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Observation of the dynamic Stark effect on electromagnetically induced transparency
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Using electron-spin-resonance transitions within the nitrogen-vacancy center in diamond, we have obtained
a sharp electromagnetically induced transpardidy) feature when the coupling and probing fields satisfy a
two-photon resonance condition. In this paper it is shown that by the application of an additional driving field
the sharp EIT feature can be split into a doublet or a triplet depending on the experimental configuration. The
results are interpreted in terms of dynamic Stark splitting of the EIT feature, and the spectra are shown to be
related to Autler-Townes and Mollow spectf&1050-29479)10209-9

PACS numbd(s): 42.50—p, 42.62.Fi

[. INTRODUCTION technique was adopted to obtain the absorption of a probing
field in the presence of a coupling field. The EIT feature was,

Due to intriguing physics and potential applications, therehence, inferred from time domain measurements. In our
has been considerable interest in the study of electromagnetivork the EIT is investigated using frequency domain mea-
cally induced transparend§zIT) [1-8]. A simple situationto  surements in a similar way to that the EIT is usually inves-
consider is a three-level atom interacting with a coupling andigated in the optical spectral region. This permits an easier
a probing field and transparency can be attained\in &, or ~ comparison between the present investigation and previous
= configuration. Here we concentrate onAathree-level optical work. The frequency domain measurements of the
atom consisting of an upper level and two lower levels. Theesonance transitions is achieved using the Raman hetero-
upper level is coupled to the two lower levels by couplingdyne method10]. In this scheme a rf field is applied to the
and probing fields, and the induced transparency occursample, but the electron-spin transitions and the hyperfine
when the difference in frequencies of the two fields matchesransitions are detected as rf beat signals between a laser field
the transition frequency between the two lower levels. Wherand a stimulated optical field, and the magnitude of the beat
the transition between the two lower levels is narrow, thesignal gives a measure of the absorption at that rf frequency.
EIT feature is likewise narrow. This is frequently the situa- With this technique continuous-wave measurement of the
tion when the upper level is at an optical frequency and theveak probing field absorption spectrum becomes possible
separation of the two lower levelsorresponding to hyper- even in the presence of strong-coupling field, and, as there is
fine levels is in the radio or microwave frequency region. no need to use a resonant coil, it is possible to sweep the

In this paper we present investigations of EIT ilhdype  probing field to obtain the frequency dependence of the ab-
system. The system is different from earlier systems in thasorption and dispersion. The sample used in the present in-
the EIT is associated with electron-spin-resonafie&R) vestigation is a diamond containing nitrogen-vacancy
transitions rather than optical transitions. The upper level i§N-V)centers. With this center we have control over the fre-
associated with an electron-spin level, and the two lowequency of the electron-spin transitions, and to a lesser extent
levels are hyperfine levels both associated with the seconithe frequency of the hyperfine transitions as well as the as-
electron-spin leve]9]. There are parallels between this situ- sociated dephasing rafg1,12. The ESR transition fre-
ation and an optical\ systems, but electric-dipole-allowed quency can be set in the 50-80-MHz frequency range and
transitions between electronic states in the optical case atbe hyperfine transition frequency at 4—6 MHz, and with
replaced by magnetic-dipole-allowed transitions betweerthese frequencies we are able to study all the transitions as-
spin levels in the ESR case. The advantage of studying sucfociated with the EIT feature without the need of changing
a system is that it is reasonably straightforward to drive otthe experimental arrangemen&]. The Raman heterodyne
probe three transitions associated with théhree-level sys- detection scheme also has very good sensitivity in this fre-
tem using similar experimental techniques. This is a veryguency region, and permits us to make sensitive measure-
different situation as that encountered with optical EIT phe-ments of the EIT spectrum under various experimental con-
nomenon, where entirely different experimental techniqueslitions.
would be required to study the optical and hyperfine transi- In early investigations of the Nt center we studied the
tions. Being able to make such a study enables us to obtaindynamic Stark effec{13,14] associated with the hyperfine
better understanding of the associated phenomenon. transitions, and reported both Mollojl5] and Autler-

The EIT feature associated with magnetic-resonance tranfFownes|16] spectra. The hyperfine levels involved here are
sitions has been reported by other research worl&grsin precisely those associated with the previous study and we
this previous report of EIT, a pulsed excitation and detectiortake advantage of this fact to investigate how the EIT is

changed when the hyperfine transitions are driven as previ-

ously by a strong field. It is found that the driving field
*Electronic address: changjiang.wei@anu.edu.au modifies the EIT spectrum, and we show that there are par-
"Electronic address: neil.manson@anu.edu.au allels with the Autler-Townes and Mollow spectra. The ob-
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servation illustrates interesting dynamics of an EIT feature %

subjected to a strong driving field. These measurements are probing |} Zﬂj‘;"; —
all associated transitions in the rf spectral region, and as a field op o
consequence there is little likelihood for applications. How- j
ever, it can be anticipated that equivalent observations may Raman, 1638 nm coupling
be made for EIT features in the optical spectral region. Our fietd fietd @ :

= . I o ’ mixer f—>
results may indicate a way of manipulating the EIT in the driving ignal
optical region, such as opening multiple EIT window or fre- field ag

guency tuning of the EIT feature.
There are up to five electromagnetic fields involved in the 3,

present work, and to avoid confusion we introduce notations = Sz=0

to distinguish different fields. The experiment involves opti-

cal detection, and for this there is both a weak laser field and

a stimulated optical Raman field. These two fields are solely @ (6)

involved with the detection and not involved in the genera- £ 1 (a) Energy-level diagram illustrating processes involved

tion and modification of the EIT feature. These optical fieldsin raman heterodyne detection of magnetic resonance and splitting

will only be mentioned in the discussion of the experimentalof the EIT feature. The ESR spectrum as probed by a rf probe field

techniques. The more significant fields are all in the rf region,, | is measured through a beating signal between laser and Raman

of the spectrum. The observation of an EIT feature involvespptical fields. Applying a coupling fiele, induces an EIT feature

two rf fields and the splitting of the EIT feature involves a in the spectrum of the probe field,, and the driving fieldwg

third lower-frequency rf field. The transparency is inducedcauses a splitting of this EIT featuréh) Schematic of the experi-

by a fixed frequency “coupling” fieldv. and is observed by mental setup.

a swept frequency “probing” fieldv,. The response at the

frequency of the probing fiela, is monitored, and gives the

reported spectrum. The term “driving” field is used to refer

coil
638 nm laser ﬁ D |

sample photodiode

and off-axis Zeeman interaction, and there are several con-
sequences of this wave-function mixing. The three ESR tran-
to the additiqnal or the thirq rf field applie_d at lower fr_e- ﬁg&nihlg Vég';h SnpUeC(!(;i;S’plgu? r\?v]i?ﬁ“?hl Issgi?]n?ﬁi%ﬁg %%Tnlé
quéencywg . It is this extra rf f|e.|d that gives rise to the split- additional transitions involving a nominal change of nuclear-
ting of the EIT feature which is the focus of this paper.  g5in state become weakly allowed. These extra transitions
are important, as in the EIT experiments the coupling fields
Il. EXPERIMENT are usually introduced to be resonant with these weakly al-
lowed transitions. There are also significant changes to the
The experiment involves ESR transitions within the strength of the hyperfine transitions. In this case the hyper-
ground state of the N/ center in diamond, and the magnetic fine transitions between nuclear-spin levels take on some
resonance is detected optically using the Raman heterodyrgectron-spin character, and as a consequence the oscillator
method. The NV center in diamond consists of a substitu- strengths can be enhanced by up to a factor of 100. The
tional nitrogen atom and a vacancy at the nearest-neighb@nhancement means that it is possible to obtain strong effec-
carbon site and has @z, symmetry, with theC; axis lying tive driving fields while using only modest rf field strength
along the[111] crystallographic directiofi17]. The optical (<1 G), and this facilitates splitting of the EIT feature. The
zero-phonon line at 638 nm utilized in the Raman heterodynérequencies of all transitions are susceptible to alignment and
is due to an®A—°E transition[18]. The A ground state is the magnitude of the applied dc magnetic field. Small move-
an electron-spin triplet, and the crystal-field interaction splitsments of the sample upon the temperature recycling and mi-
the spin triplet into a spin singl&,=|0) and a spin doublet nor variation of the magnetic-field magnitude can lead to
S;=|+1) with a separation of 2.88 GHz. A static magnetic minor changes from day to day in the linewidth of the hy-
field applied along the principle axis of the W-center lifts  perfine transitions and changes in the ESR and hyperfine
the degeneracy of thg,=|*1) levels and gives a linear transition frequencies. This is not of concern as transition
Zeeman splitting of theS,=|+1) spin levels. Due to the frequencies, and other relevant parameters can all be mea-
Zeeman splitting theS,=|—1) spin level approaches the sured as required. In fact some variation of the parameters
S,=|0) spin level, and for a dc magnetic field of 0.1028 T can become an advantage for allowing us to verify the cor-
there is an avoided crossing of these levels. The experimentslation between the properties of the EIT feature and those
are carried out with a static magnetic field close to theof hyperfine transitions.
avoided crossing value such that tBg=|0)—|—1) transi- The Raman heterodyne detection of magnetic resonance
tion frequency is in the range of 50—-80 MHEig. 1(a)]. relies on a three-level optical rf double-resonance process.
There is a hyperfine interaction associated with t¢ nu-  An rf field o, couples the spin levels, and a laser field
clei (I=1), and as a result each of the electron-spin levelsouples one of the spin levelsay, theS,=|—1) level) to
has three hyperfine components and the hyperfine transitiathe optical excited levefE. As indicated in Fig. (a), these
frequencies are of the order of a few MHz. With such fre-two coherent fields stimulate a coherent field in the remain-
quencies the ESR and hyperfine transitions can be convéng optical transition between leve,=|0) and the saméE
niently detected using the same photodiode, and the rf fieldevel. The stimulated Raman optical field beats with the
can be supplied using the same nonresonance rf coil. Also itransmitted laser field at the rf frequeney;, and is detected
the region of the level anticrossing, there is a significantusing a photodiode. This beating signal reflects the coher-
mixing of the spin states due to both hyperfine interactionence in the ESR transition. By sweeping the probe rf fre-
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FIG. 2. (a) Energy-level diagram of the electron-spin levels and Probe Frequency (MHz)

hyperfine levels of the N/ center for a dc magnetic field 6f0.106
T and a misalignment of0.5°. This corresponds to a situation just FIG. 3. The dotted trace gives the ESR absorptigope) and
below the level anticrossing value, which results in the energy Val“‘%lispersior(lower) spectra measured by the Raman heterodyne tech-

as given in the figure. The solid vertical arrows show three aIIowednique using a weak swept probe field. A schematic of this spectrum
ESR transitions, and the dashed vertical arrows indicate the NnomMji55 peen given in Fig.(B). The solid trace gives the absorption

naIIy forbidden ESR transitions{b) Schematic of the ESR spec- (UppeD and dispersionﬁlower) spectra when a coupling field is in-

trum. troduced at 60.4 MHz; the pickup indicates its position within the
spectrum. The EIT feature occurs 4.8 MHz above the coupling field

quency w, through the ESR transition, the profile of the frequency. The energy levels involved in the EIT are given in the

magnetic resonance transition can be obtained, and it is thisset. Although not discussed in the text, there is also a weak EIT

response that is presented in all the experimental traces. feature at 67.3 MHz associated with a hyperfine separation of 6.9

A simplified schematic experimental arrangement isMHz in the upper electron-spin level.
shown in Fig. 1b). The diamond crystal was mounted in the

center of a rf coil located in the bore of a superconductingnree hyperfine levels, and hence there are a total of nine
magnet, and cooled to liquid-helium temperature. The diapossible transitions as illustrated in Fig. 2. As already stated,
mond crystal can be rotated within the rf coil to obtain antye three transitions conserving the nuclear-spin project are
alignment of the magnetic field to within 1° of tH&11]  the strongest, and give rise to the dominant three peaked
direction, and the magnitude of the dc magnetic field is adstrycture in the Raman heterodyne-detected ESR spectrum
Just.ed to make the system close to the level anticrossingrig. 3). The absorption and dispersion spectra are shown by
region. A laser beam of 10-20 mW from a Coherent CR+he dotted line in the upper and lower traces. The other six
599-21 cw single mode dye laser was tuned to the opticaansitions are forbidden to first order, but become weakly
zero-phonon line of théA—°E transition at 638 nm. The jajiowed due to the spin-wave function mixing when the sys-
Raman heterodyne signal in the light transmitted through thgapm is close to the avoided crossing and some can be seen in
crystal was detected by a photodiode which has a componege wings of the spectra.
in phase and one out of phase with the rf field corresponding \wnen a coupling field is applied to the nominal forbidden
to real and imaginary parts of the rf coherence, respectivelyansitions, sharp EIT features are induced in one of the al-
[10]. When detected in phase or out of phase with the apowed transitions. By applying the coupling field at various
plied rf field, a dispersion or absorption profile of the ESRfrequencies, EIT features can be observed in all three al-
transition is obtained. As the magnetic resonance is detectgg\yed ESR transitions, and this has been shown in a previous
through the beating of two optical fields rather than directlypyplication[9]. In this paper we restrict our attention to some
through the rf field absorption, it can measure the response @fecific examples. In the first example the coupling field in-
a weak probing fieldo, in the presence of other strong fields teracts with a weakly allowed transition on the low-energy
such as the coupling rf field, and driving rf fieldw, . side of the ESR spectrum corresponding to {Be0)—
|-1,+1) transition (Fig. 2). The coupling field induces a
narrow transparency feature in the lowest-energy compo-
nents of the three strong ESR lines corresponding to the
As described in Sec. Il, the ESR transition studied here i$0,+ 1)—|—1,+1) transition(see Fig. 3. This feature has
the S,=|0)—|—1) transition. Due to the nuclear spin  been shown to be narrower than the homogeneous linewidth
=1 of the nitrogen, each of the electron-spin levels haveof the ESR transition, and is readily established to be an EIT

Ill. RESULTS AND DISCUSSION



PRA 60 OBSERVATION OF THE DYNAMIC STARK EFFECT ON . .. 2543

[Trrrrrrrorr1 A200_||||||||||||||| -0.04 -0.02 0.00 0.02 0.04

- : g’ - \’_,/"//; — I I I I l I I I I g
r 7 100? 100 J ‘-“2 10 k& e
L 4 E C ] S r ]
- 1 & ] g 0 ]
1||1||||||Io 0_l|l|||||l|||||| g : ]
00 05 10 400 0 100 § o5l A i
Field Strength Detuning (kHz) a L { “ hyperfine .

o Pt
[%3 = B | T

2 :
g2 B i

o
wm
TT T 17

[ I

Dispersion (arb. units)

Absorption (arb. units)

b

1 I | I | I 1 I 1
-0.04 -0.02 0.00 0.02 0.04

Probe Detuning (MHz)
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02 01 00 01 02 -02 01 00 01 02 showing correspor_ldence between the 4.8-MHz hyperflne transition
) . and a corresponding EIT feature. For the hyperfine transition the
Probe Detuning (MHz) Probe Detuning (MHz) dotted trace gives the response when there is no driving field, and
for the EIT feature the dotted trace gives the response when there is
a coupling field but no driving field. For convenience both peak

3), and the driving field is applied at the frequency of the hyperfinepOS't'onS are denoted as zero frequency. The solid lines give the

. o corresponding responses when there is a driving field with a Rabi
transition at 5.2 MHz. In the left-hand traces a resonant driving fi A o
z Ving Ield;:requency of 54 kHz resonant with the 5.2-MHz transition. For the

is applied and its strength increases, whereas in the right-hand . L T - )
b 9 9 hyperfine transition this is an Autler-Townes splitting, and there is

traces the strength of the driving field is fixed and its frequency is ¢ d bet both splitti qli idth with
varied. The position of the EIT feature in the absence of a drivin an exact correspondence between both spiitting and finewidth wi

field is defined as zero frequency. The magnitude of the EIT spli?—that of the EIT feature.

ting is measured and plotted in the inset figures. The splitting as a . .. .
function of driving field Rabi frequency and detuning is given by transition resonance, one of the components gains intensity

Q=x?+ &%, wherey is the(resonantRabi frequency andis the ~ and moves to the position of the EIT feature in the absence
detuning. of driving field, whereas the other component loses intensity

and moves to lower or higher energy depending on the di-
feature[9]. The spectral position of the EIT feature is shifted rection of detuning, as shown in the right column of Fig. 4.
from the coupling field by 4.8 MHz, corresponding to the  The splitting of the EIT feature is achieved through driv-
frequency of thé0,0)—|0,+ 1) hyperfine transition, and the ing a hyperfine transition, and would seem likely that the
EIT feature has a spectral width determined by the linewidttsplitting is closely related to the dynamic “Stark” splitting
of the hyperfine transitiof9]. As stated previously, the (strictly speaking, to the dynamic Zeeman splitting as it is
width and position of the hyperfine transition varies undermagnetic dipole transition involvgdssociated with the hy-
different static magnetic-field magnitude and alignment;perfine transition. In the present experimental arrangement
however, there is always an excellent one-to-one correlatiothe dynamic Stark splitting of the hyperfine transition can be
between relevant energies and linewidths of the hyperfinénvestigated directly, and the result is shown in Fig. 5. The
transition and the associated EIT feature. In addition to thdigure presents a direct comparison between the dy-
sharp EIT feature, the coupling field changes the relativenamic Stark splitting of a hyperfine transition and the split-
strength of the three broad ESR absorption lines. Thding of an EIT feature for a driving field resonant with the
changes in relative intensity are simply due to redistributior]0,0)—|0,— 1) hyperfine transition at 5.2 MHz. The dynamic
of the population among the hyperfine levels in the presenc8tark splitting of the hyperfine transition is monitored by
of the coupling field, a process similar to optical pumping.probing the|0,0)—|0,+ 1) hyperfine transition, whereas the
This effect is readily understood but is not followed in detail. splitting of EIT is probed as described above. It can be seen
When a third rf field, the so-called driving field, is applied that there is an exact correspondence between the splitting of
resonant with the0,0)—|0,— 1) hyperfine transition at 5.2 the EIT feature and the splitting of the hyperfine transition.
MHz, the EIT feature shown in Fig. 3 is split into two com- The correspondence is maintained when the driving field is
ponents(Fig. 4). The two components are of near equal in-detuned. The splitting of the hyperfine transition and, there-
tensity, and the magnitude of the splitting is linear in thefore, of the EIT feature equals the Rabi or generalized Rabi
strength of the driving field as shown in the left column of frequency associated with the field driving the hyperfine
Fig. 4. When the driving field is detuned from the hyperfinetransition.

FIG. 4. The effect of a driving field on the EIT feature. The EIT
feature is associated with the 4.8-MHz hyperfine splittiagin Fig.
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hyperfine transition when probed to a separatedriven level as
for a regular Autler-Townes spectrunc) Shows the transitions
giving rise to the splitting of the EIT feature. The coupling field at Probe Frequency (MHz)

Ilr);iis:rqelrﬁgcé;frfeficwe for two transitions and give two induced FIG. 7. ESR absorption and dispersion spectraotted line
’ and EIT featuressolid line) induced by applying a coupling field at

The splitting of the hyperfine transition as shown in Fig. 572.1 MHz as indicated by the pick-up peak. There are two EIT
is simply an example of the well-known Autler-Townes features shifted to lower energy by 4.8 and 5.2 MHz. The occur-
spectrum which can be readily interpreted in terms of d€nce of two EIT features arises from the fact that due to inhomo-
dressed-state description of the total “photon-atom’” systenfl€neous broadening the coypling field interacts with differe_m sub-
[19]. In the dressed-state model a strong field interactinfrOUps of NV centers with two alternate weak transitions:
with a transition gives rise to a ladder of degenerate statedd:+1)—|—10 and|0,~1)—|-10.The relevant energy levels
and through the “photon-atom” interaction the degeneracy?"d fransitions are shown in the inset.
is lifted to give a ladder of doublets. The doublets are sepa-
rated by the frequency of the driving field, and the splittingthe EIT is obtained by applying a coupling field at the high-
of the doublets is given by the associated Rabi frequency. Ifrequency side of the ESR transition. Due to the inhomoge-
the case where the driving field is resonant with tag)  neous broadening of the ESR transition, two EIT features are
—|0,— 1) hyperfine transition, the dressed-state levels are agbserved, associated with one coupling field, as shown in
given in Fig. 6. It is then seen that when probing the alternaté-ig. 7. For one subgroup of N-centers the coupling field is
hyperfine transition|0,00—|0,+1), which has a shared resonant with th¢0,+1)—|—1,0) transition, and introduces
level, the splitting is given by the Rabi frequer|dig. 6(b)]. a transparency in the central ESR line. For another subgroup
The same leveléplus one higher energy leyedre involved of N-V centers the coupling field is resonant with the
with the EIT feature, and it can be readily seen why an|0,—1)—|—1,0) transition, and gives rise to another in-
equivalent splitting is observed. For example, from Fig)6 duced transparency feature in the central ESR line. In this
it can be seen that levels associated with the coupling fielsvay there are two EIT features in the ESR spectrum: one
are split by the Rabi frequency, and therefore the couplingeparated from the frequency of the coupling field by 5.2
field interacts with two transitions simultaneously. There will MHz, and the other by 4.8 MHz.
be an induced transparency when the frequency of the prob- To observe the splitting of the EIT features, an extra driv-
ing field matches the two photon resonance condition. Hencig field is introduced resonant with one of the hyperfine
the single EIT feature is split into a doublet by the driving transition|0,0)—|0,+ 1) at 4.8 MHz. For the EIT feature at
field (Figs. 4 and b The doublet splitting equals the Rabi the lower-energy side, only one of the three levels involved
frequency of the resonant driving field or the generalizedn the EIT is shared with the driven transition. This is an
Rabi frequency when the driving field is detuned from reso-equivalent situation to that treated previously, and is consis-
nance. From this description it can be seen why the behavident with the fact that the featufshifted from coupling field
of the EIT feature matches the characteristic of the relatetdy 5.2 MH2) is split into a doubletFig. 8). The splitting of
Autler-Townes spectrum. the EIT feature at the high-energy side is different. In this

From the dressed-state energy-level diagram, it can bease the feature is split into a triplet, with the separation
anticipated that the driving field could be applied resonanbetween the components equal to the previous doublet split-
with an alternative hyperfine transition, for example, at theting or the Rabi frequency of the driven field. In this case
frequency difference between the coupling and probing fieldthere are only three energy levels involved, and the triplet
This creates a different situation to that described above, anarises because there is a dynamic Stark splitting in both the
is illustrated here using a second EIT spectrum. In this caseoupled (0,+1)—|—1,0)) and probed |0,00—|—1,0))

58 60 62 64 66 68 70 72 74 76
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kHz. The EIT feature separated from the coupling field by 5.2 MHz
at 66.9 MHz is split into a doublefutler-Townes typg whereas FIG. 9. Splitting of an EIT feature by the application of a driv-
the EIT fegture_sgparate(_j from the coupling field by 4.8 MHz ating field at the frequency of a hyperfine transition. The EIT in the
67.3 MHz is split into a triple{Mollow type). absence of a driving field is given by the dashed trace. The feature

is displaced from the coupling field by 5.2 MHz. The solid line

transitions. There will be four possible EIT features; two aregives the resultant EIT spectrum when a driving field is applied at
at the same frequency, resulting in the observed three lingy) 4.8 MHz or(b) 5.2 MHz. In the text(a) is described as being of
pattern. Autler-Townes type, involving four levels, ar@) is described as

For the previous configuration there was an equivalencéeeing of Mollow type, involving only three levels.
between the observed EIT splitting and the Autler-Townes
spectrum. In this second situation the equivalence is with &@]. When the 5.2-MHz hyperfine transition is driven, a
Mollow spectrum of a driven two-level atom. In the dressed-Mollow-type triplet is obtainedFig. Ab)]. The central com-
state description the driven two-level atom gives a ladder oponent of the triplet in this instance is clearer than that ob-
doublets with four possible transitions between adjacent douained previously in Fig. 8, but the reason for this is not
blets. Two of these transitions are unshifted, and are equal innderstood.
frequency to the frequency of the driving field. The other two In principle the observed spectra can be calculated. The
transitions are displaced by the Rabi frequency to higher andpectral positions of the split EIT features are readily antici-
lower frequencies. The result is a three-line pattern. There ipated, as the splitting and shift are simply related to the
a similarity with the splitting of the EIT feature, although dynamic Stark splitting associated with the driven hyperfine
clearly different intensities. When a two-level atom is probedtransition. These are confirmed directly from parallel mea-
directly, the magnitude of the absorption is quenched owingurements of the dynamic Stark splitting of the hyperfine
to an equalizing of the population of the two levels. Thetransitions, and there is a good agreement between experi-
equalizing of the population does not have the same effeanent and calculation. The situation regarding the strengths
when the transition is probed via the splitting of the EIT (or depth$ of the various EIT features is not so straightfor-
feature. The outer components of the split EIT features argvard. For example, in the simplistic three-level atom without
observed to have intensities almost equivalent to the origindhhomogeneous broadening the transparency, for a suffi-
EIT feature. The central EIT feature in the current example iiently strong coupling field, can approach 100%, but this is
not so clear, and merits further investigation. not the case when there is inhomogeneous broadening. At

The pattern of the EIT splitting can be changed from aany frequency there will be contributions from various cen-
Mollow-type triplet to an Autler-Townes-type doublet by ters, and these contributions can be estimated in the present
switching the driving field between the two hyperfine transi-system but will certainly reduce the depth of the transpar-
tions at 4.8 and 5.2 MHz. This is shown for a single EIT ency feature. Furthermore, the present system is a six-level
feature in Fig. 9. The EIT feature in this instance is particu-system rather than three-level system and, thus, there can be
larly clear, and was obtained using a different dc magneticether transitions overlapping the transition of interest. The
field setting, and has a frequency shift of 5.2 MHz from thepumping cycle will affect the background absorption upon
coupling field. When the 4.8-MHz hyperfine transition is which the EIT is superimposed, and this is another factor that
driven, an Autler-Townes-type doublet is observielg. is hard to reliably model as it requires knowledge of the
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relaxation rates. Without such knowledge, modeling of thethe spectral features are associated with quantum interfer-
current EIT splitting, including inhomogeneously broadenedence processes rather than absorption. Our present observa-
six-level system, is not warranted. As an alternative we havéions show that the EIT feature can be modified in a similar
undertaken a calculation of simpler cases. We consider haway to that of an atomic transition, including splitting and
mogeneously broadened three- and four-level systems simshifting of the spectral feature. The extra driving field pro-
lar to the situation considered in R¢R0]. When the Rabi vides a way of manipulating the EIT feature, such as opening
frequency of the driving field is strong compared to the hy-a multi-EIT window, frequency tuning the EIT, or changing
perfine transition linewidth, but weak compared to the ESRhe refractive index. Although the present effects are ob-
linewidth, the calculations give spectra with reasonable corserved in the radio-frequency region of the spectrum, the
relation with present observations. When the strength of thehysics is applicable to any frequency, and there are many
driving field or coupling field is large compared to the ESRreal atomic systems with more than two sublevels. The work
linewidth, very different patterns are predicted. However,may, therefore, stimulate interest in experiments in optical
such strengths cannot be realized in the current experimentiilequency region, where the effects hold more promise in
setup, and it would no longer be valid to model the presentechnical applications.
six-level system with three or four levels. As such situations
have not been achieved experimentally, we prefer to report
the details of these calculations including the more extensive
driving configuration in separate papers. In this paper we In this paper we studied EIT and its response to a strong
rely on a semiquantitative analysis using the dressed-statdriving field using a unique experimental system including a
model. sensitive coherent detection technique and a controllable
The calculations and the dressed-state analysis confirmnergy-level structure. We observed both doublet and triplet
that the EIT splitting arises from dynamic Stark effect. Thesplittings of the EIT feature. The splitting is shown to corre-
dynamic Stark effect was originally observed for transitionsspond very well to the Autler-Townes doublet and Mollow
associated with real atomic levels, and it is of interest to seériplet observed in real atomic transitions and originates from
that the EIT feature exhibits a similar behavior even thoughhe dynamic Stark effect.

IV. SUMMARY
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