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Nonlinear magneto-optical rotation of elliptically polarized light
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We predict theoretically and demonstrate experimentally an ellipticity-dependent nonlinear magneto-optic
rotation of elliptically polarized light propagating in a medium with atomic coherence. We show that this effect
results from hexadecapole and higher-order moments of the atomic coherence, and is associated with an
enhancement of Kerr and higher-order nonlinearities accompanied by suppression of the other linear and
nonlinear susceptibility terms of the medium. These nonlinearities might be useful for quantum signal process-
ing. In particular, we report an observation of enhancement of the polarization rotation of elliptically polarized
light resonant with the S;,,F =2—5P,,,F=1 transition of®'Rb.
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[. INTRODUCTION In some cases it is convenient to describe the atom-light
interaction from the point of view of light-induced multipole
Nonlinear magneto-optic rotatiofNMOR) of the polar- moments of the atomic electron distribution. Conventionally,
ization plane of light resonant with atomic transitions is at-this is done in terms of an irreducible tensor representation
tracting increasing attentioji,2]. Ultranarrow(up to 1 Hz  of the density matrif21—-23. In this case, the ground-state
[3,4]) spectral features accompanied by strong polarizatiomoherence is equivalent to the quadrupole moment, or align-
rotation observed in NMOR experiments are ugedpro-  ment. It has been suggested that NMOR is a consequence of
posed to be usgdn sensitive magnetometfs—7], in time-  the alignment to orientation conversi¢24], where the ori-
reversal-invariance violation experimerit8—10], in mea- entation is equivalent to the population difference between
surements of the electron dipole momdif,12, and in  nearest Zeeman sublevels withn= +2.

measurements of various atomic constdrts]. Extremely The simplified theoretical approaches used for weak elec-
slow propagation of light has also been observed in NMORromagnetic fields generally fail for strong ones. The ques-
in hot rubidium vapof14]. tion that arises here is whether or not the interaction with

The most accurate description of the properties of NMORstrong fields brings new physics, e.g., if the higher-order
signals is obtained from an analysis of density matrix equaatomic coherences influence NMOR. Alkali-metal atoms
tions for the atomic polarizations and populations along withhave a level structure that allows for formation of a coherent
Maxwell equations describing propagation of the electrosuperposition of the magnetic sublevels wittm=+4
magnetic fields in the atomic medium. The exact solution of(hexadecapole moment in the multipole decomposition of the
this problem, however, is very complicated, and for mostinteraction procegsand even higher. Such coherences should
cases may be obtained only numerically. The problem shoulde excited by multiphoton processes that include four or
be somehow simplified to obtain analytical results. more photons. Gawlilet al. [25] observed strong narrow

The traditional approach to solution of the problem isfeatures in a forward scattering experiment with free sodium
based on the approximation of weak electromagnetic fieldatoms, which were attributed to a hexadecapole moment.
and low atomic vapor densiti¢$5—-18, conditions found in  However, subsequent work of Giraud-Cottenal. [15] and
early experiments involving incoherent radiation from other group$17,19,2Q demonstrated that these features may
atomic discharge lamps. In this case one can use perturbati¢ye explained using third-order perturbation theory, which in-
theory, and the atomic susceptibility may be decomposediudes only quadrupole moments.
into a series of the electromagnetic fields involved. There have been a number of publications where obser-
Magnetic-field-dependent terms of the susceptibility decomvation of hexadecapole and higher-order moments is re-
position which are nonlinear in the electromagnetic fields argyorted for the case where the magnetic field is perpendicular
responsible for NMOR. It can be demonstrated that onlyto the light propagation directiof26,27]. At the same time,
two-photon processes are important in this approximationthe question of their influence on forward scattering and
and therefore complicated multilevel systems may be reNMOR signals in Faraday configuration is still opE28].
duced to systems with small level numlisuch asA, V, or  Generally, the interpretation of the experimental results in
X schemes[17,19,2Q. In this approximation, NMOR is a the case of strong laser fields and large multipole moments is
consequence of low-frequency ground-state coherencgery complicated. The high-order coherence causes only
formed by two-photon processes between Zeeman sublevedtight modifications of the rotation caused by the quadrupole
with difference in magnetic quantum numbers equaAto  moment, which hinders a convincing demonstration of these
==*2. high-order effects.

We here solve both analytically and numerically the prob-
lem of the propagation of strong elliptically polarized
*Electronic address: i.novikova@osa.org electro-magnetic fields through resonant atomic media in the
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presence of a magnetic field. We particularly investigate théntroducing, for example, additional off-resonant leggl
properties of the light that interacts with the magnetic sub{level a, in Fig. 1(b)]. In the following we refer to the re-
levels in an M-like level configuration and, therefore, formssultant level configuration as an N-type scheme. Such a
coherences witlhm=4. We demonstrate that these coher-scheme has been used in previous wi@%—39,41. If the
ences are responsible for a modification of polarization rotagisturbance of EIT is small, i.e., the detuniAgis large, the
tion that depends on both the light ellipticity and the appliedapsorption does not increase significantly. At the same time,
magnetic field. We observe this effect in a hot vapor of ru-the nonlinearity can be as strong as the nonlinearity in a
bidium atoms. Since such a rotation does not appear for afear-resonant two-level system.

isolatedA scheme, our experiment may be treated as a clear |p;g paper is based on the existence of CPT in multilevel

derXr?gtSr;[re?tli?]? cr>f tgﬁ heﬁzdﬁ;:ap;)tlen:nfmtent offattrc])ms. ¢ media. Unlike the early ideas of Kerr nonlinearity enhance-
Interesting a portant feature ot the syste ent, we propose to use, not a singlescheme, but several
under consideration is connected with the large Kerr nonlin-

earity that is associated with NMOR. We analyze Kerr non_coupledA. schemes. In p.artlc'ular, we consider the M.-type
linearity in the M level configuration and show that the ratio conﬂguratlo_n as shown in Fig.(d). _Coherent population
between the nonlinearity and the absorption may be largd"@PPiNg exists in such a scheme, as ifvdype level system.
Moreover, we show that by increasing the number of Zee- BY introducing a small detuning we may disturb this
man sublevelse.g., by using another Rb isotope or different CPT and produce a strong nonlinear coupling among the
alkali-metal atom with higher ground-state angular momen&lectromagnetic fields interacting with the atomic system,
tum) it is possible to realize higher orders of nonlinearities.While having small absorption of the fiel{i46]. The disper-
Our method of creation of the highly nonlinear medium with sion of the M level media and associated group velocity of
small absorption has prospects in fundamental as well akght propagating in the media are intensity dependent due to
applied physics. It can be used for construction of nonclasthe nonlinearity, as was theoretically predicted by Greentree
sical states of light as well as for coherent processing ot al. [47]. Finally, in the case discussed below, the energy
quantum informatiori29]. levels of the M configuration correspond to Zeeman sublev-

To form a bridge between this and previous studies weels of alkali-metal atoms. The multiphoton detuning is intro-
should note that NMOR may be attributed to coherent popuduced by a magnetic field, resulting in the intensity-
lation trapping (CPT) [30,31 and electromagnetically in- dependent polarization rotation.
duced transparendIT) [32]. Both EIT and CPT are ableto ~ We show a simple way to reduce a five-level M configu-
suppress linear absorption of resonant multilevel mediaation to a four-level N configuration, and prove that these
while preserving a high level of nonlinear susceptibil®3—  completely different schemes demonstrate refractive nonlin-
35]. Previous theoretical studies of coherent media with largearities of the same magnitude. This is a very interesting
optical Kerr nonlinearities have described nonlinearities refesult, because the nonlinearity of the M configuration is a
sulting from the effective self-action of an electromagneticconsequence of the hexadecapole part of atomic coherence,
field at a single photon energy level, such as a photon blockwhile the nonlinearity in the N configuration results from
ade[36-39, or an effective interaction between two electro- quadrupole atomic coherence.
magnetic fields due to refracti®4,35,40,4]1 and absorp- Our paper is organized as follows. In Sec. Il we analyze
tive [42] Kerr nonlinearities. The absorptivey® the F=1—F’=0 atomic transition, demonstrate that this
nonlinearities have been studied experimentally for guasitransition may be described by/a level configuration, and
classical casef43,44. It was shown quite recently that a show that the polarization rotation in the case o acon-
similar approach may lead to achievement of even highefiguration does not depend on the light ellipticity. In Sec. IlI
orders of nonlinearity45]. we studyF=2—F’=1 atomic transitions, show that they

A method of producing Kerr nonlinearity with vanishing consist ofA and M schemes, investigate the properties of the
absorption is based on the coherent properties of a thre@d4 interaction scheme, and show that ellipticity-dependent
level A configuration[see Fig. {8)]. In such a scheme the NMOR is possible. Using analytical calculations we show
effect of EIT can be observed. Two optical fields and(), that the hexadecapole moment plays an important role here.
resonant with the transitions of th& system, propagate In Sec. IV we expand our theory to the case of generalized M
through the medium without absorption. However, becausenergy level systems and discuss the possibilities of obser-
an ideal EIT medium does not interact with the light, it alsovations ofx® and higher-order nonlinearities. In Sec. V we
cannot lead to any nonlinear effects at the point of exactliscuss applications of the nonlinearities for quantum-
transparency31]. To get a nonlinear interaction in the co- information processing. The case of Doppler broadefied
herent medium one needs to “disturb” the EIT regime by M, and N systems is considered in Sec. VI for the particular
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whereE, and E_ are the electric field amplitudes of two
opposite circularly polarized electromagnetic waveés,
=E_@paps /0, Q,=E_ p,,_/h are the corresponding com-
plex Rabi frequencies . andg,,_ are the atomic dipole
moments,A is the one-photon detuning of the laser fre-
quency from the exact atomic transition, afids the shift of

the ground-state sublevels resulting, for example, from inter-
action with a magnetic field.

28

-] —0 =1 RN I+ . . . .
" " " Prfe Ty Hoos The eigenvalues of this Hamiltonian; (where H|\)
Yg Yo =#%X|\)) may be found from
FIG. 2. (@) Schematic interaction of an electromagnetic wave S—\N  QF 0
with an atomic transitiofb), F=1—|a), F'=0. The electromag- 0 A=) QO _
netic field is decomposed into two circularly polarized components + - |=0 2
having Rabi frequencie§), and Q_. (b) Simplification of the 0 Qf  —\—6
scheme(a) for the case when there is a magnetic field applied
parallel to the wave vector of the electromagnetic wave. or
case of a weak probe field. We present experimental mea- “N3HENPA NS H|Q P+ ?)
surements of the polarization dependent NMOR in #&b
b 3 —8(8A+|0Q_[2-]0 2)=0. 3

and ®Rb atomic vapors in Sec. VII. Finally, in Sec. VIII, we

present our conclusions based on these results. In the degenerate casé0) the eigenvalues and corre-

sponding eigenstates are
II. ANALYSIS OF NMOR FOR THE CASE

OF AN F=1—F’'=0 TRANSITION Ap=0,
A three-level A configuration is the simplest system that Q.|b.)—0 |b)
results in NMOR. This system appears naturally in the con- |D)= Al . (4
figuration of Zeeman sublevels of &=1—F'=0 atomic VQ 5 +]Q_|?
transition, wherd= andF' are the total angular momenta of
the ground and excited atomic states, respectively. This A A? 5 5
i i i Mg, = 5 =\ 7 T1Q P +[Q]%

scheme can be easily seen if the angular momentum quanti 12 2 4
zation axis is chosen along the light propagation direction.
The effective interaction scheme for this case is shown in \g. | o* o*

; ; ; ; ; 1,2 + -
Fig. 2(@). The A configuration consists of two circularly po- By )= |a)+ lb_)+ lb.)].
larized components of the laser field, which create low- ' Ag,~ A, )‘Bl,z ABLZ
frequency coherence between the magnetic sublavets )

+1. Because of the selection rules, the electromagneti

waves do not interact with the sublevel havimg=0. . . . . X :
For zero magnetic field such a configuration demonstrate@" atom in this state does not interact W'th. the light fields
and, therefore, does not fluoresce. Atoms in the other two

coherent population trapping. A nonzero magnetic field col-

linear with the wave vector of the light leads to a ZeemarStates, called “bright states,” readily absorb light. Therefore,

shift of the magnetic sublevefa= *=1, which disturbs CPT atoms initially prepared in a bright state are optically

and results in an interaction between the light and the atom?.umped into the dark state after some finite time comparable

The nonlinear polarization rotation emerges as a conseVith the lifetime of the excited Ievella) - Thus, in steady
quence of this interaction. state, th_e gtomlc en_semble does not interact with th(_a elect_ro-
In the following, we briefly review the basic properties of magnetic fields, Wh'Ch. IS the essence of CPT. The dispersive
CPT inA systems and calculate the optical losses and poIaPrOpert'eS of the atomic system in the dark state are governed
ization rotation by solving the optical Bloch equations for theby the coherence between the ground states chdsgstem.

density matrix elements. Finally, we note how the=1 The corresponding density matrix element may be found

—F’=0 level configuration can be reduced to\asystem from (see[Ref. 4))
via proper renormalization of decay rates and density matrix.

fhe state denoted ap) is called the “dark state” because

0* Q.
. ) . Pb+b-— " 2 2"
A. Coherent population trapping in a A system |Qf| + |Q+|

(6)

The Hamiltonian for the\ system shown in Fig.(®) can

, The true dark state exists only fé==0. As soon as the
be written as

exact resonant conditions are disturbed, the system starts in-

_ teracting with light. However, for small detunings
Hy=hA —hdélb Y b, |+hdb_)b_
A l2)(al [b4)(b.| [b-)b-| (VO P+][Q_?>5],\]AS]) the disturbance of the dark
+A(Q_|ay b, |+Q |a}b_|+H.c), (1)  state is small, and most of the atomic population is concen-
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trated in the modified dark stat@). In this case the eigen- 3 )
k= =—N\%y, (13

value)~\D corresponding to this state can be found by solving 8
Eq. (3) and keeping only the terms linear &
and \ is the wavelength of the light in vacuum. It is also
~ |Q_|2—|Q.|? @ useful to rewrite the equation of motion for the field ampli-
=5—, 7 e
D FREAGNE tudesE.. :
JE. . v |EI|2
0.0 a—:14|77ﬁ5NEE+

_ . (14
(|Q+|2+|Qi|2)3/2|a> ’ (8) z (|E+|2+|E*|2)2

IDy=MN{ |D)+26

Equation(12) is suitable for describing the phase evolu-
where =1+ 0(6°) is a normalization constant. From Eq. tion of the electromagnetic fields. However, the decay pro-
(8) it is obvious that the population of the excited lel@) is  cesses responsible for the optical losses cannot be correctly
proportional tos. included in this method and we need a density matrix ap-

proach. In the following section we explicitly calculate the
B. Equations of motion density matrix elements for th& system to verify Eq(12)

It is possible to obtain the equation of motion for the and discuss the attenuation of the light.
electromagnetic fields, using the method reported in Refs.

[45,46. If we assume a small disturbance of CPT, almost all C. Density matrix approach
atomic population remains in a dark state during the interac- |n order to discuss a realistic model of the atom-field in-
tion process, so thdD)(D|=1, wherel is a unit operator, teraction in an atomic cell we need to include atomic level
and we can rewrite the interaction Hamiltonian as decay rate$Fig. 2(b)]. We introduce the decay ratg, out-
- side the system, which is inversely proportional to the finite
H=#\pl. (9 interaction time of the atoms and electromagnetic field. This

decay represents the atoms leaving the interaction region.

In this case we can exclude the atomic degrees of freedor)g\nother term that describes decay to outside levgls, de-
from the interaction picture, and write the quasiclassical anag .iines population pumping into states that do not, interact

log of the interaction Har~niltoni§1n with .respect to the atomic, w " the fields, for example, the state with zero magnetic
degrees of freedoni =7\ . This Hamiltonian may be fur- momentm=0 in Fig. 2a)]. The natural decay rate from
ther rewritten in the Heisenberg picture, so thiata, where  level |a) to levels|b.) or |b_) is denoted ag, .

a is the annihilation operator for the electromagnetic field We also need to take into account the atoms entering the
[45]. The quantum mechanical equation for the electromaglaser beam. To do that, we include incoherent pumping to all
netic creation and annihilation operators may be presented ideeman sublevels from outside the system, which means that

the following form: atoms that enter the interaction region have equal popula-
tions of the ground-state sublevels and no coherence between
da i oH them. The value of the incoherent pumping rate is chosen to
at R AT (100 beyy/2 to keep the sum of level populations equal to unity in

the case ofy,=0. Wheny,#0, the sum of the populations
Strictly speaking, the right-hand side of this equation shoulds less than unity because of the optical pumping, i.e.,
involve a functional derivative, rather than a partial one. -
However, in this case the two give the same result. The . Vr
propagation equation for the electromagnetic field amplitude Paat Porbrtpp-p-=1- P (19
E can be obtained from Eq7) as a quasiclassical analog of
Eq. (10) [48]: The time-evolution equations for the density matrix ele-
mentsp;; for the A system can be obtained from the Liou-

v oH ville equation:
: (11)

: [ 1
p==7[Hr.p]=5{lp}+R, (16)
whereN is the density of the atoms in the cell amds the

carrier frequency of the electromagnetic wave. Using Eqswherep=2pij|i><j|, H., is given by Eq(1), T is the matrix

(1)) and (7) (with H=A\p) we arrive at the Tollowing describing the decays in the system, @ the matrix of
propagation equations for the Rabi frequendies: incoherent pumping to the ground-state sublevels. Then the
equations for the atomic populations are

M is0 01 (12)
——=F2ikéQ)y ————————
Jz - 2 22’ : Yo .
(12 [F+10-% Po—b-="5 ~ YoPo-b- YiPaaT1(Q% pap-—c.C),
wherex is a coupling constant given by a7
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. Yo o where
Poib+ =7 ~ YoPb+b+ + ViPaa T 1(Q7 paps —C.C).
(18) Lape=y+i(Ax96), (21)
Analogously, for the polarizations we have .
Iyb+ =70t 200, (22
Pabs = ~'apspapz TT1Q5(pprpr —Paa) TiQsppzp=,
A9 with y= 1y, + yo+ W/2.
. ) . In the steady state case, we can solve Ef®.and(20) in
_ * _
Po-b+="TobePpps +iQ%pap, =1Q-pp-a, (20 terms of the atomic populations:

Qiﬂf(nbfa/rb_a'l' nb+a/rab+)

Pb—b+= ) (23
Tp g Q2T g +[Q 2Ty
iQ= nbta(rbibt"'|QI|2/FbIa)_nbia|Qt|2/Fbia
Pabi:F 2 2 ’ (24)
ab+ Fpzpr + Qo ]?/T qpe +|Q+[*/T 1
|
whereny. ,=pp+ p+ — Paa- INSerting these expressions into 00 Q. (v
Egs.(17) and(18) and using the condition given in E€L5), =k |Q|_4 ?|Q|24_r 2i6|Q-|?]. (29

we can derive linear equations for the atomic populations. In

the general case, however, their solution is very cumber-

some. Note that Eq(12) can be obtained from E@28) in the limit
Let us consider the case of a strong electromagnetic fieldy,=0.

such that |Q|%y,y>1. We also assume thatd|,vy, Separating the real and imaginary parts of E28) and
<v,|Q| andA=0. In the zeroth approximation the atomic using Q. =|Q.|e'?=, one can find the propagation equa-
populations are determined by EQ): tions of the electromagnetic field intensit2|? and the ro-
tation angle of the polarization ellipsg= (¢, — ¢_)/2:
(0) ~ |‘Qi|2 25
Pp+ b= |Q|2 , (25) ik

97 =" KY0; (29)

pi2=0, (26)
where|Q[2=|Q, [2+]Q_|2. 0 _ _2Kd (30

Now we can solve for the polarizations, ,. keeping 9z Q2
only the terms linear in5 and vy,

After integration, the following expressions for the light

iQ= v ) transmissionl ,; and the polarization rotation angk¢ are
pabi:w 7|Q|2i2' 810 .|?). @D obtained: .

It is important to note that this expression for the polariza- Loy 2mhv NL 31
tion, obtained for an oper\ system, coincides with the out™ tin c JoNL (31)
analogous expression calculated by Fleischhaiel. [5]
for a closed system, if the ground-state coherence decay rate

: 25 i,
and the population exchange rate between ground states are ¢=—In—, (32
the same and equal tg). This proves the equivalence of the Yo lout

open and closed models for the descriptionAofschemes,

which has been previously demonstrated by eeal. [49]  whereL is the interaction length. It is important to note that

for the particular case of a weak probe field. the final expressions in Eq&31) and (32) include only the
The stationary propagation of two circularly polarized total laser intensity, not the intensities of the individual cir-

components of the laser field through the atomic medium igular components. This means that both transmission and

described by the Maxwell-Bloch equations for the slowly polarization rotation are independent of the initial polariza-

varying amplitudes and phases: tion of light [50].
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D. Normalization conditions for an F=1—F’=0 transition

The correspondence between the1—F’'=0 scheme
[Fig. 2@] and A schemdFig. 2(b)] can be obtained if we
replacey, by vy,./3, wherevy,, is the decay rate of the ex-

cited state to the ground state. The decay matshould be

presented ag, = y,./3+ vaa, Wherey,, stands for the de- —_— -1 0 2
cay of the excited state outside the system in Fig).2 (b) a a a, (©)
We assume that the incoherent pumping rate into each E \ E E \1/12 1/12 \ E_
Zeeman ground state is equal 49/3, to keep the normal- N 12 N\ 12\
ization condition similar to Eq(15): b, '\ B\
+ +
,;/ _ —_— b bo N
~ aa~
+ +p_ 1 4+tpoo=1—
Paat Pr11tp1-1Fpoo=1 v, Paa (33 FIG. 3. (a) Energy level scheme fof’Rb atoms. This scheme

may be decomposed into a superpositioripfa A system andc)
Where;aa is the population of the excited state, gndis the  an M system. Transition probabilities are shown for each individual
population of théth magnetic sublevel of the ground state in transition.
the system depicted in Fig(&.
Keeping in mind that the population of tie=0 state is  difference of between an M scheme and ascheme is that
determined by the decay rate of excited stafeand by the the higher-order coherenceAfn=4) becomes important.

decay outside the system we write the rate equation Since theA system was studied in the previous section, we
primarily concentrate on the M scheme here.
- _ Yo AL (34) The M scheme is described by a set of 12 density matrix
P00~z ™ YoPooT "3 Paa equations. The only straightforward way to solve this system
is with numerical methods. However, if we study the atomic
and solve it in the steady state interactions with weak magnetic fields, the decay processes
and polarization rotation processes are independent, as we
1 n Yaa~ (35) saw for theA configuration. Thus, the polarization rotation

Poo™3 3_)/opaa' may be found in analytical form under the condition of zero

_ relaxation using the Hamiltonian diagonalization procedure

Let us assume thgb,,=é&paa, pP+1+1=6Pb+b+, and  as presented for thd system. The modified Schamger
p-1-1=&pp_p— . The normalization parametef can be equation model is suited for this as well. The optical losses
found by substituting Eq35) into Eq. (33), and comparing may be found separately by considering the optical pumping

the normalization conditions Eqé&l5) and (33): into the dark state with zero magnetic field.
2
&= 3 (36) A. Coherent population trapping in an M level scheme

It has been shown that the dark state exists even for atoms
Therefore, we can derive density matrix elements for theyith complicated Zeeman substructure interacting with ellip-
F=1-F'=0 level scheme shown in Fig.(@ by simple tically polarized light{51-56. Here we recall the analytical
multiplication of the elements of the density matrix for the  expressions for this dark state and the corresponding eigen-

scheme by the scaling factgr values. Using an effective interaction Hamiltonian, we derive
propagation equations for the electromagnetic fields. We re-

. ANALYSIS OF NMOR FOR THE CASE strict our consideration to the case relevant to the M configu-
OF AN F=2—F’=1 TRANSITION ration consisting of Zeeman energy sublevels in the magnetic

) ) _ field. That is, we assume that the atomic transition frequen-
For atomic ground atomic state angular momentum highegjes are such thab,_po=wa+ po=®, @a_p_=w— 24, and
than F=1 it is possible to create more than onelink . = =425 where the detuning is due to a Zeeman

between magnetic sublevels. This is equivalent to the crespift and the laser frequenayis resonant with the atomic
ation of coherent atomic states characterized by higher angyransition. The interaction Hamiltonian for M systems is
lar momenta, which may drastically change the interaction of

such a medium with the electromagnetic field. Hu=—2%6b, )b, |+248b_Yb_|+A(Q, |a, W b,]
Let us concentrate first oF=2—F’'=1 transitions,

which occur in the®’Rb D, line. The case of higher angular +Qp|a)(bo| +Qy[ar)(bo| + 1z [a )(b|

momenta is discussed in the next section. Interaction of el- +H.c), (37)

liptically polarized light with theF=2—F'=1 transition

may be decomposed into &4 scheme withm=—1<~m’

=0—~m=+1, and an M schemen=—-2—m'=—1-m  where Q;_ =E _p..p:/h, Q1.=E.@a:po/h, Qy_
=0<-m'=+1<m=+2, as shown in Fig. @). The main  =E_gp,_pol/f, Qyo.=E_ 9, ,_ /% [see Fig. &)].
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As in the A system, the eigenvalues of the interactionhere. The major difference in the dispersive properties of the
Hamiltonian can be determined from M and A schemes arises from the existence of the four-
photon coherencgy. - :

26-x Q3. 0 0 0
Qor N 0 O 0 Q7 Q3 Q1,05
* — * - Pb+b-— -
0 2- ~A O 0 =0 (39 10112105 124194, 21Q0, [24+]Q; |20, |2
0 0 Q. -\ O (40)
0 0 0 Qf. —\-26

For small § we can again find the eigenvalue for the quasi-
Also, as in theA scheme, the eigenvalie=0 and corre- dark state, taking into account only the linear termssin
sponding “dark state” exist only fo6=0:

Q- %1Q1- = Q04 [0+ 2

|00+ 2|04 24195 Q[P+ Q4 2] Qy |
(41)

D)= Q1,Q0,[b)— Q1 Q54 bg) +Qy-Qy_|b_) Au=26

VIQ1 70,417+ |91+|2|Qz+|2+|Q1_|2|QZ_|§1;>9)

It is worth noting that, as in thd system, the nonvanishing Using Eq.(11) we derive equations of motion for the fields.
low-frequency coherencesy,,,o and ppo,— are important For example,

a0, 02 210412194120, 2+ Q5. 120, |*
2= i 50, L0 [ 2] 2o |7+ Q4 [% Q|

: (42)
9z 9% (101 P[Qou 124 [ Q14 17 Qo |2 4]Q -2 Q,-7)?

where « is the coupling constant with respect to the transi- B. Solution based on the modified Schrdinger equations
tion as a wholdi.e., v, in Eq. (13) is now the total natural

- 143 ENET Y
decay rate of the excited sta@ndp =[4v°y, /(3%C*) ]IS petic fields with the M energy level configuration may also

the dipole moment of the transition. o be studied using Schdinger equations. This approach en-
The calculations can be considerably simplified if the nu-gpje5 ys to find exact expressions for all the atomic observ-

merical values of the transition probabilities are used. Let U$pjes when we can ignore spontaneous emission. The state
now consider the particular case of the M part of B¢ 2 \,actor of the atom can be written as

—F=1 transition. According to the transition probabilities, . .
shown in Fig. %), we get|Q,,|%|Q,_|?=6|E |%|E_|? |[W)=a,e "|a, )+a_e "|a_)+bglbg)+b,|b,)
and|Q4.]%|Q,_|?=|E.|?/6|E_|?. The interaction Hamil- b |b 45
tonian (Hy=7%X\,,) for the elliptically polarized laser field -[b-).

can therefore be rewritten as

The interaction described above of the four electromag-

Solving the Schrdinger equation

. i
E_|*—|E,|* (W) =—H[¥)
Hy=2h6—r | |4 [E] — (43) #
[EL[*+[E-[*+6|E.[7E_| _ _ - _
for the interaction Hamiltonian Eq37), we obtain the fol-
lowing equations of motion for the slowly varying state am-
and therefore plitudes:
a,=iQ.by+iQq b, , (46)
JE + ) v
——=F8imhSN—-E. . )
Jz c a_:|02+b_+|92_b0, (47)
4 4 2 2 §
X|E:|23(|E+| +|E*| )+2|E+| |E*| ) (44) b+=2i5b++iQ’{_a+, (48)
(IE+|*+[E_[*+6|EL P[E_»)?
b_=-2isb_+iQ%,a_, (49)
In what follows we derive the same equation using the more S -
rigorous modified Schitinger formalism[57]. bo=iQ7,a,+iQ3 a_. (50)
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In the steady state regime, this system has a nontrivial (ri)=0, (52)
solution only for6=0. The solutions for nonzero detunings
correspond to zero amplitudes for all parameters. Thus, to (rirj)=0, (53

sustain steady state in the open system, external pumping is

necessary. For a small splitting between ground-state levels, .

# 6<kT, whereT is the temperature of the vapor, we assume (rirp=Ry. (54)

that in thermal equilibrium, i.e., in the absence of all fields,__ . . . . . .

all lower stategb.) and |b) are equally populated. And, This vyields .a set of amplitude equations with stochastic

therefore, within the open-system approach, we assume thBHmp terms:

the atoms are pumped into stdte, ), [b_), or |by) with _ i

equal probability from outside the system. The correspond- (';i:ri— X ¢+ —Hjc. (55)

ing rate can be determined by the requirement that the total 2 h

probability of finding an atom in any of the states is unity.
Unlike the density matrix approach, a straightforward in-

troduction of incoherent pumping into the ground states o . - » .

the system is impossible. It was shown by Fleischh&b@é} the averaging OT b|||nea_r quantities suchdsc_i required to

in an elegant way that the effective density matrix equationQPt@in the density matrix elements can easily be performed.

for open systems with injection rates into states and decaﬁenerally, solutiore; of Eq. (55) no longer makes sense as

out of states can be written in terms of stochastic compled® amplitude for the atomic wave function. It determines
state amplitudes. only the density matrix elements of the system.

Let us consider an effective density matrix equation for an_ 10 apply the above technique to our problem, we rewrite

atomic ensemble undergoing a unitary interaction with somé&ds: (46)—(50) (with time derivatives set equal to zgras
external fields or potentials. In addition, decay out of atomic

Since the amplitude equations are linear, their solution will
e a linear functional of the stochastic pump ratesThus

statedj) is taken into account with rateg . Also, injection 1014bo+1€2y-b. =0, (56)
into certain states is considered Wlth injection r_aiejs In i0,. b +i0, by=0, (57)
our case the injection occurs only into energy eigenstates of
the atoms or incoherent mixtures of them, so only diagonal . . .
elements of the matriR;; are nonzero. If injection in the 2i6b, +iQdy a.=iry, (58)
coherent superposition states is considered, nondiagonal ele- i - )
ments are also required to be taken into account. —2i6b_+iQy,a =ir_, (59)
An effective density matrix equation has the following - - .
structure: i07,a,+iQ5 a_=iry, (60)
: Yit [ where the stochastic “pumping” is introduced:
pij(U=Rij— ——pj;— z[H.plij, (51)
(r+)=(ro)=0,
where y; are decay rates out of the system, which can in
general be different for individual states. Generally, the (rer<)=(r+ro)=0,
pump rateR;; are time dependent, but for the sake of sim-
plicity we assume in the following that the rat&; are (rirsy=(rkrg)=0,
constant.
Density matrix elements may be represented in terms of (rXroy=(rérg)=r2

state amplitudeg;; =c;"c;. In order to put the pump term
Rjj in a similar form, we introduce a formal Gaussian sto-  Solving Eqgs.(56)—(60) with respect toa;, a,, b., and
chastic variable; with the following properties: by we get

:r+|92+|291— Tt 1Q1 200,035 —rolQy [?1Q5, |7
25(1Q147[Q24 2= Q1 [71Q?)

0

_HQLQlszf‘Fr7|91+|292+_ro|917|2927
Q14 %1Qa4 2= Q- [Q5- 2

a_
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_ Qo [P0y +1 05 01,05, —10/Q5, [2Qy,

" 100 10 [~ 0, 0, o
Utilizing the normalization condition
(a*a_y+(atfa,)+(bib,)+(b*b_)+(bibg)=1, (62
|
we get Using Eq.(63) we arrive at a complete solution of the prob-

lem which takes into account all orders é For 6=0 the

r=28(|1Q1+12Qo 2= Q1121 Q0 [HH{(|Q1-[2Q5.]? - : .
(10241902 "= Q1 Q2 D090 system is in a dark state and the density matrix elements

+ QP00 |2+ Q11205172 correspond to the elements generated by(Bg). For a non-

5 5 5 5 5 zero small two-photon detuning, the populations and coher-
+A45Qp Q2111 [*+]Q24 %) ences for the ground state stay approximately unchanged.
+2() Q1 [0 P+ Q|4 Q[P V2 (63)  The solutions for the populations of the excited states are

2 QP00 Q0 [P Q04 [ Q04 2404|410, |2

Pa—a= : (64)
0 (101 [ Q04 24014 21Q [24]Q1 202 [2)?
A 12 121Q5 12100 [24] Q0 [1Q4[2+]Q, 40 | 65
+a+ ’
o (191 121Q0: P01, Q4 P+]Q4 20|32
and for the atomic polarizations are
P 250, (2|Qq 7[Q1 790, 12495, 701 |9 (66)
_bo_ ’
: Q1 P10 P +]Q14 121 Q04 [2+[Q1_[7Q,[7)?
2650, (2] Q112 Q [P Qp [P+ Q1 704 )
Pa+bo= — (67)

(191121 Qo [P+ Q14 [P Qa |2+ ]Q4 -2 Qy_ |72

2005, (2|01 12 Qq [P Qo |2+ [Qp[2]Qq %)
Pa-b-=" 2 2 2 2 2 22’ (68)
(1171 1 [* 4+ Q4 [7]Qp 1 [* 4+ Q1 [7]Q5_[%)

2001 (2|Q 1 120 [P Q0[P+ [Q 14 [2]Q. )

Pa+b+~ . (69)
T (0 Q0 P01 P10, 240420, |22

Here we kept only the lowest-order terms dn In the ex-  same transitioi)—|j). It is easy to see, for example, that
pressions for the atomic polarizations, the first term, containthe matrix element in Eq(66) results in the propagation
ing the amplitude of all four optical fieldsfor example, equation in Eqg.(42). The two approaches are therefore
Q1. 011219, 1%/Q,_|? in the equation fop, . o), is due  equivalent. The equations of motion for the circularly polar-
to the four-photon coherencéhexadecapole moment ized electromagnetic fields .. are given by the following
whereas the second term represents the effect of opticalxpressions:

pumping.
The propagation equation for the fields is JE, 2mv
=i N(9a-b-Pa—b-T#a+boPa+bo)s (71)
2 0z c
9z =1 c A pl] ’ )
JE_ » 27y N N 72
where the indices,j show that the values are related to the 5z T N@arbsParbr T Pa—boPa-bo)- (72
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Substituting the expressions for atomic polarizations Egs.
(66)—(69) and using the proper dipole moments for each
transition[for 8’Rb they are equal to 1/2 fdb.)—|a.),
and 1/12 forlbg)—|a.); Fig. 3(c)], we obtain Eq(44).

So far we have made no assumption concerning the losses
in the system. Generally, this requires solving the Bloch _¢_____
equations for the atomic populations and polarizations as
was done for theé\ system. For the M scheme, however, this
process is rather involved even for the degenerate system
(6=0). Since the dark state exists for any value of Rabi FIG. 4. Generalized M interaction scheme. Hef®;_
frequency();; , it is always possible to transform the basis of =E_gap, /fi, Q. =E.pap, /%
the atomic states so that there is one atomic level uncoupled
from the laser field. The M system can be represented as twiight. The light transmission through the cell can be de-
independent open two-level systems, connected only via rescribed by an equation similar to E@1):
laxation processef58]. The absorption in this system has
similar properties compared to those of thesystem: it is | ( 27t yoNL v

out™ 'in

proportional to the decay ratg, and inversely proportional
to the light intensity. The exact analytical expression for this

absorption is rather lengthy and we do not present it here.
The rotation angle for the light polarization is then given by

- . 76
|[E(0)|* ¢ (70

C. Polarization rotation for an F=2—F'=1 transition
2+0?

2-q?| "

To describe the polarization rotation of the=2—F’ b= — I;”
=1 transition we write the interaction Hamiltonian as a bal- Yo

anced sum of the Hamiltonians for the M and systems,
taking into account the branching ratio for the atomic transiwherel,, and |, are the intensities of the electromagnetic

142 (77)

1
I out

tions: field at the entrance and exit of the medium. The value of the
~ ~ polarization rotation increases with the light ellipticity by the
Hao 1= HA+ LHM= Gfik g+ ol (73 factor
where{; and{, are weighting coefficients{f + {,=1) that 5
describe the population redistribution between thand M dumen 1 2+q
) i ; ) . =-l14+2——= (78
schemes. Using a numerical simulation of this system, we ba 2 (2—q?)?

find them to be equal with very good accuracy. Using Eq.

(11) we now derive the equation of motion for this system: compared to the value in the system. Therefore NMOR on

theF=2—F'=1 transition may only be properly described
1+2(|E.|? by a A configuration for linearly polarized light. The differ-
ence between the M antl systems results from the hexade-
capole moment induced in the M configuration.

| 2

Ex

s 4l mh SN—E
— =+4l77 - i—
9z C T ([ELP+IE_?)?

3(|E+[*+[E-|H+2[EL [FE-|?
(B4 [*+E-[*+6|EL[?E-[?)?

+|E_|?)? . (74

IV. NMOR IN ATOMS WITH LARGE VALUES

L . . . . OF ANGULAR MOMENTUM
It is interesting to note that for linearly polarized light

(|Q4|=|Q_]) the contributions from thé\ and M systems Higher-order coherence can be excited among Zeeman
are identical, and Eq(74) coincides with Eq.(14). This  sublevels of alkali-metal atoms with>2. Here we find a
proves that a singld. system may be used for accurate de-perturbed dark state for the generalized M scheme consisting
scription of the dispersive properties of more complicatedof an arbitrary number of\ links, using the method de-
level configurations. scribed above. Then we apply these results to evaluate the
Let us introduce the electromagnetic field ellipticity pa- nonlinear Faraday rotation in tHRb F=3—F=2 transi-
rameterg such that the amplitudes of the circularly polarizedtion. We consider the scheme in Fig. 4. The interaction
components areEiz|E|\/(1iq)expa¢i)/\/§. Then Eq. Hamiltonian for this scheme is
(74) transforms to

2

n
Hiyxa= _ﬁ5k20 (n—2K)|bys 1)(by ]

1= , v E.(17Qq) 2+q

——=F2imhSN— +2 . (75

oz ¢ |EP (2—q)? )
Based on the results of our numerical simulation, we con- +ﬁ2 (Q—|a(by| + Qi [ag) (b4 +H.c)
clude that absorption of light that interacts with the=2 k=1
—F’=1 transition does not depend on the ellipticity of the (79
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Here n is the number ofA links, which connectn+1 (@
ground-state levels via excited states. There exists a dark
state for this system for exact resonanée=Q):
n k n
> UL o IT by
k=0 j=1 I=k+1
D)= —— : . (@0

> I P I 192 ®)

k=0 j=1 I=k+1
where we use the convention thﬁfﬂzﬂ?znﬂzl. We L
deduce the perturbed “dark state” eigenvalue for the Hamil-
tonian using the same procedure as we used before in Eq 65
(80):

n k n =l T
> (2k—n)H |Q_* 11 | |2
T 5k=0 =1 j=kt1 81 FIG. 5. Energy level scheme féfRb atoms. This scheme may
)\n><A_ n k n ( ) ; L .
5 5 be decomposed into a superposition@fM system andb) triple-
kEO 1_11 |Qi—| ) 1;[ N |Qj+| A system. Transition probabilities are shown for each individual
=0i= j=k+

transition.

The equation of motion for the circularly polarized electro- (Fig. 5). The circularly polarized components of the resonant
magnetic fields can be found from Ed.1). As an example, electromagnetic field form an M scheme and a triple-
let us calculate the interaction Hamiltonian for light interact-scheme. Using the proper values of the transition probabili-
ing with the 5S,,F=3—-5P,,F'=2 transition of ®Rb ties, shown in the same figure, we derive

[E_[*—E.[* |E_|°+5|E,[*|E_|*~5|E.|[*E_|*~|E,[°
3E,|*+3[E_[*+10E, 2E|? “°|E.[5+15E |YE.|*+15E |*|E, [2+[E_°]

Hs o=3%6| 24 (82

Here again, , are the coefficients reflecting the population ings with respect to statéb ) and|b_) are equal and op-
distribution between schemes. By differentiating the Hamil-posite in sign and all the fields are treated classically. This
tonian it is easy to find the polarization rotation in the sys-approach is useful for describing NMOR in alkali-metal

tem: atomic vapors. In general, however, the M system may be
o VA At 2 8— 62+ 3q" created by strongly nondegenerate atomic levels, and all four
— = —6i7TN— — 1 > . fields connecting corresponding atomic transitions may be
0z c E[? (4—0°)? (4-39%)? independent. This case is especially interesting if we are go-

(83 ing to use the enhanced Kerr nonlinearity the system pro-

It is obvious that both interaction chains contribute to thevides[46].
elliptically dependent NMOR. At the same time different or-  In this section we compare the N and M configurations
ders of the nonlinear susceptibility are responsible for theshown in Figs. o) and Xc). The N system is essentially/a
polarization rotation: if in the case of the M scheme i;(@) system with an additional nonresonant transition. Similarly,
nonlinearity, for the tripleA scheme it isy(® nonlinearity, the M system in Fig. (c) is a resonant N system with an
since there are seven photons involved in the creation of thadditional detuned transition. Since these systems have po-
ground-state coherence. This might be the reason why thntial applications in the field of quantum-information pro-
triple-A scheme shows more enhancement of the polarizacessing, we discuss them here. Some details concerning such
tion rotation for nearly circular polarization compared to thesystems have been given earljdb,46. The systems seem
rotation of linear polarization than does the M scheme (10 v$o be completely different because the all-resonant N con-
20/9 times for the==3—F'=2 transition. figuration demonstrates enhanced three-photon absorption,
while the all-resonant M configuration demonstrates com-
plete transparency. We show here that the performance of
these schemes as sources of refractive Kerr nonlinearity is
So far we have consideretl and M schemes of the type very similar.
described in Figs. @) and 3c). Here the two-photon detun- ~ We assume that the,)—|b,) and|a,)—|b,) transitions

V. APPLICATION FOR QUANTUM-INFORMATION
PROCESSING
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are induced by quantized fields, whereas the transitionk is clear that such a phase gate can be realized via Hamil-
|a;)—|b,) and|a,)—|bs) are induced by classical fields of tonian Hg; with the time-evolution unitary operator

Rabi frequencies); and(},, respectively. . exp(—iHq¢7/%) and the corresponding phase= 67 wherer
The Hamiltonians for the N and M schemes in the slowlyjs the interaction time.
varying amplitude and phase approximations are The nonlinearities associated with both the present N and

A i M schemes correspond §¢%). The resonant enhancement of
Hy=7%Aa,)(a,| + 7 ag)as)(by| +Qqla;)(by|+ ayla)(b,|  x® and higher-order nonlinearities can be obtained by add-
ing more A sections to N or M schemes. In general, the

+H.c), (84 effective Hamiltonian fory2m~1) is
Hy=—7 8|ba)(bs| + # (ay]as)(by| + Q4]a;)(by| HE" Y=rd"ala;ala,: - -afan (91)
+ &2|a2)(b2| +Q,|a,)(bs| +H.c), (85) where, for extended N systems,
.. . X 2 2 2
where H.c. means the Hermitian conjugate, and the relation ~5ﬁ=(—1)”“1ﬂ 772 7m 92

between Rabi frequencies of the probe fields and quantum

he oe i A [Qp
operators describing the corresponding field mode can be

written as and, for the extended M system,
2 2 2
- 27Tg0i2ViA . ~m me 71 M2 m
=~/ 3 = A oy=(—1)"6 . (93
“TN TR AT % " 047 100 [l

Such nonlinearities can be used in implementimit quan-

where p; is the dipole moment of the transitiots;) tum phase gates that are defined via

—|b;), v; is the field frequencyy; is the quantization vol-

ume of the mode, and; and a/ are the annihilation and Q™| a,, ay,- -, )
creation operators. Proceeding along the same lines as in”
Sec. Il we obtain the effective Hamiltonian for the two con-  =eXpi 784,100,184, )] @1, 02, -+ o). (94)
figurations of the form
In other words, a phase is introduced when all the qubits
_33ATS ATA are in statg1). Thus, if qubit state$0) and|1) are defined

He=" 081218285, @7 via photon€+ nijmber states, tm&bitfaantur'n >phase gate is
implemented viaQY" =exp(~iH7%), »=38r. Such gates
may have important applications in quantum-computing al-
gorithms such as those related to quantum searches of un-
sorted databas¢§9].

where the coupling constat for the two configurations is
of the form[45]

~ 7}% 7}% The important question is how large can the phase shift
NTA 02 (88 he. Our initial estimates indicate that phase shifts as large as
! 3 rad can be obtained fon=3 via x(®) nonlinearities. How-
ever, there are problems related to phase mismatch between
and[46] different photons which arise because the group velocities
) ) can be different for different pulses. Such problems can be
~ n M overcome by methods discussed 41].
o=~ 10,2 |Qz|2. (89) It is interesting to mention that the interaction Hamil-

tonian for a symmetrical M scheme, given by Ed43), is

: .. .. identical to that for an asymmetric M scheme, considered in
Any system that may be described by the Hamiltonian Mthis section—EQq(87) in the case when one of the circularly

tEq. (82 has afof_ﬂt'alt applflcano?_ n |fmplent1ent|t:1_tg a quztin- olarized components is much stronger than the diiesarly
um phase gate. 1he transiormation for a two-bit quantu ircularly polarized light This means that the quantum

prjysse gate for thejth and kth qubits is given by haqe gate discussed above can potentially be created even
Qylaj B =expind 16,1|@;.B), where |a;) and | ging the Zeeman substructure of alkali-metal atoms, re-
|Bi) stand for the basis stat¢8) or |1) of the qubits. Thus  solved in magnetic field. Unfortunately, in the case of gener-
the quantum phase gate introduces a phaealy when both  glized M scheme this is not true.

the qubits in the input states are 1. A representation of the

quantum phase gate is given by the operator VI. SUSCEPTIBILITIES FOR INHOMOGENEOUSLY
ik BROADENED A, N, AND M SYSTEMS
=10;,00¢(0;,0| +|0;,1,)¢0;, 1, | +|1;,00)(1;, o _
R | ! (_)k>< . 0d+ 130(0 1 100 (L O It is important to know what changes are introduced by
+e'7|1,50(1, 1 - (90 Doppler broadening to the systems discussed above. For the
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sake of simplicity we restrict ourselves to the asymmetric Rb cell

. . . . . A4 Solenoid
schemes discussed in the previous section. Let us start wit ‘ )
the Doppler-broadened system shown in Fig. (&). This '\| m [\ I\I
system has been widely discussed in the literdt4®e60,61], ECDL ﬁ Y 2 -
so we consider only the necessary steps that allow us t w g U Q\
calculate susceptibility for the Doppler-broadened M con- ) / PES
. . . . . Polarizer P, € A4
figuration. To sustain EIT in a Doppler-broadeneanedium Magnetic Heater  for elipticty
the minimum value of the Rabi frequency of the coupling shield measurements

field Q; (|Q1]>]aq|) should exceeWyy/ yo/y, whereWy
is the linewidth of the Doppler distributionWy+/yo/y
> \[y07) [60]. Then the population of the state;) is almost
unity and the density matrix elemeftf. Eq. (24)] for the
probe transition reduces to

FIG. 6. Schematic of the experimental setup.

The corresponding susceptibility for the fiedd is

. Y2 |C“1|2
=—i—N\3 . .
N g2 WA 02

) . (99
lai(yo—i9)

, : , (95

(y+i(8+kv))(yo—i8)+|Qq)? The nonlinear phase shift may be increased, formally, by
increasing the atomic density or interaction length. This is
impossible to implement in practice because of the absorp-
tion of the medium. Therefore, to compare the nonlinear per-
formance of different nonlinear systems one needs to com-
pare the ratio of their refractive nonlinearities and
corresponding residual absorption, linear as well as nonlin-
ear. The effective ratio between absorption and nonlinearity
for the Doppler-broadened N schen@9) is Wy/A. It is

Pab1=

wherek is the wave vector of the field and is the atomic
velocity. We simplify the problem by using a Lorentzian pro-
file as the velocity distribution functiorf(kv) with full
width at half maximum 2, such that f(kv)

= (1/7)Wp /[W3+ (kv)?]. Integrating over the Doppler dis-
tribution we get

(pan)e= iai(yo—i0) (96) easy to see that Eq$99) and (97) are interchangeable if
C(y+Wp—i8)(yo—i8)+|0y)? vo—0 and A &/|Q,|?. Therefore, the M and N schemes
are equivalent in the sense of the effective Kerr nonlinearity
ia; they produce.

y+Wp+i|Q4|% 5
VIl. EXPERIMENTAL STUDY OF NMOR WITH

This result was evaluated using the contour integration in the ELLIPTICALLY POLARIZED LIGHT IN Rb VAPOR

complex plane which contgins one pole in the Iowgr hglf, A. Experimental setup
(kv)1=—1Wp . Let us consider the M scheme shown in Fig. ) ) ) o
1(c) (|Qi|>|aj|)- The susceptibility for the fieldr, may be The experimental setup is shown schematically in Fig. 6.

obtained similarly to the\ scheme. The population of level e use an external cavityS;jiode lag&CDL) tuned in the
|b,) is equal to]ay|/|2,|? approximately. vicinity of the D, line of ®*'Rb (A\=795 nm). The initial
The nonlinear interaction appears as the result of the rin€ar polarization is produced by a high-quality polarizer

fraction and absorption of the second probe field coupled P,; the initial ellipticity of the beame [62] is then controlled _
to the second drive fiel€),, that create a system. There- by a quarter-wave plate placed after the polarizer. The maxi-
fore, we get the susceptibility mum laser power delivered to the atomic cell 5,y

=2 mW. A cylindrical glass cell of length 50 mm and diam-
eter 25 mm is filled with isotopically enhancédRb. It is
xw=—1——N\y, : 5 5. (97 placed inside a two-layer magnetic shield to minimize the
8m (Yo—18)Wyt[Q2|? [Qy] influence of the laboratory magnetic field. The atomic den-

sity is controlled by a heating element placed between the
two shielding layers. The longitudinal magnetic field is cre-
ated by a solenoid mounted inside the inner magnetic shield.

To measure the transmitted laser power and the polariza-
tion rotation angle a polarization beam splitté?BS is
placed after the atomic cell. The signals from the two PBS
channelsS, , are collected while the axis of the PBS is tilted
Gt 45° with respect to the main axis of the initial polarization
ellipse. In this configuration the transmitted light power is
“proportional to the sum of the two signaBs+S,, and the
polarization rotation angle is given by

3 ¥2(yo—i6) |y |?

where N is the atomic densityy, is the decay rate of the
level |a,), and\,, is the vacuum wavelength of the field
as.
Finally, let us consider the N level configuration shown in
Fig. 1(c). If the conditionA> v, is satisfied, then the popu-
lation of level |b,) is equal to approximatelya,|?/|Q4]2.
The nonlinear interaction appears as the result of the refra
tion and absorption of the second probe field far detuned
from the corresponding atomic transition. For the corre
sponding two-level system we derive

ia,  |ayl? 1 S-S,
=— : 98 - in— 1t =2
Pa202™ R k) e (98) ¢=5 arcsi (5.55,)c052%" (100
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1.04

It is also possible to detect the ellipticity of the outgoing 2.0 7 s PoimW i
laser beam by placing another quarter-wave plate after the o v P: 1mw’ posi 't‘.'ee
cell and before the PBS. When the fast wave plate axis is T 18] 7~ P:me’ neg.?.'ves
aligned with the PBS axis and makes 45° with the initial B ] —omiYs PoSIve &
L. . . . o 1.6 v P=2mW, negative ¢
polarization direction, the ellipticitye of the beam can be < Numerioal simulation
found similarly to the rotation angle: c 1.44 umerical simulatio
g .
1 3-5 T 4,
=5 arc3|rLl—~. (101 o 12
S+S o
2
©
[}
o

B. Experiments with 8Rb vapor 0.8 4

There are two factors contributing to the rotation of the 0.0 ) 0.0 ' 0f4 ' 016 ' 058 ) 1f0
elliptical polarization of light propagating through Rb vapor: Lo

the nonlinear Faraday rotation, caused by the shifts of the Input ellipticity q;,

magnetic sublevels in an external magnetic field, and the _ _ )
self-rotation caused by the ac-Stark shifts due to the off- |G- 7. The normalized slope of the nonlinear magneto-optic
resonant interaction of the electromagnetic field with far_rotatlon as a function of the ellipticity of the incident light. Experi-

-~ . _ mental data are shown for opposite values of ellipticity and two
detuned level§63-63. .Slnc.:e the Iatter' effect dpes not de different values of laser poweP=2 mW (hollow up triangles for
pend on the magnetic field, we eliminate it from the

. . ositive ellipticity and hollow down triangles for negative elliptic-
experimental data either by our measurement procedure ﬁ%/

. . - : ) and P=1 mW (solid up triangles for positive ellipticity and
by direct subtractllon. In all further discussions we concengglig down triangles for negative ellipticityThe results of the nu-
trate on NMOR signals only.

) . o merical simulations for the case of 2 mW laser power are shown by
Let us first study the modification of the polarization ro- 5 ojig line. Absolute values of the nonlinear Faraday rotation for

tation by measuring the rotation ratel¢/dB)(B=0) for  the linear polarization were dg/dB)(B=0)=4.5rad/G and
different degrees of light ellipticity. We find the rotation rate ¢ rad/G forP=2 mw andP=1 mW, respectively.

by modulating the magnetic field by a small amount and

dividing the difference between two rotation signals corre-is the same within the experimental uncertaiffgs. 7 and
sponding to a small variation of the magnetic field by theg),

magnitude of this variation. In this way we detect only the  AJl previous data were obtained for an optically thin Rb
rotation that depends on the external magnetic field. vapor (transmissionl ,, /I ,=0.85). The dependence of the

_ The rotation rate as a function of light ellipticity is shown re|ative rotation rate on the ellipticity for higher atomic den-
in Fig. 7. We observe a polarization rotation enhancement as

predicted theoretically. At the same time, the experimental 2.0-
data cannot be fitted using E(/8) because of the Doppler
broadening of the transition and the ac Stark shift of the

magnetic sublevels. However, an exact numerical simulation ' ° F=2'>F:=1 transition

based on a steady state solution of the Maxwell-Bloch equa- 1.6 ¢ F=1->F-1transition °
tions for theF =2—F'=1 transition, which takes these ef- | f
fects into account, is in excellent agreement with the experi- 144

mental data.

It is also possible to verify that there is no polarization
rotation enhancement in an isolatédsystem. To do that we
tune the laser to thE=1—F'=1 transition of the’’Rb D,
line. In this case, the ground-state coherence is formed by
only one A link. The relative rotation rates for the=1,2
—F’=1 transitions are presented in Fig. 8. Although there . . . .
is a slight dependence of the rotation angle on the light el- 0.0 0.2 0?4 0:6 0.8 1.0
lipticity for F=1—F'=1 transition, this deterioration may
be determined by Doppler broadening, ac Stark shifts, etc.
. It is 'mpo'_“am to point ou_t that, even though the theoret- FIG. 8. The normalized slope of nonlinear magneto-optic rota-
ical expression fpr the relative rot{mon r_z{IEq. (78)] does_ tion as a function of the ellipticity of the incident light for the
not fit the experimental data precisely, it correctly pred|CtSscheme(transitionF=l—>F’=l) and theM + A schemeltransi-
some of the rotation properties. For example, our experiton F=2—F'=1). Dotted lines are to guide the eyes. Input laser
ments confirm that the relative rotation rate does not depengower isP=2 mw: the atomic densities are chosen to provide 85%
on the sign of the ellipticityFig. 7). If we vary the total laser  apsorption at each transition. The absolute values of the nonlinear
power or the coherence decay ratg (by varying the laser Faraday rotation of linear polarization wereld/dB)(B=0)
beam diametgr the absolute value of the rotation changes=1.8 rad/G and 4.5 rad/G for tHe=1,2—F’=1 transitions, re-
according to Eq(77); its dependence on the light ellipticity spectively.

1.2 1

1.0 0.

Relative rotation rate d¢o/dB

Input ellipticity g,
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2.0 2.0+
_ —~30 (a)
1 o0 beam diameter 2mm %
o 187 e beam diameter 10mm 1.84 £ °
% A o % %
1.6 = g o
£ ﬁ '§ 169 5 10 a®
c 1.44 ® 2 °
L e ’E 144 € o 1 2 o e
g 1.24 s § 2 1 Atomic density N (10"%cm™) °
o ] @’ = 1.2- nOg 8 8
> ° <) o 2 A
ﬁ1'0":‘ﬂﬁog ol = o ®
= i 0O p-o o [ 0“
i Z 1048 B 2 Jo%e
0.8- ® 93 28 ¢ ¢
v 1 v 1 v 1 v 1 M 1 @ ' g
0.0 0.2 0.4 0.6 0.8 1.0 o 0.8
Input ellipticity g, r T . I r I r I T I
0.0 0.2 0.4 0.6 0.8 1.0
FIG. 9. The normalized slope of nonlinear magneto-optic rota- Input ellipticity Gin
tion as a function of the ellipticity of the incident light for two e/
different beam diametersd=2 mm (squares and d=10 mm S (b)
(circles. In both cases the laser power is kept at 2 mW. Absolute 1.0 @ 0.5 ﬁ“
values of the nonlinear Faraday rotation for the linear polarization £ * ﬁ
were d¢/dB)(B=0)=4.5 rad/G and 30 rad/G, respectively. 0.8 §00 2 35“
. . . . . 3 i . . 12, -8 2 ﬁ&
sities is shown in Fig. 10. It is easy to see that for nearly o Atomic density N (10"%cm™) g = o
circular polarization the rotation decreases as the atomic den2 0.6 4 2 &
sity is increased. This may be caused by optical pumping tc2 2 8
the other ground-state hyperfine levels, as well as by theS o - o N=1.9x10"%cm™
Ejéaes,té%?tmn of atomic coherence by radiation trapping g * g o No5.7x10" om®
The precise value of the output ellipticity of the laser 3 0.2 gﬁ,ﬁ"‘ A N=1.7x10'% cm™®
polarization is required for accurate polarization rotation o .,,.-3 & N=2.5x10"2 cm®
measurementgsee Eq.(100)]. The experimental observa- I &
tions demonstrate that for optically thin media the ellipticity 0.0 ———F—TF—F—TF——T——
of the light does not noticeably change due to propagation 0.0 0.2 0.4 0.6 0.8 1.0
effects if the magnetic field is small. As the atomic density intinity q.
increases, however, the ellipticity increasEgy. 10b)]. Al- nput ellipticity g,
though this change is relatively smal(5%), the associ- FIG. 10. (a) The normalized slope of nonlinear magneto-optic
ated error in the calculated rotation is very significant. rotation as a function of the ellipticity of the incident light for
various atomic densities. Laser power is 2 mW, beam dianteter
C. Polarization rotation of elliptically polarized light =2 mm. Inset: absolute value of the nonlinear Faraday rotation of
for large magnetic fields linear polarization as a function of atomic density) The output

llipticity e as a function of the ellipticity of the incident light for

Now let us consm_ier the case of large ma_gnenc f!e_lds. I€arious atomic densities. Dotted line is for unchanged ellipticity.
the laser frequency is swept across the atomic transition, thGqer. Transmission,,/1;, of linear polarization as a function of

following effects contribute to the polarization rotation: non-
linear Faraday rotation due to the schemeexperimentally
measured for linear polarizatipnself-rotation of elliptical ~onstrated earligr then for larger magnetic fields the rotation
polarization due to ac Stark shifts, and the magneto-opti®ecomes asymmetric with respect to both magnetic field and
rotation of elliptical polarization due to M-scheme-induced ellipticity. To invert the sign of the rotation, both the ellip-
coherence. All these components are shown in Fig. 11. It iiCity and the magnetic field should change their sifffig.
important to point out that this “new” rotation is comparable 12@]. The ellipticity of the outgoing light also changes with
with the polarization rotation for the linear polarization and tNe magnetic field; although it is equal to the initial ellipticity
the self-rotation, even though this effect is due to higherfor Small magnetic fieldat least for optically thin samplgs
order nonlinearity. This proves the effectiveness of the Mt grows symmetrically when the magnetic field becomes

. .. larger[Fig. 12a)]. These changes must be taken into account
:ﬁvaetlosrﬁir::ems(;c;r the enhancement of nonlinear susceptibilit hen the polarization rotation angle is measured.

The magnetic field dependence of the rotation due to the
“M-scheme” ground-state coherence reveals a very peculiar
behavior. When the rotation is independent of the sign of the As discussed in Sec. IV, higher orders of nonlinear sus-
ellipticity in the vicinity of zero magnetic fieldas was dem- ceptibility may be enhanced in mult- systems. In practice

atomic density.

D. NMOR for atoms with higher angular momentum
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0.5 2.0
T o4 -_ AN Total rotation of elliptical polarization 119
© : | !\ ---- NMOR for the linear polarization m [
g PN\ Self-rotation of elliptical polarization ke
[0}] = K ~
2 0.3 . —--— M-scheme contribution .8‘ °
% I ;
o o02f 9
.0 - ©
T odf
s | S
c Pl = . . . . .
L 0.0 ea B , S |l o0 02 04 06 o8
=t : SN S
N 01 | oA 1.0 ¢9.
a [ . g "'u.,u:::::Q::::z::&......0.‘.‘::;;:::@:::
S o2} w ]
a - ! ! ! & 089 o F=2->F'=1 transition (*’Rb)

! 0 1 2 e 1 & F=3->F'=2 transition ( %°Rb)

Laser detuning (GHz) 0.6 - - ' —T T

I I
0.4 0.6 0.8 1.0
Input ellipticity g,

1

0.0 0.2

FIG. 11. The polarization rotation angle as a function of laser
detuning for ellipticitye=25° and magnetic fiel®=0.35 G. The
components of the rotation due to various processes are also shown.
Zero detuning corresponds to the=2—F’'=1 transition. The
small peak on the right is due to contamination of the cell b
isotope.

FIG. 13. The normalized slope of nonlinear magneto-optic rota-
tion as a function of the ellipticity of the incident light for thHe
=3—F'=2 transition of ®*Rb (diamond3, and for the F=2
—F’=1 transition of 8Rb (circles. Input laser power i =2

this means that atoms with larger ground-state angular mde, the atomic densities are chosen to provide 85% absorption at

mentum are required. The most convenient candidate for th ach transition. Absolute values of the nonlinear Faraday rotation

. - 8 or linear polarization were d¢/dB)(B=0)=2.9 rad/G and
St”dy of the higher orders of Zeeman coherence is e . 4.5 rad/G, respectively. Inset: the theoretical dependences for natu-
isotope, since the same laser may be used as for our prewopaﬁly broadened Rb isotopes, from Eq7) and (83)
(a)

0.2 | study of 8Rb. In our experiments we use th&&hF=3
—5P,,F'=2 of ®Rb. The interaction scheme of ellipti-
cally polarized light with this transition consists of an M
e=+0.45 rad scheme and a tripld- scheme.

€=-0.45 rad The relative rotation rate for this transition as a function
0.0 of the light ellipticity is shown in Fig. 13. The polarization

- rotation enhancement observed in this case is noticeably
01k smaller than fo’Rb. The reason for this may be the smaller
hyperfine splitting of the excited state (362 MHz vs 812
MHz for 8Rb), which is completely overlapped by the Dop-
o oy pler broadening 4 poppie~ 500 MH2). This overlap results in
A5 1.0 05 0.0 0.5 1.0 15 efficient “mixing” of the coherences induced through differ-
Magnetic field (G) en'F excited states, which may significantly chang_e the prop-

(b) erties of the system. That is why it would be very interesting
to measure the rotation due to high-order coherence, dis-
cussed above, in a cloud of cold atoms. In this case we ex-
pect to see a much stronger eff¢eq. (83)], since all prob-
lems caused by the overlapping transitions due to the motion
of the atoms would be eliminated in a cold gas.

The spectral dependence of the rotation of the elliptical
polarization on laser frequency for the case of a large mag-
netic field is shown in Fig. 14. As fo?’Rb, the high-order
T T T Zeeman coherence significantly modifies the rotation spectra,

-1.5 -1.0 -K/-If;gnet?éoﬁeld ?é) 1.0 1.5 and the contribution of the nonlinear rotation is comparable
with the rotation of the linear polarization and self-rotation.

FIG. 12. (3) The polarization rotation angle as a function of ~One can see additional sub-Doppler structure on top of
magnetic field for opposite values of ellipticity) The ellipticity of ~ the rotation resonances. These peaks appear due to the ret-
the transmitted light as a function of magnetic field. Initial elliptic- roreflection of the laser beam inside the atomic cell. This
ity is shown as a dashed line. additional beam interacts with atoms and causes a redistribu-

01|

Rotation angle (rad)

-0.2 |

0.50

0.45

Output ellipticity (rad)

0.40 |-
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Total rotation of elliptical polarizatio tems, the multiphoton processes are responsible for the cre-

T gzgztzirc:zfli:|:a:i:;|arci:::iizo:nor ation of high-order ground-state coherence resulting in
04 r — e~ Muscheme Comribsﬁon P ellipticity-dependent nonlinear magneto-optical rotation. We
03 i have derived simple analytical expressions for this rotation
= for the M interaction schemfEg. (77)] and we showed that
02 this effect results from the coherently induced hexadecapole

- moment.

01 Since the modification of NMOR is associated with an
0.0 I enhancement of nonlinear atomic susceptibility, we have

I . ; analyzed the effectiveness of this process by comparing the
01 | : nonlinear susceptibility for M and N interaction schemes. We

i have demonstrated that, although the enhancements of non-
-0.2

Polarization rotation angle (rad)

[ o linearity in these schemes are caused by different mecha-
043k nisms, they exhibit the same absorptive and refractive non-
I linearity magnitudes. We have also shown that the
-0.4 b _1'0 . _0'5 . 0'0 . 0'5 . 1'0 . generalized M scheme may be used to create resonantly en-
' ’ ‘ ‘ ‘ hanced nonlinear susceptibility of any given order, similarly
Laser detuning (GHz) to the generalized N schenjd5]. We have discussed the

FIG. 14. The polarization rotation angle #Rb as a function of possible implementation of the generalized M scheme for

laser _detuning for ellipticity e=25" and magnetic fieldB qu?I'gn\J/reT:ifi/o(r)nuF;utLeeroarlleﬂicz:rglh(gls(;uIations we have studied the
=0.35 G. The components of the rotation due to various processes '

are also shown. Zero detuning corresponds to the cross resonan 8Iar|zat|_0n rotation of elliptically po_Iarlzed_ laser “ght.
F=3—F'=2.3 transition. The distortions of the resonances areP'0Pagating through Rb vapor. The M Interaction scheme is
due to reflected light beams. realized on theF=2—F'=1 transition of ®‘Rb, and the

triple-A scheme is observed on the=3—F'=2 transition

of 8Rb. Although the experimental points cannot be fitted
perfectly by the theoretical expressiditsgs.(32) and(77)],

the basic properties of the rotation are confirmed.

tion of the atomic population similar to Doppler-free satura-
tion spectroscopy.

VIll. CONCLUSION
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