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Enhancement of magneto-optic effects via large atomic coherence in optically dense media
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We utilize the generation of large atomic coherence in optically dense media to enhance the resonant
nonlinear magneto-optic effect by several orders of magnitude, thereby eliminating power broadening and
improving the fundamental signal-to-noise ratio. A proof-of-principle experiment is carried out in a dense
vapor of Rb atoms. Applications such as optical magnetometry, the search for violations of parity and time-
reversal symmetry, and nonlinear optics at low light levels are feasible.

PACS numbegps): 42.50.Gy, 07.55.Ge

Resonant magneto-optic effects, such as the nonlined&lIT-related phenomena. The key physical effemiherent
Faraday and Voigt effec{d,2], are important tools in high- trapping of atomic populatigris essentially the same in both
precision laser spectroscopy. Applications to both fundameneases, with the difference lying in the parameter domain in
tal and applied physics include the search for parity viola-which the work is performed. Typical nonlinear magneto-
tions [3—5] and optical magnetometry. In this paper, we optics measurements are done in the regime of weak fields,
demonstrate that the large atomic coherence associated wikhw coherence, and low optical density. This regime corre-
electromagnetically induced transparer&T) [6,7] in op-  sponds to the smallest width of the magneto-optic reso-
tically thick samples can be used to enhance nonlinear Fafances. Resonances are typically much broader in the EIT-
aday signals by two orders of magnitude while improving thejike regime, when strong fields are involved. However, the
fundamental signal-to-noise ratio. _ _ _value of long-lived coherence in this case is quite large,

In particular, our results show that by increasing atomiGyhich allows operation in the optically dense regime, and
density and light power simultaneously the magneto-optiGyaxes some new optical phenomena possible.
signal can be enhanced substantially, and the fundamental 1Tore exists a substantial body of work on nonlinear
noise(shot nois¢ can be greatly reduced. A nearly mgximal magneto-optical techniqué4,2,5,14—18 which have been
Zeeman coherence generated under these conditions py udied both in their own right and for applications. Such

serves the transparency of the medium despite the fact th . . : Lo .
the system operates with a density-length product that ig chniques can achieve high sensitivity in systems with

. . . ground-state Zeeman sublevels due to the narrow spectro-
many times greater than that appropriate far dbsorption . : . . .
of a weak field. At the same time this medium is extraordi-SCOPIC features associated with coherent population trapping

narily dispersive(8,9], such that even very weak magnetic [19]. The ultimate width of these resonances is determined

fields lead to a large magneto-optic rotation. This effect is &Y the lifetime of ground-state Zeeman coherences, which
direct manifestation of enhancement of linear and nonlineaf@" be made very long by a number of methdulsfer gases
optical properties of a dense, coherently prepared mediunﬁ”dlor waII.coatanS_,18,2q in vapor cells, or atomic 'cool-
In particular, the present result is of the same nature as thod@d or trapping techniqugsThese resonances are easily satu-
resulting in slow group velocitigs0,11] and large nonlinear rated, however, and power broadening deteriorates the reso-
susceptibilities6,12]. In this regime, the optical fields are lution even for very low light intensities. For this reason,
coupled strongly to the atomic medium, and optical proper€arlier observations of nonlinear magneto-optic features used
ties of the medium cannot be described by usual perturbatiosmall light intensities and optically thin samples, which cor-
expansion of nonlinear optics. responds to a weak excitation of Zeeman coherences. Re-
Our experimental results demonstrate the possibility oftently, remarkable experiments of Budket al. demon-
improvement over the conventional thin-medium—Ilow-strated an excellent performance of the magneto-optic
intensity approach. This opens up interesting perspectives faechniques in this regime: very narrow magnetic resonances
applications such as optical magnetometry or the search fawvere observed in a cell with a special paraffin coaffagan
violations of parity and time-reversal symmetry. Further-effective Zeeman relaxation rate ¢f~27Xx1 Hz).
more, the present experiments demonstrate that sensitive Typical measurements of the nonlinear Faraday effect in-
phase measurements with a high signal-to-noise ratio can halve an ensemble of atoms with ground-state Zeeman sub-
carried out in dense coherent media using polarization statekevels interacting with a linearly polarized laser beam. In the
This makes applications of this technique feasible for newabsence of a magnetic field, the two circularly polarized
regimes of nonlinear optics at a very low light levgls]. components generate a coherent superposition of the ground-
This work also establishes the relationship between earliestate Zeeman sublevels corresponding to a dark state. A
studies of nonlinear magneto-optics and recent studies oweak magnetic field applied to such an atomic ensemble
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FIG. 1. Schematic of the experimental setup. The laser beam

passes through polariz€lP), Rb cell, and analyze{A), and is de-
tected by the photodiod@D). FIG. 3. A simplified, four-state model for observation of the

nonlinear Faraday effecf) is the Rabi frequency of. compo-
causes a splitting of the sublevels and induces phase shiftents of anx-polarized laser field. The magnetic fieRishifts m
¢ which are different for rightRCP and left(LCP) circu- ==1 levels by= 6.
larly polarized light.

In our experiment, shown schematically in Fig. 1, an ex-in typical nonlinear Faraday measurements sophisticated de-
ternal cavity diode lasefECDL) was tuned to the 795-nm tection techniques are usually required. We note that
F=2—F'=1 transition of the?” RbD, absorption line. The Magneto-optical rotation angles increase with optical density
laser beam was collimated with a diameter of 1 cm, ands does the sloped/JB (Fig. 2). The latter increase is the
propagated through a 4-cm-long magnetically shielded vapogssence of the method being described. Under the present
cell placed between two crossed polarizers. The cell wasonditions, rotation angles up to 0.7 rad have been observed
filled with natural Rb and a Ne buffer gas at a pressure of 3curvesc andd) with a good signal-to-noise ratio. For very
Torr. The laser power was 2 mW at the cell entrance. Théliigh densities the absorption becomes large even for high
cell was heated to produce atomic densities of Rb neaihput laser intensity, and the amplitude of the magneto-optic
10*2 cm™ 3. A longitudinal magnetic field was created by a signal does not grow with density any further.
solenoid placed inside the magnetic shields, and modulated From our measurements of the rotation angles, for the
at a rate of about 10 Hz. The ground-state relaxation rate wagPnditions outlined above we obtain
measured by decreasing sufficiently the laser power and the
density until the absorption was low. The measured value of d¢l9B~10° rad/G. @

ZO ) , ) ) To put this result into perspective, we can estimate the shot-
~2mx 400 Hz((full width at half maximum is attributed to noise-limited sensitivity of this medium. The fundamental

time-of-flight broadening as well as to a residual inhomoge41on-counting error accumulated over a measurement time
neous magn_etlc field. The _magnetlc field of the solenoid wa ' scales inversely with the output intensity. That is, for a
calibrated with a commercial flux-gate magnetometer. laser frequency [5]

Figure 2 shows the result of direct measurement of the

laser intensity at the photodetector after transmission through 1

the system of two crossed polarize®=(45 °), and a vapor Aderr=5VhvI[P(L)ty], 2

cell as depicted by Fig. 1. We emphasize that no lock-in

detection has been used for the data shown in Fig. 2, where@gereP(L) is the power transmitted through the cell. Com-
bining this with our measured rotation angles implies a shot-

0.6 noise-limited sensitivityB ,i,=A ¢¢, /(dp/ IB) surpassing

0.5 10~ G/\/Hz. Although this is greater than the best ob-
served valug4] and comparable to that in Ref5] it is

04 ®) important to note that this sensitivity is achieved in our

/"‘“/\M
0.3 present experiment despite nearly three orders of magnitude
/\ difference in the “natural” width of the Zeeman coherence

(a) ]

Transmission

0.2 vo- This demonstrates the very significant potential of the
0.1 © present technique, given that we can decreggeto the
@ present state of the art.
0 We now turn to a theoretical consideration of this result.
-3 -2 -1 0 1 2 3 . . . .
Lo As a simple model, let us consider the interaction of a dense
Magnetic Field [mG] ensemble of atoms with ground-state angular momerfum

FIG. 2. Experimentally measured transmission through the sys= 1+ @nd an excited state=0, as shown in Fig. JAlthough
tem of Fig. 1, where the polarizer axes are 45° apart. The verticai€ calculation presented in Fig. 4 represents a simulation of
scale is normalized such that unity corresponds to the transmissidig@listic rubidium hyperfine structure, this simple model,
of the laser beam in the absence of the atomic cell and the polari2vith well-chosen parameters, represents the qualitative phys-
ers. Thus, zero magnetic field at low density gives a transmission d€S quite well) We consider a strong laser tuned to exact
50%. The curves, from top to bottom, correspond to an increasingesonance with the atomic transition and disregard inhomo-
atomic density N of 1.1x10%, 3.5x10° 1.1x10%, and geneous broadening. The intensities and phases of the RCP
2.5x 10" cm™3, and LCP components vary according to
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0.6 nance is determined by saturation, a very laiggarly maxi-
05 mal) Zeeman coherence is generated, as pef&qThis is a
c /Q signature of the so-called “strong coupling” regime of linear
2 04 and nonlinear optics, in which susceptibilities cannot be de-
g 03 g /\ rived from usual perturbation theory. At such large values of
g Zeeman coherence the magneto-optic signal is maximized if
"_i’ 0.2 a large density-length product is chosen. In the case of a
0.1 \ strong optical field (2|?> y,y) and weak magnetic fields
/ |8]<|Q1%/y,\yo!y|Q|, integration of Egs.(3) and (4)
0_3 > 1 0 ] > 3 yields, for the transmitted power and the rotation angle
= —¢_)2,
Magnetic Field [nG] (¢ =¢-)
FIG. 4. Results of numerical simulations with parameters corre- P(L)=(1~aol)P(0), ©)
sponding to Fig. 2.
Ponaing fo 9 $(L)=—(812yo)In[1- ol ], @
dP [2|Q)%yo+ y(48%+ ¥2)]Ap whereay=Apkyyy/2|Qo|?, andQ, corresponds to the in-

1

S o =KY ) i

P dz 2 o 2\2 2 2 put field.
(2O y70=289%+ 52+ 7o) Note that in the case of a strong input field and an opti-

cally thin medium we have,L<1. However Eq(7) shows
do. — Kyd [4]0[°-45°— 7(23]Ap thatymaximal rotation is acr:)ieved with a Iargeqdensity—length
dz = 2 (21Q)%+ yye— 2892+ 82(2y+ vo)? productagl. Clearly oL cannot be too close to unity, since
(4)  then no light would be transmitted. Using E®&), one finds
_ _ the optimum value oizOL)Opt:l—e*Z, corresponding to a
whereQ)=p|E. |/% are the(equa) Rabi frequencies of the density-length product
field componentsRx|Q|?), y, andy are the relaxation rate
of Zeeman and optical coherences, respectively, ApKL|0pt=(aOL)opt|Qo|2/yyo> 1. (8)
=gugB/fh is the Zeeman level shift caused by a magnetic
field B (g is a Lande factop, and « In this case the total accumulated rotation angle is quite
=3/(4m)NN?(y4_.,/v) is the weak-field absorption coeffi- large, and the slope of its dependence uBas maximal,
cient (inverse absorption lengthwherey,_.,, is the natural
width of the resonance. The population difference between I¢opt/ IB=gpus/(fiyo), ©)
the ground-state Zeeman sublevels and the upper stAje. is

. o . L which is in good agreement with our measured value. The
:;lhég gtlja?gggolisn ag];s.cgdaa%%Fgg;:r!g;Tﬁéggc'rgtssft];;xi%ur;significance of this result can be understood by noting that in

rates and anplied maanetic field. For a weak maanetic field shot-noise-limited measurement, the minimum detectable
Ap~1/3 PP 9 ' 9 rotation ¢, given in Eq.(2) is inversely proportional to the

. . . square root of the laser power.
One recognizes from Ed@4) that in the case of optically - : )
thin media (L<1 whereL is the cell length the phase To make a more realistic comparison of theory and ex

shifts ¢, can be approximated by dispersive Lorentzianperimem’ we have ca_rried out detailed calcu_lations_, in which
functiong of 5 with amplitude ¢p.— xkLOZ(202 coupled _densﬂy—matrlx and Maxwell equations, mcludmg
N JAp and vx;idthﬁ o 124 V2], Tnﬁzxformer is tvDi- propagation through the_ medium and Doppler broadening,

YY0) 2P 0= Yo Y. IS yp have been solved numerically for the two components of the
%a;g rfllthzerSSln;al(l%)n t\r/]viitljédt(laqreofz;ntt:eardslgtLhth(e;)ép\?vrr:rgglngs of optical field. The calculation takes into account a 16-state

ds th d 2 which q h | atomic system with energy levels and coupling coefficients
excee bS t Zprp UC’H% » Which corresponds to t£ usua corresponding to those of the BRIy line. The results of these
power broadening of the magneto-optic resong{lﬁg . . calculations are shown in Fig. 4, and are in excellent agree-
It is important t_o emphasge here that a prmc_:lpal Ollffer'ment with the experimental results. In particular, we note
ence between regimes involving low and high driving power.

lies in the choi ¢ the densitv-| h d d the d that our calculations predict the line shapes, the maximal
'es In the choice of the density-length product and t .e Ctotation angle(which is apparently limited by the optical
gree of Zeeman coherence excited by the optical field: pumping into theF=1 S;,, hyperfine manifolg and the

2|02 slopg qf the resonance curve. . . . o
Py b = p _ (5) It is important to comment at this point on possible limi-
T 21124 yye—282+i 8(2y+ vo) tations for the extension of the present technique into the
domain of narrow resonances. For instance, in the case of a
Large coherence corresponds to a large population differendeng-lived ground-state coherence, spin-exchange collisions
between symmetri¢i.e., “bright”) and antisymmetrid¢i.e.,  can become a limiting factor for the Zeeman relaxation rate.
“dark™ ) superpositions of Zeeman sublevels. In the low-In the case of Rb, these are a few tens of Hz at densities
power regime this difference is small corresponding to acorresponding to the present operating conditions. We note,
small coherence. In a regime where the width of the resohowever, that it is possible to operate at lower densities by
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increasing the optical path lengtb.g., by utilizing an optical  butions. For this reason interesting applications in nonlinear

cavity). Likewise, the role of the light shifts due to off- optics and nonlinear interferometry at low light levéls3]

resonant coupling to, e.g5=1 S;;, andF=2 Py, hyper-  involving polarization states are very likely.

fine manifolds needs to be clarified. Note addedRecently, the relationship between electro-
For these reasons, we believe that the present approachrisagnetically induced transparency and nonlinear magneto-

likely to improve the sensitivity of nonlinear magneto-optical gptics ina thin mediunwas extensively discussed by Budker
measurements substantially. Therefore, we anticipate thak ) [11]

this method will be of interest for sensitive optical magne-

tometry as well as for setting new, lower bounds to test for The authors warmly thank Leo Hollberg, Alexander Zi-
the violation of parity and time-reversal invarianf®5].  brov, and Michael Kash for useful discussions and Tamara
Furthermore, as demonstrated here, the present technique céibrova for valuable assistance. We gratefully acknowledge
be used to carry out sensitive measurements of phase shifise support of the Office of Naval Research, the National
in dense coherent media with a very high signal-to-noiseScience Foundation, the Welch Foundation, and the Air
ratio. (i.e., with substantially reduced technical noise contri-Force Research Laboratory.
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