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Observation of the dynamic Stark effect on electromagnetically induced transparency

Changjiang Wei* and Neil B. Manson†

Laser Physics Center, The Australian National University, Canberra, Australian Capital Territory 0200, Australia
~Received 21 April 1999!

Using electron-spin-resonance transitions within the nitrogen-vacancy center in diamond, we have obtained
a sharp electromagnetically induced transparency~EIT! 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 spectra.@S1050-2947~99!10209-9#

PACS number~s!: 42.50.2p, 42.62.Fi
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I. INTRODUCTION

Due to intriguing physics and potential applications, the
has been considerable interest in the study of electromag
cally induced transparency~EIT! @1–8#. A simple situation to
consider is a three-level atom interacting with a coupling a
a probing field and transparency can be attained in aV, L, or
J configuration. Here we concentrate on aL three-level
atom consisting of an upper level and two lower levels. T
upper level is coupled to the two lower levels by coupli
and probing fields, and the induced transparency occ
when the difference in frequencies of the two fields matc
the transition frequency between the two lower levels. Wh
the transition between the two lower levels is narrow,
EIT feature is likewise narrow. This is frequently the situ
tion when the upper level is at an optical frequency and
separation of the two lower levels~corresponding to hyper
fine levels! is in the radio or microwave frequency region

In this paper we present investigations of EIT in aL-type
system. The system is different from earlier systems in t
the EIT is associated with electron-spin-resonance~ESR!
transitions rather than optical transitions. The upper leve
associated with an electron-spin level, and the two low
levels are hyperfine levels both associated with the sec
electron-spin level@9#. There are parallels between this sit
ation and an opticalL systems, but electric-dipole-allowe
transitions between electronic states in the optical case
replaced by magnetic-dipole-allowed transitions betwe
spin levels in the ESR case. The advantage of studying s
a system is that it is reasonably straightforward to drive
probe three transitions associated with theL three-level sys-
tem using similar experimental techniques. This is a v
different situation as that encountered with optical EIT ph
nomenon, where entirely different experimental techniq
would be required to study the optical and hyperfine tran
tions. Being able to make such a study enables us to obta
better understanding of the associated phenomenon.

The EIT feature associated with magnetic-resonance t
sitions has been reported by other research workers@8#. In
this previous report of EIT, a pulsed excitation and detect
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technique was adopted to obtain the absorption of a prob
field in the presence of a coupling field. The EIT feature w
hence, inferred from time domain measurements. In
work the EIT is investigated using frequency domain me
surements in a similar way to that the EIT is usually inve
tigated in the optical spectral region. This permits an ea
comparison between the present investigation and prev
optical work. The frequency domain measurements of
resonance transitions is achieved using the Raman he
dyne method@10#. In this scheme a rf field is applied to th
sample, but the electron-spin transitions and the hyper
transitions are detected as rf beat signals between a laser
and a stimulated optical field, and the magnitude of the b
signal gives a measure of the absorption at that rf frequen
With this technique continuous-wave measurement of
weak probing field absorption spectrum becomes poss
even in the presence of strong-coupling field, and, as the
no need to use a resonant coil, it is possible to sweep
probing field to obtain the frequency dependence of the
sorption and dispersion. The sample used in the presen
vestigation is a diamond containing nitrogen-vacan
(N-V)centers. With this center we have control over the f
quency of the electron-spin transitions, and to a lesser ex
the frequency of the hyperfine transitions as well as the
sociated dephasing rate@11,12#. The ESR transition fre-
quency can be set in the 50–80-MHz frequency range
the hyperfine transition frequency at 4–6 MHz, and w
these frequencies we are able to study all the transitions
sociated with the EIT feature without the need of chang
the experimental arrangements@9#. The Raman heterodyn
detection scheme also has very good sensitivity in this
quency region, and permits us to make sensitive meas
ments of the EIT spectrum under various experimental c
ditions.

In early investigations of the N-V center we studied the
dynamic Stark effect@13,14# associated with the hyperfin
transitions, and reported both Mollow@15# and Autler-
Townes@16# spectra. The hyperfine levels involved here a
precisely those associated with the previous study and
take advantage of this fact to investigate how the EIT
changed when the hyperfine transitions are driven as pr
ously by a strong field. It is found that the driving fiel
modifies the EIT spectrum, and we show that there are p
allels with the Autler-Townes and Mollow spectra. The o
2540 ©1999 The American Physical Society
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PRA 60 2541OBSERVATION OF THE DYNAMIC STARK EFFECT ON . . .
servation illustrates interesting dynamics of an EIT feat
subjected to a strong driving field. These measurements
all associated transitions in the rf spectral region, and a
consequence there is little likelihood for applications. Ho
ever, it can be anticipated that equivalent observations m
be made for EIT features in the optical spectral region. O
results may indicate a way of manipulating the EIT in t
optical region, such as opening multiple EIT window or fr
quency tuning of the EIT feature.

There are up to five electromagnetic fields involved in
present work, and to avoid confusion we introduce notati
to distinguish different fields. The experiment involves op
cal detection, and for this there is both a weak laser field
a stimulated optical Raman field. These two fields are so
involved with the detection and not involved in the gene
tion and modification of the EIT feature. These optical fie
will only be mentioned in the discussion of the experimen
techniques. The more significant fields are all in the rf reg
of the spectrum. The observation of an EIT feature involv
two rf fields and the splitting of the EIT feature involves
third lower-frequency rf field. The transparency is induc
by a fixed frequency ‘‘coupling’’ fieldvc and is observed by
a swept frequency ‘‘probing’’ fieldvp . The response at th
frequency of the probing fieldvp is monitored, and gives the
reported spectrum. The term ‘‘driving’’ field is used to ref
to the additional or the third rf field applied at lower fre
quencyvd .It is this extra rf field that gives rise to the spli
ting of the EIT feature which is the focus of this paper.

II. EXPERIMENT

The experiment involves ESR transitions within t
ground state of the N-V center in diamond, and the magnet
resonance is detected optically using the Raman hetero
method. The N-V center in diamond consists of a substit
tional nitrogen atom and a vacancy at the nearest-neigh
carbon site and has aC3v symmetry, with theC3 axis lying
along the@111# crystallographic direction@17#. The optical
zero-phonon line at 638 nm utilized in the Raman heterod
is due to an3A˜3E transition@18#. The 3A ground state is
an electron-spin triplet, and the crystal-field interaction sp
the spin triplet into a spin singletSZ5u0& and a spin double
SZ5u61& with a separation of 2.88 GHz. A static magne
field applied along the principle axis of the N-V center lifts
the degeneracy of theSZ5u61& levels and gives a linea
Zeeman splitting of theSZ5u61& spin levels. Due to the
Zeeman splitting theSZ5u21& spin level approaches th
SZ5u0& spin level, and for a dc magnetic field of 0.1028
there is an avoided crossing of these levels. The experim
are carried out with a static magnetic field close to
avoided crossing value such that theSZ5u0&˜u21& transi-
tion frequency is in the range of 50–80 MHz@Fig. 1~a!#.
There is a hyperfine interaction associated with the14N nu-
clei (I 51), and as a result each of the electron-spin lev
has three hyperfine components and the hyperfine trans
frequencies are of the order of a few MHz. With such fr
quencies the ESR and hyperfine transitions can be co
niently detected using the same photodiode, and the rf fi
can be supplied using the same nonresonance rf coil. Als
the region of the level anticrossing, there is a signific
mixing of the spin states due to both hyperfine interact
e
re
a

-
ay
r

e
s

-
d

ly
-
s
l
n
s

ne

or

e

s

ts
e

ls
on
-
e-

ds
in
t
n

and off-axis Zeeman interaction, and there are several c
sequences of this wave-function mixing. The three ESR tr
sitions in which nuclear-spin projection is conserved dom
nate the ESR spectrum, but with the spin mixing so
additional transitions involving a nominal change of nucle
spin state become weakly allowed. These extra transiti
are important, as in the EIT experiments the coupling fie
are usually introduced to be resonant with these weakly
lowed transitions. There are also significant changes to
strength of the hyperfine transitions. In this case the hyp
fine transitions between nuclear-spin levels take on so
electron-spin character, and as a consequence the osci
strengths can be enhanced by up to a factor of 100.
enhancement means that it is possible to obtain strong e
tive driving fields while using only modest rf field streng
~,1 G!, and this facilitates splitting of the EIT feature. Th
frequencies of all transitions are susceptible to alignment
the magnitude of the applied dc magnetic field. Small mo
ments of the sample upon the temperature recycling and
nor variation of the magnetic-field magnitude can lead
minor changes from day to day in the linewidth of the h
perfine transitions and changes in the ESR and hyper
transition frequencies. This is not of concern as transit
frequencies, and other relevant parameters can all be m
sured as required. In fact some variation of the parame
can become an advantage for allowing us to verify the c
relation between the properties of the EIT feature and th
of hyperfine transitions.

The Raman heterodyne detection of magnetic resona
relies on a three-level optical rf double-resonance proc
An rf field vp couples the spin levels, and a laser fie
couples one of the spin levels~say, theSZ5u21& level! to
the optical excited level3E. As indicated in Fig. 1~a!, these
two coherent fields stimulate a coherent field in the rema
ing optical transition between levelSZ5u0& and the same3E
level. The stimulated Raman optical field beats with t
transmitted laser field at the rf frequencyvp , and is detected
using a photodiode. This beating signal reflects the coh
ence in the ESR transition. By sweeping the probe rf f

FIG. 1. ~a! Energy-level diagram illustrating processes involv
in Raman heterodyne detection of magnetic resonance and spl
of the EIT feature. The ESR spectrum as probed by a rf probe fi
vp is measured through a beating signal between laser and Ra
optical fields. Applying a coupling fieldvc induces an EIT feature
in the spectrum of the probe fieldvp , and the driving fieldvd

causes a splitting of this EIT feature.~b! Schematic of the experi-
mental setup.
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2542 PRA 60CHANGJIANG WEI AND NEIL B. MANSON
quency vp through the ESR transition, the profile of th
magnetic resonance transition can be obtained, and it is
response that is presented in all the experimental traces

A simplified schematic experimental arrangement
shown in Fig. 1~b!. The diamond crystal was mounted in th
center of a rf coil located in the bore of a superconduct
magnet, and cooled to liquid-helium temperature. The d
mond crystal can be rotated within the rf coil to obtain
alignment of the magnetic field to within 1° of the@111#
direction, and the magnitude of the dc magnetic field is
justed to make the system close to the level anticross
region. A laser beam of 10–20 mW from a Coherent C
599-21 cw single mode dye laser was tuned to the opt
zero-phonon line of the3A˜3E transition at 638 nm. The
Raman heterodyne signal in the light transmitted through
crystal was detected by a photodiode which has a compo
in phase and one out of phase with the rf field correspond
to real and imaginary parts of the rf coherence, respectiv
@10#. When detected in phase or out of phase with the
plied rf field, a dispersion or absorption profile of the ES
transition is obtained. As the magnetic resonance is dete
through the beating of two optical fields rather than direc
through the rf field absorption, it can measure the respons
a weak probing fieldvp in the presence of other strong field
such as the coupling rf fieldvc and driving rf fieldvd .

III. RESULTS AND DISCUSSION

As described in Sec. II, the ESR transition studied her
the SZ5u0&˜u21& transition. Due to the nuclear spinI
51 of the nitrogen, each of the electron-spin levels ha

FIG. 2. ~a! Energy-level diagram of the electron-spin levels a
hyperfine levels of the N-V center for a dc magnetic field of;0.106
T and a misalignment of;0.5°. This corresponds to a situation ju
below the level anticrossing value, which results in the energy va
as given in the figure. The solid vertical arrows show three allow
ESR transitions, and the dashed vertical arrows indicate the n
nally forbidden ESR transitions.~b! Schematic of the ESR spec
trum.
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three hyperfine levels, and hence there are a total of n
possible transitions as illustrated in Fig. 2. As already sta
the three transitions conserving the nuclear-spin project
the strongest, and give rise to the dominant three pea
structure in the Raman heterodyne-detected ESR spec
~Fig. 3!. The absorption and dispersion spectra are shown
the dotted line in the upper and lower traces. The other
transitions are forbidden to first order, but become wea
allowed due to the spin-wave function mixing when the s
tem is close to the avoided crossing and some can be se
the wings of the spectra.

When a coupling field is applied to the nominal forbidd
transitions, sharp EIT features are induced in one of the
lowed transitions. By applying the coupling field at vario
frequencies, EIT features can be observed in all three
lowed ESR transitions, and this has been shown in a prev
publication@9#. In this paper we restrict our attention to som
specific examples. In the first example the coupling field
teracts with a weakly allowed transition on the low-ener
side of the ESR spectrum corresponding to theu0,0&˜
u21,11& transition ~Fig. 2!. The coupling field induces a
narrow transparency feature in the lowest-energy com
nents of the three strong ESR lines corresponding to
u0,11&˜u21,11& transition ~see Fig. 3!. This feature has
been shown to be narrower than the homogeneous linew
of the ESR transition, and is readily established to be an

e
d
i-

FIG. 3. The dotted trace gives the ESR absorption~upper! and
dispersion~lower! spectra measured by the Raman heterodyne te
nique using a weak swept probe field. A schematic of this spect
has been given in Fig. 2~b!. The solid trace gives the absorptio
~upper! and dispersion~lower! spectra when a coupling field is in
troduced at 60.4 MHz; the pickup indicates its position within t
spectrum. The EIT feature occurs 4.8 MHz above the coupling fi
frequency. The energy levels involved in the EIT are given in
inset. Although not discussed in the text, there is also a weak
feature at 67.3 MHz associated with a hyperfine separation of
MHz in the upper electron-spin level.
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PRA 60 2543OBSERVATION OF THE DYNAMIC STARK EFFECT ON . . .
feature@9#. The spectral position of the EIT feature is shifte
from the coupling field by 4.8 MHz, corresponding to th
frequency of theu0,0&˜u0,11& hyperfine transition, and the
EIT feature has a spectral width determined by the linewi
of the hyperfine transition@9#. As stated previously, the
width and position of the hyperfine transition varies und
different static magnetic-field magnitude and alignme
however, there is always an excellent one-to-one correla
between relevant energies and linewidths of the hyper
transition and the associated EIT feature. In addition to
sharp EIT feature, the coupling field changes the rela
strength of the three broad ESR absorption lines. T
changes in relative intensity are simply due to redistribut
of the population among the hyperfine levels in the prese
of the coupling field, a process similar to optical pumpin
This effect is readily understood but is not followed in deta

When a third rf field, the so-called driving field, is applie
resonant with theu0,0&˜u0,21& hyperfine transition at 5.2
MHz, the EIT feature shown in Fig. 3 is split into two com
ponents~Fig. 4!. The two components are of near equal
tensity, and the magnitude of the splitting is linear in t
strength of the driving field as shown in the left column
Fig. 4. When the driving field is detuned from the hyperfi

FIG. 4. The effect of a driving field on the EIT feature. The E
feature is associated with the 4.8-MHz hyperfine splitting~as in Fig.
3!, and the driving field is applied at the frequency of the hyperfi
transition at 5.2 MHz. In the left-hand traces a resonant driving fi
is applied and its strength increases, whereas in the right-h
traces the strength of the driving field is fixed and its frequenc
varied. The position of the EIT feature in the absence of a driv
field is defined as zero frequency. The magnitude of the EIT sp
ting is measured and plotted in the inset figures. The splitting a
function of driving field Rabi frequency and detuning is given
V5Ax21d2, wherex is the~resonant! Rabi frequency andd is the
detuning.
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transition resonance, one of the components gains inten
and moves to the position of the EIT feature in the abse
of driving field, whereas the other component loses inten
and moves to lower or higher energy depending on the
rection of detuning, as shown in the right column of Fig.

The splitting of the EIT feature is achieved through dri
ing a hyperfine transition, and would seem likely that t
splitting is closely related to the dynamic ‘‘Stark’’ splittin
~strictly speaking, to the dynamic Zeeman splitting as it
magnetic dipole transition involved! associated with the hy
perfine transition. In the present experimental arrangem
the dynamic Stark splitting of the hyperfine transition can
investigated directly, and the result is shown in Fig. 5. T
figure presents a direct comparison between the
namic Stark splitting of a hyperfine transition and the sp
ting of an EIT feature for a driving field resonant with th
u0,0&˜u0,21& hyperfine transition at 5.2 MHz. The dynam
Stark splitting of the hyperfine transition is monitored b
probing theu0,0&˜u0,11& hyperfine transition, whereas th
splitting of EIT is probed as described above. It can be s
that there is an exact correspondence between the splittin
the EIT feature and the splitting of the hyperfine transitio
The correspondence is maintained when the driving field
detuned. The splitting of the hyperfine transition and, the
fore, of the EIT feature equals the Rabi or generalized R
frequency associated with the field driving the hyperfi
transition.

e
d
nd
s
g
t-
a

FIG. 5. Absorption~upper! and dispersion~lower! spectrum
showing correspondence between the 4.8-MHz hyperfine trans
and a corresponding EIT feature. For the hyperfine transition
dotted trace gives the response when there is no driving field,
for the EIT feature the dotted trace gives the response when the
a coupling field but no driving field. For convenience both pe
positions are denoted as zero frequency. The solid lines give
corresponding responses when there is a driving field with a R
frequency of 54 kHz resonant with the 5.2-MHz transition. For t
hyperfine transition this is an Autler-Townes splitting, and there
an exact correspondence between both splitting and linewidth
that of the EIT feature.
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2544 PRA 60CHANGJIANG WEI AND NEIL B. MANSON
The splitting of the hyperfine transition as shown in Fig
is simply an example of the well-known Autler-Towne
spectrum which can be readily interpreted in terms o
dressed-state description of the total ‘‘photon-atom’’ syst
@19#. In the dressed-state model a strong field interact
with a transition gives rise to a ladder of degenerate sta
and through the ‘‘photon-atom’’ interaction the degenera
is lifted to give a ladder of doublets. The doublets are se
rated by the frequency of the driving field, and the splitti
of the doublets is given by the associated Rabi frequency
the case where the driving field is resonant with theu0,0&
˜u0,21& hyperfine transition, the dressed-state levels are
given in Fig. 6. It is then seen that when probing the altern
hyperfine transitionu0,0&˜u0,11&, which has a shared
level, the splitting is given by the Rabi frequency@Fig. 6~b!#.
The same levels~plus one higher energy level! are involved
with the EIT feature, and it can be readily seen why
equivalent splitting is observed. For example, from Fig. 6~c!
it can be seen that levels associated with the coupling fi
are split by the Rabi frequency, and therefore the coup
field interacts with two transitions simultaneously. There w
be an induced transparency when the frequency of the p
ing field matches the two photon resonance condition. He
the single EIT feature is split into a doublet by the drivin
field ~Figs. 4 and 5!. The doublet splitting equals the Ra
frequency of the resonant driving field or the generaliz
Rabi frequency when the driving field is detuned from re
nance. From this description it can be seen why the beha
of the EIT feature matches the characteristic of the rela
Autler-Townes spectrum.

From the dressed-state energy-level diagram, it can
anticipated that the driving field could be applied reson
with an alternative hyperfine transition, for example, at
frequency difference between the coupling and probing fie
This creates a different situation to that described above,
is illustrated here using a second EIT spectrum. In this c

FIG. 6. Energy levels showing the configuration for observ
the EIT splitting. ~a! Gives bared-state energy levels and vario
applied fields.~b! Indicates the dressed-state levels when drivin
hyperfine transition. The two transitions indicate the splitting o
hyperfine transition when probed to a separate~undriven! level as
for a regular Autler-Townes spectrum.~c! Shows the transitions
giving rise to the splitting of the EIT feature. The coupling field
fixed frequency is effective for two transitions and give two induc
transparency features.
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the EIT is obtained by applying a coupling field at the hig
frequency side of the ESR transition. Due to the inhomo
neous broadening of the ESR transition, two EIT features
observed, associated with one coupling field, as shown
Fig. 7. For one subgroup of N-V centers the coupling field is
resonant with theu0,11&˜u21,0& transition, and introduces
a transparency in the central ESR line. For another subgr
of N-V centers the coupling field is resonant with th
u0,21&˜u21,0& transition, and gives rise to another in
duced transparency feature in the central ESR line. In
way there are two EIT features in the ESR spectrum: o
separated from the frequency of the coupling field by 5
MHz, and the other by 4.8 MHz.

To observe the splitting of the EIT features, an extra dr
ing field is introduced resonant with one of the hyperfi
transitionu0,0&˜u0,11& at 4.8 MHz. For the EIT feature a
the lower-energy side, only one of the three levels involv
in the EIT is shared with the driven transition. This is a
equivalent situation to that treated previously, and is con
tent with the fact that the feature~shifted from coupling field
by 5.2 MHz! is split into a doublet~Fig. 8!. The splitting of
the EIT feature at the high-energy side is different. In th
case the feature is split into a triplet, with the separat
between the components equal to the previous doublet s
ting or the Rabi frequency of the driven field. In this ca
there are only three energy levels involved, and the trip
arises because there is a dynamic Stark splitting in both
coupled (u0,11&˜u21,0&) and probed (u0,0&˜u21,0&)

s
a

FIG. 7. ESR absorption and dispersion spectrum~dotted line!
and EIT features~solid line! induced by applying a coupling field a
72.1 MHz as indicated by the pick-up peak. There are two E
features shifted to lower energy by 4.8 and 5.2 MHz. The occ
rence of two EIT features arises from the fact that due to inhom
geneous broadening the coupling field interacts with different s
groups of N-V centers with two alternate weak transition
u0,11&˜u21,0& and u0,21&˜u21,0&.The relevant energy levels
and transitions are shown in the inset.
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PRA 60 2545OBSERVATION OF THE DYNAMIC STARK EFFECT ON . . .
transitions. There will be four possible EIT features; two a
at the same frequency, resulting in the observed three
pattern.

For the previous configuration there was an equivale
between the observed EIT splitting and the Autler-Town
spectrum. In this second situation the equivalence is wit
Mollow spectrum of a driven two-level atom. In the dresse
state description the driven two-level atom gives a ladde
doublets with four possible transitions between adjacent d
blets. Two of these transitions are unshifted, and are equ
frequency to the frequency of the driving field. The other tw
transitions are displaced by the Rabi frequency to higher
lower frequencies. The result is a three-line pattern. Ther
a similarity with the splitting of the EIT feature, althoug
clearly different intensities. When a two-level atom is prob
directly, the magnitude of the absorption is quenched ow
to an equalizing of the population of the two levels. T
equalizing of the population does not have the same ef
when the transition is probed via the splitting of the E
feature. The outer components of the split EIT features
observed to have intensities almost equivalent to the orig
EIT feature. The central EIT feature in the current exampl
not so clear, and merits further investigation.

The pattern of the EIT splitting can be changed from
Mollow-type triplet to an Autler-Townes-type doublet b
switching the driving field between the two hyperfine tran
tions at 4.8 and 5.2 MHz. This is shown for a single E
feature in Fig. 9. The EIT feature in this instance is partic
larly clear, and was obtained using a different dc magne
field setting, and has a frequency shift of 5.2 MHz from t
coupling field. When the 4.8-MHz hyperfine transition
driven, an Autler-Townes-type doublet is observed@Fig.

FIG. 8. Splitting of the EIT spectrum as given in Fig. 7 by
driving field at 4.8 MHz. The driving field Rabi frequency is 10
kHz. The EIT feature separated from the coupling field by 5.2 M
at 66.9 MHz is split into a doublet~Autler-Townes type!, whereas
the EIT feature separated from the coupling field by 4.8 MHz
67.3 MHz is split into a triplet~Mollow type!.
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9~a!#. When the 5.2-MHz hyperfine transition is driven,
Mollow-type triplet is obtained@Fig. 9~b!#. The central com-
ponent of the triplet in this instance is clearer than that
tained previously in Fig. 8, but the reason for this is n
understood.

In principle the observed spectra can be calculated.
spectral positions of the split EIT features are readily ant
pated, as the splitting and shift are simply related to
dynamic Stark splitting associated with the driven hyperfi
transition. These are confirmed directly from parallel me
surements of the dynamic Stark splitting of the hyperfi
transitions, and there is a good agreement between ex
ment and calculation. The situation regarding the streng
~or depths! of the various EIT features is not so straightfo
ward. For example, in the simplistic three-level atom witho
inhomogeneous broadening the transparency, for a s
ciently strong coupling field, can approach 100%, but this
not the case when there is inhomogeneous broadening
any frequency there will be contributions from various ce
ters, and these contributions can be estimated in the pre
system but will certainly reduce the depth of the transp
ency feature. Furthermore, the present system is a six-l
system rather than three-level system and, thus, there ca
other transitions overlapping the transition of interest. T
pumping cycle will affect the background absorption up
which the EIT is superimposed, and this is another factor t
is hard to reliably model as it requires knowledge of t

z

t
FIG. 9. Splitting of an EIT feature by the application of a dri

ing field at the frequency of a hyperfine transition. The EIT in t
absence of a driving field is given by the dashed trace. The fea
is displaced from the coupling field by 5.2 MHz. The solid lin
gives the resultant EIT spectrum when a driving field is applied
~a! 4.8 MHz or~b! 5.2 MHz. In the text,~a! is described as being o
Autler-Townes type, involving four levels, and~b! is described as
being of Mollow type, involving only three levels.
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relaxation rates. Without such knowledge, modeling of
current EIT splitting, including inhomogeneously broaden
six-level system, is not warranted. As an alternative we h
undertaken a calculation of simpler cases. We consider
mogeneously broadened three- and four-level systems s
lar to the situation considered in Ref.@20#. When the Rabi
frequency of the driving field is strong compared to the h
perfine transition linewidth, but weak compared to the E
linewidth, the calculations give spectra with reasonable c
relation with present observations. When the strength of
driving field or coupling field is large compared to the ES
linewidth, very different patterns are predicted. Howev
such strengths cannot be realized in the current experime
setup, and it would no longer be valid to model the pres
six-level system with three or four levels. As such situatio
have not been achieved experimentally, we prefer to re
the details of these calculations including the more exten
driving configuration in separate papers. In this paper
rely on a semiquantitative analysis using the dressed-s
model.

The calculations and the dressed-state analysis con
that the EIT splitting arises from dynamic Stark effect. T
dynamic Stark effect was originally observed for transitio
associated with real atomic levels, and it is of interest to
that the EIT feature exhibits a similar behavior even thou
.
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the spectral features are associated with quantum inte
ence processes rather than absorption. Our present obs
tions show that the EIT feature can be modified in a sim
way to that of an atomic transition, including splitting an
shifting of the spectral feature. The extra driving field pr
vides a way of manipulating the EIT feature, such as open
a multi-EIT window, frequency tuning the EIT, or changin
the refractive index. Although the present effects are
served in the radio-frequency region of the spectrum,
physics is applicable to any frequency, and there are m
real atomic systems with more than two sublevels. The w
may, therefore, stimulate interest in experiments in opti
frequency region, where the effects hold more promise
technical applications.

IV. SUMMARY

In this paper we studied EIT and its response to a str
driving field using a unique experimental system including
sensitive coherent detection technique and a controlla
energy-level structure. We observed both doublet and tri
splittings of the EIT feature. The splitting is shown to corr
spond very well to the Autler-Townes doublet and Mollo
triplet observed in real atomic transitions and originates fr
the dynamic Stark effect.
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