) —G(—1)]
=1,[ (sin Y+ AB cos ¥)*G(1)
+ (sin y—AB cos ¥)?G(—1)] (34)

and make the same transformation in Eq. (15), which
leads to the expression (34) with the substitution
G(gq)—-R(q), where g==*1.

For the light wave (1) with right-hand circular polar-
ization A=1 and y=m/4 the expression (34) is 2,G(1),
where in the absence of inversion we set S=1. This means
that for the Zeeman sublevels (6) the selection rule
M,—M,=1 is satisfied, and for right-hand circular polar-
ization a resonance is realized at the frequency

w=wba+Mb(Qb_‘Q’a)+Qa- (35)

In a sufficiently strong magnetic field
Q2,0}> max[ v}, (ku)?]

near resonance (35) all quantities in Egs. (10)-(28) with
arbitrary ¥ and g=—1 are less than the corresponding
quantities with g=1 by a factor of y2,/Q2 or y2,/Q2 for
homogeneous broadening (ﬁ,,,> (ku)?), and by a factor of
Yoaku/Q2 or y,ku/Q} for inhomogeneous broadening
(Ypa<ku). This makes it possible to drop all small terms
with g=—1 and retain in the quantities with g=1 only
resonance terms with u=M,.

Similarly, for the light wave (1) with left-hand circular
polarization A=—1 and Y=n/4 the value of (34) is
2,G(—1). For this reason the selection rule
M,—M,= —1 is satisfied in Eq. (6), and resonance is re-
alized for left-hand polarization at the frequency

O=wp,+My(Qpy—Q,) —Q,. (36)

In the indicated strong magnetic field, the small quan-
tities with g=1 can be dropped in Egs. (10)-(28) with
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arbitrary 1 near resonance (36), and only resonance terms
with u=M, need to be retained in terms with g=—1.

Thus near the resonances (35) and (36) in the fre-
quency interval

[0 —wp—My(Qp— Q) F Q,]? S max [ 2, (ku)?]

the quantities G(1) and G(—1) have in a sufficiently
strong magnetic field the same sign for resonance terms
with u=M,, so that, in contradistinction to the case of
resonance at the transition frequency o = w,,, replacement
of right-hand circular polarization A=1 and ¥==/4 in the
light wave (1) by left-hand circular polarization A= —1
and Y=m/4 does not, according to Eq. (34), change the
direction of the photoinduced magnetizations (15) and
(21).

For the resonances (35) and (36) in the cases Egs.
(15) and (21), the effect of Doppler broadening is de-
scribed by the integral (18), which satisfies Egs. (22) and
(23). For this reason, the photoinduced magnetizations
(15) and (21) decrease with increasing gas temperature
for an inhomogeneously broadened line.

It is known that right- and left-hand circularly polar-
ized waves are natural modes in the case of propagation
parallel to H. In the case of the light wave (1) with arbi-
trary polarization the transformation (34) means that the
photoinduced magnetizations (15) and (21) separate into
two parts, referring to the indicated natural modes.

With the help of a transformation similar to (34) it is
also possible to resolve the photoinduced magnetizations
(10) and (25) into natural modes in order to study their
behavior near the resonances (35) and (36). As a result we
find that in a sufficiently strong magnetic field near reso-
nance (35) only resonance terms with g=1, u=M,, and
arbitrary ¥ remain in Egs. (10)-(14) and (25)-(28), and
terms with g= —1 must be dropped. Similarly, near reso-
nance (36) only terms with ¢g=—1, u=M,, and arbitrary
¥ must be retained, while terms with ¢g=1 can be dropped.
For Egs. (10) and (25) the law of conservation of the
direction of the photoinduced magnetization remains in
force on going from right- to left-hand circular polariza-
tion, and the photoinduced magnetization likewise de-
creases with increasing gas temperature in the case of in-
homogeneous broadening.

The frequency dependences of the photoinduced mag-
netization in the presence of a magnetic field H is signifi-
cantly different from the case when there is no field. In
particular, in a strong magnetic field the magnetization
decreases when the frequency w deviates from the reso-
nances (35) and (36), so that as the frequency w is
scanned, separate peaks of the photoinduced magnetiza-
tion, corresponding to the resonances (35) and (36) with
different values of M, appear.

Far from all resonances

(0—wpa)*> [Mp(Q2p— Q) £ Q)

the quantity u(Q,—Q,) +g€, can be neglected and then,
after summing over the index u, the expressions for the
magnetizations (10), (15), (21), and (25) describe non-
linear magnetization in the absence of a magnetic field.
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The fundamental properties found above for photoin-
duced magnetization in an atomic gas are different from
the properties of photoinduced magnetization in solids,
studied in Refs. 10-14, because of both the symmetry and
the active centers (atoms) are different.

4. PRECESSION OF PHOTOINDUCED MAGNETIZATION IN A
MAGNETIC FIELD

For an arbitrary angle 6 between the vectors k and H
the photoinduced magnetization has in the case of an ul-
trashort light pulse (1) of duration 7, a simple form which
satisfies together with the inequality (24) the requirements

JaQaT<l, JbeT<<1. (37)

Thanks to the inequalities (37) the effect of H on the
density matrix p(¢') in Egs. (7)-(9) in the time interval
0<?#'<T can be neglected, while in the region 7<¢ Egs.
(7)-(9) describe the behavior of atoms in the magnetic
field H after the passage of an ultrashort pulse. In the
region 7<t’ the initial condition is the density matrix p(7)
describing active atoms at the time t'=7 when the action
of the short pulse ceases.

As a result, the photoinduced magnetization (5) in the
magnetic field H for 0<?’ assumes the form

(' H) =L (¢, H) + L (¢, H) +1g,(¢, H), (38)

where

wx (', H)=sin 0[ M, (' )cos(Qt' + @) +M,(t')
Xcos(Qyt' +@) +M,, (¢, H)cos(Q,t’ +P
+@) +My, (¢ H)cos(Qyt' +P+o) ],

p,(¢', H) =sin [ M, (¢')sin(Qut’' +@) +My(t')
Xsin(Qpt' + @) +M,, (¢t H)sin(Q,t' +P
+@) +Mp, (¢ H)sin(Qpt' + P+ @) |,

p(t'  H)=cos 0[M,(t') +M,(t') +M,,(¢',0)
+M,,(¢',0) ],

M ()= (K/k)M (1), My(¢'H)=(k/k)M, (¢ H),

M (t')=—ABsin(2¢Y) M (¢')g,Q, exp(—¥at'),

M, (' H) = —AB sin(2Y) M (1) 8,Qus¥ (Yo—Va) ™'

X cos @ exp(—7y,t’),

M) = 5N | e 2(672) " ff(v)l fo"a(_é)

X exp(—iAg)dE|? dv,
sin o= (‘Qb_ﬂa) [ (Yb_Ya)2+ (‘Qb_ﬂa)z] _1/29

c0s D= (Y5~ 7a) [ (Yo ¥a) >+ (R — )21 /2.

Here M, (¢') differs from M ,(¢') in that b is replaced by a,
while M ,,,,(t’,H) is obtained from M a,,(t’,H) by replacing
exp(—74t') by —exp(—7,t’). The polar angle 8 and the
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azimuthal angle @ determine the direction of k in a spher-
ical coordinate system whose polar axis z is parallel to H.
The quantities Q,, Q,, and Q,, assume the following val-
ues, depending on the type of atomic transition J,—J,:

1) for J,=J—Jy=J (J>0)

0:=0y=1, Qu=(+J-1)/J(J+1);
2) for J,=J—Jy=J+1

0,=—J, Qp=J+2, Qu=J(J+2)/(J+1);
3) for J,=J+1-J,=J

Qa=J+2’ Qb= _J’ Qab= '—J(J+2)/(J+l)

After the passage of the ultrashort pulse in the region
7< t' Eq. (38) describes the complicated precession of the
photoinduced magnetization in the magnetic field H. This
precession is the sum of the precessions of separate inde-
pendent vectors M,(#'), M,(¢'), M, (¢ ,H) and
M, (#',H). In addition, the magnetizations M, (¢',H) and
M,,(¢,H) are determined by the flow of atoms into the
lower level due to spontaneous emission in the upper level
after passage of the exciting pulse. The quantities M (¢')
and M ,(¢') reach their maximum values at the time ¢’ =7,
while the maximum of the sum May(t’,O)+M ,,y(t’,O) is
delayed in time by an amount #,,. The obtained precession
of photoinduced magnetization is significantly different
from the model variant proposed in Ref. 4.

With the substitution H— —H the quantities Q,, Q,,
and ® in Eq. (38) change sign, so that right-hand rotation
of the magnetization vectors changes to left-hand rotation.
If we set H=0, then the photoinduced magnetization (38)
is

pu(2,0) =M, (#") +M,(2') + M, (¢',0) +M,, (#,0),

which is identical to Eq. (25) in the absence of a magnetic
field.

5. DISCUSSION

The series of experiments performed in Ref. 1 with
potassium and rubidium vapors with resonance excitation
of atoms by an ultrashort pulse established that in the case
w+w,, and a linearly polarized light wave the photoin-
duced magnetization increases as H and it also changes
sign under the substitution H— —H in a wide range of
values of H. In addition, it was found that the direction of
magnetization does not change when the polarization of
the ultrashort pulse is changed from right- to left-hand
polarization in a strong magnetic field near Zeeman reso-
nances. These experimental results are in complete agree-
ment with the theoretical results and are solely symmetry
determined.

The experiments of Refs. 1-5 were performed on at-
oms with hyperfine structure. This greatly complicates the
formulas for the photoinduced magnetization. In particu-
lar, new terms, which correspond to resonance at zero fre-
quency and which are absent for atoms with spinless nu-
clei, appear in the magnetization terms determined by the
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spontaneous emission of atoms in the upper level. Similar
resonance terms make an appreciable contribution to self-
diffraction and phase conjugation.'> However, in spite of
the fact that the formulas for the photoinduced magneti-
zation become much more complicated, the fundamental
properties found to be associated with symmetry remain
for atoms with hyperfine structure. The law of decay of
photoinduced magnetization after the passage of an ul-
trashort light pulse also remains in force. This provided a
basis for comparing the theoretical results with the exper-
imental results.'>

It should be kept in mind, however, that for nuclei
with nonzero spin the frequency dependence of the photo-
induced magnetization is much more complicated, both in
the case H=0 and for H540, because of resonances with
the hyperfine components. These resonances also influence
the temperature dependence of the magnetization, espe-
cially in cases when the splitting of the hyperfine compo-
nents is of the order of the Doppler width multiplied by 7.
In addition, owing to the smallness of the hyperfine split-
ting, the Paschen-Back effect appears in comparatively
weak fields H. For this reason, separate calculations, tak-
ing into account the hyperfine structure, must be per-
formed in order to analyze the frequency and temperature
dependences of the photoinduced magnetization in the ex-
periment of Ref. 1.
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