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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.'-5 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 

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 wba in the 
absence of resonance, u#mba, 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-oh and de- 
creases the field for the opposite sign of w - w,, while at 
resonance w = wba 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 o-wba, 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 =aba ,  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.6 Let a plane light wave pass through the gas 
and have a rotating electric-field vector E 

where lM is a unit complex elliptic-polarization vector 

and a=a ( t l )  is the complex amplitude, which is a function 
of r and t, thanks to the argument t' = t - to - k ( r - ro) /o 
and is a slowly varying function compared with exp[i(kr 
-wt)]. Here to is the initial time at which the light wave 
( 1 ) enters the atomic gas at the point ro, with the front of 
this incident wave in the boundary plane k(r-ro) =0  of 
some volume containing the given gas. The frequency o is 
close to the frequency oba= (Eb-Ea)/fi 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 Ea and Eb 
(Ea < Eb). The indicated frequency is related to the mod- 
ulus of the wave vector k by the dispersion relation 
02&(o)  =kZc2, 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 lU on k 
and on the parameter A that determines the direction of 
rotation of E, must be represented explicitly as 

for right-hand polarization A = 1 and as 

(1) (2) 
'k, - 1 = - lk,sin $J + llk,cos 11, (3) 

for left-hand polarization A =  - 1. Here the argument I) 

assumes the values 0<$<.rr/2 and characterizes the semi- 
axes cos $(sin $) and sin $(cos $) of the polarization el- 
lipses. In particular, for $=.rr/4 the polarization ellipses 
become circles and Eqs. (2) and (3) describe the polar- 
ization of a circular wave. For $=0 and $=7~/2 the po- 
larization ellipses in Eqs. (2) and (3) degenerate into or- 
thogonal segments and Eqs. (2) and (3) describe two 
linearly polarized waves with orthogonal polarization 
planes. The other quantities in Eqs. (2) and (3) satisfy the 
relations 

where f l  is the unit pseudoscalar, P= + 1 and after inver- 
sion fl= - 1. 

The resonance interaction of the active atom with the 
field E gives rise to redistribution of the populations of the 

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 p per unit volume. 
This moment is connected with the density matrix p in the 
J M  representation by the well-known relation 

where pB= 1 e 1 fi/2mc is the Bohr magneton, e and m are 
the electron charge and mass, ga and gb are the gyromag- 
netic factors (g factors), v is the velocity of the atom, 
PM&;( P M ~ ; )  and JM#;( J M ~ ; )  are, respectively, the 
matrix elements of the density matrix p and the angular 
momentum operator J in the lower (upper) level, and Ma 
and Mb are the quantum numbers of the projections 12, 
and lJb of the angular momenta Ja and Jb on the quanti- 
zation axis, which is oriented along the unit vector 1, of the 
Cartesian z axis. Repeated vector indices are snmmed over. 

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

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

where 

dMhMo is the matrix element of the electric dipole moment 
operator d of the atom, yba is the half-width of the spectral 
line of the resonance atomic transition, fiya and fiyb are the 
homogeneous widths of the lower level Ea and upper level 
Eb, y is the probability of spontaneous emission of a quan- 
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tum hba by an isolated atom, dba is the reduced dipole 
moment,' Ja and Jb 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, x B  is Boltzmann's con- 
stant, T is the temperature of the gas, ma, is the mass of the 
active atom, and N a ( N b )  is the stationary density of atoms 
in the level Ea(Eb)  and is determined by he Boltzmann 
distribution over the energy states in the absence of an 
external field (E=O). The quantities y, and yb are deter- 
mined by radiative decay and inelastic atomic collisions. 
The terms in Eq. ( 9 )  which contain y describe the arrival 
of atoms in the lower level Ea due to spontaneous emission 
on the upper level Eb. Similarly, the terms that contain the 
factors y J V d ( v )  and y f l J ( u )  in Eqs. ( 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 Eqs. (7)-(9) the time origin is 

in the initial values of the density matrix components are 

where 

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 
tk < 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' = t - tk , we obtain the following 
expression for the nonstationary photoinduced magnetiza- 
tion: 

where 

The quantity I:(t1,g) in Eqs. (12 )  and (13 )  is ob- 
tained from Eq. ( 14) by making the substitution ya-+ yb. 
The standard notation is used for the 6 j  symbols.' 

The expression (10 )  obtained above is suitable for an 
amplitude a(? ' )  of arbitrary form. In particular, for the 
stepped profile 

a(? ' )  =O for tl<O; a(? ' )  =ao exp(-ia) for Ogt' , 

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

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

where 

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

I P ( 9 )  = Y(x,(g) ,y) ,  

where 
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where 

Y =  Yba/ku, 

and the quantity Y(xp(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 

For long times 

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

where 

+yga@b(q)/ya~bl, q =  f l .  

It is evident from Eqs. ( 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, xp(q) =0, 
we have 

for inhomogeneous broadening (y( 1 ) and 

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 (2 1 ) decrease with increasing 
temperature as T-'" 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.9 The duration r of the pulse is 
small compared with the irreversible relaxation time of 
optical coherence 

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

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

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( - yat) and exp( - ybt) without the factor 
y, grow with time from zero to some maximum value at 
t1 ZT (the first maximum of the photoinduced magnetiza- 
tion) and then decrease exponentially as exp( -yat') and 
exp( - ybtl), 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 l/ya and l/yb. In 
contrast to this, after the action of the ultrashort light pulse 
the third part with the factor y 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 

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 t; , where tk % r for yb% yo. 

The exponential decay law obtained for the photoin- 
duced magnetization (25) makes it possible to determine 
experimentally the relaxation constants ya and yb 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 ( lo), ( 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 1, in the braces 
( lo) ,  (15), (21), and (25), since sin(2$)=0 for linear 
polarization. 

374 JETP 77 (3), September 1993 A. I. Alekseev 374 



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 Ra and Rb change sign. However, with the sub- 
stitution Ra- --aa and Rb- -ab it is also reasonable to 
change the summation index, p - -p, in Eqs. ( 1 1 )-( 13), 
(16), (17), (26), and (27). This leads to the following 
important transformations: 

According to Eqs. (29)-(32), under the substitution 
H- -H, the sum of the terms in the first brackets in Eqs. 
(lo), (15), (21), and (25) changes sign and vanishes 
when H=O; the expression in the second brackets is pre- 
served and is different from zero when H=O. In other 
words, the photoinduced magnetizations ( lo), ( 15), (2 1 ) , 
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 ( lo), ( 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 

where 

and the integral is an even function of k. 
The direction of the even part of the photoinduced 

magnetization ( lo), (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 ( I) ,  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, w-wh- - (W - wh), the sign of the summation in- 
dex must be changed, p- -p, in Eqs. (1 1)-(13), (16), 
(17), (26), and (27) and the sign of the integration vari- 
able must also be changed, v- -v, in Eqs. ( 14), ( 18), and 
(28). Then we arrive once again at the transformations 
(29)-(32). This means that under the substitution 
w - wh - - (O - wba) the photoinduced magnetizations 
( lo), ( 15), (21), and (25) transform in the same manner 
as under the substitution H-t -H, with separation into 
even and odd parts with respect to w - wba. 

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

After the magnetic field H is switched on, the odd part 
of the photoinduced magnetizations ( lo), ( 15 ) , (2 1 ) , or 
(25) in the region 

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 

where q= * 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 - wb, and diminishes the 
external field for the opposite sign of w -wba. 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 
w=oh 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, p- -p, 
in Eqs. (11)-(13), (16), (17), (26), and (27) and simul- 
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taneously the sign of the integration variable v-. -v in 
Eqs. (14), (18), and (28). We obtain, using the fact that 
w=wba, 

Thus the equivalence of the Zeeman sublevels when 
w=wh implies that the photoinduced magnetizations 
( lo), ( 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=O. 

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 o = w h  changes the direction of the photoin- 
duced magnetizations ( lo), ( 15), (21), and (25) for any 
value of H, just as for H=O and arbitrary detuning from 
resonance o - wh . 

To investigate the photoinduced magnetization near 
Zeeman resonances we set Wk=l, and 1,IIH and write the 
expression in the braces in Eq. (21) in a different form: 

=I,[ (sin *+AD cos *)'G(I) 

+ (sin *-AD cos $)'G(- 1) ] (34) 

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

For the light wave ( 1 ) with right-hand circular polar- 
ization A = 1 and *= r /4  the expression (34) is 21,G( 1 ), 
where in the absence of inversion we set B= 1. This means 
that for the Zeeman sublevels (6) the selection rule 
Mb-Ma= 1 is satisfied, and for right-hand circular polar- 
ization a resonance is realized at the frequency 

In a sufficiently strong magnetic field 

near resonance (35) all quantities in Eqs. ( 10)-(28) with 
arbitrary tC, and q= - 1 are less than the corresponding 
quantities with q= 1 by a factor of y26,/fl; or da/fl; for 
homogeneous broadening (A) (ku)'), and by a factor of 
yhku/fl; or yhku/fl; for inhomogeneous broadening 
(yh(ku). This makes it possible to drop all small terms 
with q= - 1 and retain in the quantities with q= 1 only 
resonance terms with p = Mb . 

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

In the indicated strong magnetic field, the small quan- 
tities with q = l  can be dropped in Eqs. (10)-(28) with 

arbitrary 1C, near resonance (36), and only resonance terms 
with p = Mb need to be retained in terms with q= - 1. 

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

the quantities G(1) and G( - 1) have in a sufficiently 
strong magnetic field the same sign for resonance terms 
with p=Mb,  so that, in contradistinction to the case of 
resonance at the transition frequency w = wba , replacement 
of right-hand circular polarization A = 1 and $=r/4 in the 
light wave ( 1 ) by left-hand circular polarization A = - 1 
and *=r/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 Eqs. 
( 15) and (21), the effect of Doppler broadening is de- 
scribed by the integral ( 18), which satisfies Eqs. (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 (2 1 ) 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 q=  1, p = Mb, and 
arbitrary I) remain in Eqs. (10)-(14) and (25)-(28), and 
terms with q= - 1 must be dropped. Similarly, near reso- 
nance (36) only terms with q= - 1, p = Mb, and arbitrary * must be retained, while terms with q= 1 can be dropped. 
For Eqs. (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 Mb, appear. 

Far from all resonances 

the quantity p(flb-fl,) +qfla can be neglected and then, 
after summing over the index p, the expressions for the 
magnetizations ( lo), ( IS), (2 1 ), 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 8 between the vectors k and H 
the photoinduced magnetization has in the case of an ul- 
trashort light pulse ( 1 ) of duration T, a simple form which 
satisfies together with the inequality (24) the requirements 

JaQar g 1, JbQb7 4 1. (37) 

Thanks to the inequalities (37) the effect of H on the 
density matrix p( t l )  in Eqs. (7)-(9) in the time interval 
O < ~ ' < T  can be neglected, while in the region r <  t' Eqs. 
(7)-(9) describe the behavior of atoms in the magnetic 
field H after the passage of an ultrashort pulse. In the 
region 7<t1 the initial condition is the density matrix p ( r )  
describing active atoms at the time t l = r  when the action 
of the short pulse ceases. 

As a result, the photoinduced magnetization (5) in the 
magnetic field H for O<tl assumes the form 

p( t l ,H)  =1+x(t1,H) +l+y(t',H) +l&,(tl,H), (38) 

where 

Xcos @ exp(-yatl), 

sin @= ( n , - ~ , )  [ ( ~ ~ - y , ) ~ +  (fib-fia)2]-1/2, 

cos @= (yb-ya) [ ( l / b - ~ ~ ) ~ +  (flb-fla)2]-1/2. 

Here Mb(t l)  differs from Ma(t l)  in that b is replaced by a, 
while MbY(t1,H) is obtained from MaY(t1,H) by replacing 
exp( - yatl) by - exp ( - ybtl). The polar angle 8 and the 

azimuthal angle q, determine the direction of k in a spher- 
ical coordinate system whose polar axis z is parallel to H. 
The quantities Qa, Qb, and Qab assume the following val- 
ues, depending on the type of atomic transition Ja+Jb:  

1) for Ja=J-Jb=J (J>O)  

2) for Ja=J-Jb=J+l  

3) for Ja=J+l -Jb=J  

After the passage of the ultrashort pulse in the region 
T< 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 Ma(t l) ,  Mb(t l) ,  MaY(t1,H) and 
Mby(tl,H). In addition, the magnetizations MaY(t1,H) and 
MbY(t1,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 Ma(t l)  
and Mb(t l )  reach their maximum values at the time t ' z ~ ,  
while the maximum of the sum MaY(t1,O) +MbY(t1,O) is 
delayed in time by an amount th.  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,, Qb, 
and @ in Eq. (38) change sign, so that right-hand rotation 
of the magnetization vectors changes to left-hand rotation. 
If we set H=O, then the photoinduced magnetization (38) 
is 

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 
m#mba 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.15 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=O and for H#O, 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 fi. 
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. 

'A. M. Badalyan, A. A. Dabagyan, M. E. Movsesyan et a/.,  Izv. Akad. 
Nauk SSSR, Ser. Fiz. 43, 304 (1979). 

'A. A. Dabagyan, M. E. Movsesyan, and R. E. Movsesyan, Pis'ma Zh. 
Eksp. Teor. Fiz. 29, 586 (1979) [JETP Lett. 29, 534 (1979)l. 

'M. E. Movsessian and T. Efthimiopoulos, Opt. Lett. 5, 471 (1980). 
4 ~ .  E. Movsesyan, Izv. Akad. Nauk SSSR, Ser. Fiz. 45, 2227 (1981). 
5 ~ .  R. Vardanyan, A. D. Dabagyan, and M. E. Movsesyan in Abstracts 
of Reports at the Eleventh All-Union Conference on Coherent and Non- 
linear Optics, Erevan (1982) [in Russian], Vol. 1, p. 102. 

6 ~ .  D. Landau and E. M. Lifshitz, Electrodynamics of Continuous Me- 
dia, Pergamon Press, N.Y. [Russian original, Nauka, Moscow, 19821. 

'D. A. Varshalovich, A. N. Moskalev, and V. K. Khersonskii, Quantum 
Theoiy ofAngular Momentum [in Russian], Nauka, Leningrad, 1975. 

'V. N. Fadeev and N. M. Terent'ev, Tables of the Error Function for 
Complex Variables [in Russian], Fizmatgiz, Moscow, 1954. 

9 ~ .  I. Alekseev, A. M. Basharov, and V. N. Veloborodov, Zh. Eksp. 
Teor. Fiz. 84, 1290 (1983) [Sov. Phys. JETP 57, 747 (1983)l. 

lop. S. Pershan, J. P. van der Ziel, and L. D. Malmstrom, Phys. Rev. 143, 
574 (1966). 

"J. P. van der Ziel, P. S. Pershan, and L. D. Malmstrom, Phys. Rev. Lett. 
15, 190 (1965). 

1 2 ~ .  P. van der Ziel and N. Bloembergen, Phys. Rev. A 138, 1287 (1965). 
"J. F. Holzrichter, R. M. MacFarlance, and A. L. Schawlow, Phys. Rev. 

Lett. 26, 652 (1971). 
14y. R. Shen, Principles of Nonlinear Optics, John Wiley, New York, 

1984. 
1 5 ~ .  I. Alekseev, Zh. Eksp. Teor. Fiz. 101, 435 (1992) [Sov. Phys. JETP 

74, 227 (1992)l. 

Translated by M. E. Alferieff 

378 JETP 77 (3). September 1993 A. I. Alekseev 378 


