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Perturbing an electromagnetic induced transparency within an inhomogeneously
broadened transition
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This paper reports on the effect a perturbing field on an electromagnetically induced transparency. The
studies involve inhomogeneously broadened spin transitions of a nitrogen-vacancy color center in diamond and
it is observed that the transparency is unaffected, destroyed or split depending on how the perturbing field is
coupled to the system. The observations are explained in terms of doubly driven inhomogeneously broadened
4-level systems.
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[. INTRODUCTION ground and excited states have electron spiefl. Exci-
tation of the®A— 3E transition causes a preferential popula-

Electromagnetic induced transparen@IT) is a well tion of the spin level§13,14] and this spin polarization is
studied phenomenon and has been the subject of numeroggnsidered to arise as a consequence of decay via a singlet
pub"cations and review artic|¢§_3]_ EIT is relevant to any Igvel although the details of the process have not been estab-
3-level system in a VA, or E geometry, driven by two lished. , o ,
fields and a typical observation is a transparency or reduction '" the present work absorption within the ground spin
in absorption, where the energy differer(cé or A systen multiplet at radio _frequenme_s is obtained using _the Raman
or sum & system of the two fields matches an energy sepa-Néterodyne techniqueLs]. This is a coherent optical tech-
ration within the 3-level system. The transparency occur hlqute which rgqutlr(tes nc_)nzleroltransc;tlon moments lg_etvlveen
through an interference between the absorption pathway itE:a dvvsct)a?émilrr;] e_SsZISC?igIr? rf@io?ntmi/cgg;?;?ndggs'Cﬁotex'
Mo;t of the Interest in EIT is for cases wher_e the fields are ormally satisfy these conditions as spin is a good quantum
optical frequencies, but the phenomenon is general and w

h ous| d ob . f dio f mber and is conserved in the optical transition. Thus, there
ave previously reported observation of EIT at radio fre-y; not pe optical transitions from different spin levels to a

quencies associated with spin levels of a nitrogen-vacancysmmon upper level. However, the selection rules can be
color center in diamong#]. This spin system is also utilized rejaxed by using a magnetic field to mix the spin states and
in the current work because the system exhibits clear Elthjs is achieved by working close to an avoided crossing of
and it is simple to introduce additional electromagnetic fieldshe ground-state spin levels. Then, with the light field reso-
to study how the EIT is affected by a perturbing field. Thenant with the2A—°E optical transition and the rf resonant
perturbing field couples one of the three levels to a fourthwith a spin transition, there will be a stimulated Raman sig-
level. The observations are relevant to other inhomogenal colinear with the transmitted beam, which can be mea-
neously broadened transitions in solids and Doppler broadsured using heterodyne detection. The signal out of phase
ened atomic systems with co-propagating beams. with the applied rf is proportional to the rf absorptigh5]
There are a number of applications for EIT such as gairand provides a measure of the electron-spin transitions. The
without inversion 6], quantum nondemolition measurementssignals are obtained as a beat signal at the frequency of the
[7], ultraslow light propagation8], and efficient nonlinear applied rf field and the responses at one frequency can be
optics[9]. Perturbation of the EIT is of interest as it offers distinguished from that of another. Thus, the spectrum of a

new avenues for controlling these effeft9). weak probe can be obtained even when the system is
strongly driven by other rf fields.

In the trigonal crystal field the electronic ground state of
the nitrogen-vacancy center is split by 2.88 GHz. The M
==+1 levels lie higher in energy and in an axial magnetic

The nitrogen-vacancy center in diamond has been refield of 1028 gauss the M= —1 is lowered §=2.0028) and
ported in previous publicatior(see Ref[4]) and only a brief becomes near degenerate with thes=MD state (Fig. 1).
account is given here. The center can be created in any didhere is hyperfine structure associated with the nuclear spin
mond containing single substitutional nitrogen, tyde by  of the nitrogen, 1, and the associated parameters are:
irradiation and annealing. Irradiation with 1 Mev energy cre-quadrupole splitting parameter= —5.1 MHz and hyperfine
ates carbon vacancies and these are mobile at temperatugmameterA|=2 MHz, and AL =2.1 MHz [5]. The off-
of 800°C and become trapped at the nitrogen sites to createcdiagonal Zeeman interactianB. S and hyperfine interaction
trigonal nitrogen-vacancy complés1]. In crystals with ad-  Al.S have significant effect when the levels approach and
ditional nitrogen the complex becomes negatively chargedause a repulsion of levels. Thus, as a function of axial mag-
with six unbound electrongl2]. The ground state is an or- netic field in the region of 1028 G there is an avoided cross-
bital singletA and gives a strongly allowed transition to an ing of the hyperfine levels as shown in Fig. 1. The experi-
orbital doubletE with an energy of 1.945 e\11]. Both  ments are made with the field close to but not exactly at the

II. SPIN TRANSITIONS IN NITROGEN-VACANCY
CENTER IN DIAMOND
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(i) Energies and transitions
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FIG. 1. Ground-state spin levels of the nitrogen-vacancy center

given as a function of axial magnetic field. (i) Spectrum c b E
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avoided crossing. The order of the levels is altered but the | | | | \\\\ A < AfS
;pectra on the high- andllow—field sidgs qf the ayoid_ed Cross- — Xt
ing are simply reversed in energy as indicated in Fig. 1. The

(iii) Fields

energy levels on the low-energy side of the avoided crossing
are shown in greater detail in Fig(i2 Note the labeling of +

3>

the nuclear hyperfine levels has been corrected from that Probe F 7 SR Y7 %N

given in our previous reports of EI[&]. p |{Ceupling B erturh mﬁ;
The electron-spin transitions are dominated by the three £ ylevel 2> [P 2

transitions conserving nuclear spin of =1, 0. With the l Perturb

mixing of the spin states at the avoided crossing four addi- v . S vie

1>

FIG. 2. (i) Energy levels and transitions used in the experiments.
ypical separation between the three upper and three lower spin

tional transitions involving the IM=0 levels are induced by
off-axis Zeeman and hyperfine interactions. The transition%t
are shown. In ';Ig' @ l:?nld Iabele.dﬁ\fF. Ahschemqt!c of the levels is 40 MHz. The figure also gives the notation for the transi-
spectrum is shown below In FIg._(ID. The transitions ar? tions. (ii) Indication of relative frequency and strength of the spin
clearly not to scale and population factors not taken Nty ansitions. The inhomogeneously broadening in the electron-spin

account. The diagram also indicates the hyperfine transitiongansitions are indicated. The hyperfine transitions are homoge-
and labels thes#&/—Z. The hyperfine transitions are narrow neously broadened. The population factors are not taken into ac-

and essentially homogeneously broadened, whereas thRgunt.(iii) Energy levels used in the study. Thesystem is formed
electron-spin transitions are inhomogeneously broadene@y levels|1)=|0+1), |2)=|0,0), and|3)=|—1,0). The coupling
Figure Ziii) shows the arrangements of levels and fields usegleld drives the|1)—|3) transition and thg2)—|3) is probed. In
later in this study. perturbing the EIT three cases are studied with &t |2), or|3)
Measurements are made at helium temperatures but it ioupled to a forth level as indicated.
not the temperature that determines the population in the spin
levels. At magnetic-fields values well removed from thebehavior above and below crossing. Above crossing the larg-
avoided crossing, the optical excitation causes a transfers @fst populated level will not be the lowest level. However,
population from levels involving M= + 1 spins to those as- even though experiments involve fields above and below the
sociated with the M=0 state and the populations are inde- avoided crossing we present all discussion in terms of the
pendent of nuclear-spin projection. Thus, population is transsituation below the avoided crossing where the majority of
ferred into but not out of the three & 0 hyperfine levels. the population is in the lowest-energy level.
Close to the avoided crossirfgith good alignmentthe hy- In the experimental arrangement thex1xX1 mnt dia-
perfine interaction causes two of the threg=MD hyperfine  mond crystal is cooled to liquid helium temperature within
levels to be mixed with M=—1 hyperfine levels leaving the bore of a superconducting magnet. The magnet applies a
only one hyperfine level, M=0, M,=+1 which is not horizontal dc field of 1000 G along @l11) direction and
mixed and, hence, the only state not depopulated by the oglong the axis of the nitrogen-vacancy center of interest. The
tical pumping. The result is that with continuous optical ex-light propagates along.10) direction at right angles to the
citation the majority of the population is pumped into this field and is vertically polarized. The frequency of the light is
one hyperfine level. Below the avoided crossing this is thén resonance with théA— 3E zero-phonon line at 1.945 eV.
lowest level and, thus, the population is equivalent to thafThe axis of the rf coil is likewise along thegl10) direction
obtained with thermal relaxation at very low temperaturesand at right angles to the center of interest. An rf field from
However, it is important to realize that it is optical pumping a network analyzer is amplified and applied to the ¢fat
that determines the populations and the relaxation rates. Theeak field B;<0.01 G). The resultant beat signal on the
relaxation processes, therefore, are not changed by the ordeansmitted light is detected by a pin diode and applied to the
of the levels and there is a one-to-one correlation of thaénput of a network analyzer. Under these conditions a Raman
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6 — ' ' - ' ' allowed transitionD with the coupling field resonant with a
(i) weakly allowed transitionF [Fig. 2(ii)]. The spectrum is
57 B C D E FE ] significantly different depending on whether the coupling

field is applied or notFig. 3. For example, driving thé&
coupling transition transfers population from theSMQ, M=+1
field ] ground state to the =0, M, =0 level and this results in a
decrease in th& absorption and an increase in theabsorp-
tion. Also in the hyperfine spectrum the strength of the 5.5
MHz (M,=+1—M,;=0) absorption is decreased and the
4.8 MHz (M;=-1—M,=0) transition occurs with gain.
More significantly, however, for the present study is the oc-
currence of the central dip due to EIT in tfe absorption
. . . . . band 5.5 MHz from the frequency of the coupling field. The
6 -4 2 0 2 4 strong field has another effect in that it is resonant with the
Probe frequency shift (MHz) vying of 'ghe inhomogeneogsly _broadenEd transition. The
field again acts as a coupling field and accounts for the weak
EIT in the side of theD transition 4.8 MHz from the fre-

Absorption (arbitrary units)

5.5 <

3 | (i) 5.3y  Hyperfine. quency of the coupling fiel@Fig. 3.
4.8 Parameters associated with this EIT can be obtained from
ol 3.3 ¢ 6.7 | the spectrum and from independent measurements. For ex-
i/ ample, the inhomogeneous linewid(h MHz) of the spin

transitionsF andD, are obtained directly from the spectrum

in Fig. 3(i), whereas the homogeneous linewidth can be in-
ferred from the decay of two pulse spin echoes. Echoes have
been reported in a previous study and they give a homoge-

Absorption (arbitrary units)

with coupling neous linewidth of 60 kHZ4]. The linewidth is reasonably
al ‘ , field F applied independent of the magnetic field and this value is valid here.
3 4 5 6 7 The diagonal relaxation rates have been obtained from spin

recovery and are of the order of 30 kHA6]. The param-
eters of the hyperfine transition, Y, are also required and
FIG. 3. (i) Electron-spin absorption spectrum obtained by Ra_these are I'keW'S_e de’germlned from R_aman heterodyne mea-
man heterodyne detection. Obtained for a field of 1018 G a“gned;ureme_nts._ The__llneWIdth can be obtained from Fhe spectrum
along the(111) direction and the origin is at 40 MHz. For the SNOWN in Fig. 8ii). It has a value of 10 kHz. In this case the
dashed trace there are no driving fields present whereas for the soffi€Wwidth does depend on the setting of the dc magnetic field
line a field is applied at a frequency of 3.3 MHi) The hyperfine and the values are very different from those reported previ-

absorption spectrum taken under the same conditiofig asth and ously for_ alternatiye values of magnet.ic fild]. However,
without coupling field. the previous studies showed that the inhomogeneous broad-

ening was only a few kHz, and the small inhomogeneous
) ) ) ) broadening will be neglected in this work. The hyperfine
heterodyne signal in the range 0—-100 MHz is obtained anglfetimes are long(secondsand are not critical for the cal-

the signal used to further improve the experimental condizylations.

tions. For example, the alignment of the crystal can be im-  The strengths of fields driving an allowed transitigiar
proved by minimizing the frequency for a fixed dc magneticexample,D) can be determined from the frequency of nuta-
field. Also the dc field may be subsequently varied to adjustion obtained when gating on a resonant rf field. The Rabi
the separation of the spin levels. A spectrum with the sepafrequency is determined for one rf power value and other
ration of the spin levels adjusted to 40 MHz is shown as avalues obtained by scaling. Establishing the strength of the
dashed line in Fig. @). There are three allowed transitions, fields driving the weaker transitions such sould not be

C, D, andE and theE transition dominates the spectrum due determined in this way. However, the transitions have an
to the majority of the population being in the one hyperfineabsorption~0.17 of an allowed transitiote.g.,F compared
level. A weaker transitionE also originates from the popu- With E) and assuming the Rabi frequencies scale it enables
lated level and is clearly observed. The hyperfine transitioné!s to establish the Rabi frequency from knowledge of driving

can be measured under the same condition and is shown & allowed transition. This is not entirely satisfactory and
the upper trace in Fig.(B). some uncertainty could result. Throughout the values have

not been determined with high accuracy but it will be shown

that they are sufficient to establish the origin of the observed
lll. ELECTROMAGNETICALLY INDUCED phenomenon.

TRANSPARENCY IN THE ELECTRON SPIN TRANSITION

Probe frequency (MHz)

IV. CALCULATION OF ELECTROMAGNETIC INDUCED

EIT involves three levels and the phenomenon can be TRANSPARENCY

illustrated using(almos} any three of the six levels in Fig.
2(i). Without loss of generality the study is restricted to one  With the knowledge of the parameters of the system, the
EIT example, and for the example we chose to probe th&IT in an inhomogeneous line can be calculated by solving
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the density matrix equations. The EIT normally involves two levels  fields population decay  dephasing
fields and 3-levels but as there is an intention of introducing -
another field and another level the equations are given for the Aoup £ Pprove
4-level case: 13> l Yaa o,
i |4 Boer K - . o A
P11= V14024t V13033t V12020~ 1 Qcoup( P31~ P13), 2
. - r 4
P22= Y2apaat V2aP33~ V12P22 V21011~ 1 probel P32~ P23). et 38'27 K7 1 oW
: =O,8'Y =
P33= ~ Y34P33~ Y13P33~ V23033 | Qcoup(Psl— P13 Q 1 Y| 3y r; -
. oup =0.8y] _422 =T 2
_lﬂprobe(p32_ p23), |- =0.2y -r
Q 1
. ‘probe 1 b
Pas= — YoaPas— V1aPaat V3ap33t 1 Qperd p2a— pa2), ’
[2> l ” ; S
. . . . . 21 21
p12= — (F12+ 1812 =1 Qcoupp23— 1 Qpropep 13~ 1 Qpertpars v v =l =Ty

p1a=—(T1a+iA1a)pia— i1 Qcoup P11~ P33 —1QprobePi2,
p14=— (14t 1A10) =1 Qperp12— 1 QeoupPazs

p23= — (L3t iAgg)pos—i Qprobe(Pzz_ P33 Qpertp43
- choupPZlv

p24= — (D24t 1820 p2a= 1Qperd( p2o— pas) —1Q perp3za,

|1> A y

y=60kHz, T'=60kHz, I, =10 kHz
FIG. 4. Notation and parameter values used in the 4-level cal-
culation, where an EIT is perturbed by an additional field. The
arrows on the right indicate the three fields; coupling, perturbing,
and probe. The Rabi frequencies are denotedbywnd the detun-
ings by A, . Values of the relaxations are given at the bottom.

sponding to different centers within the inhomogeneous dis-

tribution and such results are shown in Fig. 5. The spectrum
associated with individual homogeneous lines are displaced
for clarity and these are addédssuming a Gaussian distri-
bution in strengthto give the absorption of an inhomoge-
neous distribution. For this calculation the strength of the
coupling field is taken to bé),,,=70 kHz and with the
above parameters gives minor broadening from the hyperfine
limit of 10 kHz to 15 kHz. The depth of the transparency is
60%. The situation is considered to be in good correspon-
) o dence with experiment although a 60% depth is obtained
7ij are the population decay rates from levelito jdhd  with a marginally lower Rabi frequency of 60 kHz and the
are the dephaSing rates of the transition between levels i aqﬁaccuracy iS probab|y due to imprecise parameters'
j- The Rabi frequency and detunings of the probe, coupling
and perturbing field are denoted b¥), pe;Aprobes
QecouprAcoups aNd Qperi,Apert, respectively. To calculate
the 3-level case we set,=0 andyz,=0.

As discussed above, the parameters have been measuredThe interest of the current study is to investigate how EIT
under similar but not identical conditions and the measure(involving three levels and two fielfiss affected by a further
ments are used to provide an estimate of the values for thelectromagnetic fieldgiving four levels and three fielgls
calculation. Some of the rates will have similar values andThree situations will be considered and are distinguished by
are taken as equal. For example, the electron-spin populatiomhich of the three leveld,l), |2), or |3) is perturbed see
decay is taken to be 60 kHz for all the hyperfine component§ig. 2(iii)]. Note in each case the additional field is resonant
and a uniform branching ratio of 4:1 is taken for the nomi-with an inhomogeneously broadened transition. For each
nally allowed to nominally forbidden hyperfine transitions. case the approach is to first give a qualitative discussion of
The population transfer between hyperfine levels is long anthe situation. It is assessed whether the effect of introducing
estimated at 1 Hz although the precise value is not criticala particular perturbing field can be anticipated. The experi-
The dephasing rates of the electron spin transitions are takenental results are then given and if they match prediction
to be 60 kHz, independent of hyperfine component and theecided whether there is benefit of detailed modeling. Con-
dephasing rate of the hyperfine transitions are estimated at Iusions are drawn before proceeding to consider an alterna-
kHz. These are summarized in Fig. 4. tive perturbing field.

The equations are solved fah; as a function of probe The first case to be considered is, where the additional
detuning to first order i), and the imaginary part gives field couples the shared levid) to a fourth level, denoted
the absorption spectrum of a weak probe field. The calculal4;) [Fig. Zii)]. In this geometry the perturbing field has
tion is repeated for various transition frequencies correeffects on the shared level but there is no first-order effect on

p3s= — (F3ati1A30)p34— 1Qperp3o— 1 Qpropepaz
- choupp4lv
where
A= Acoup_ Aprobev A= Acoup_ Apert

- Aprobe and Ag,= Apert_ Aprobe-

V. PERTURBATION OF ELECTROMAGNETICALLY
INDUCED TRANSPARENCY: SHARED LEVEL, |3)
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FIG. 5. EIT calculated for an inhomogeneously broadened Fi A seri ‘ howing the eff EIT

3-level system. The parameters of the system are given in the text. G. 6.h sen?slg,measut:emhenlts S I0W|ng the effect (I)'n an q

The lower traces show the response of individual homogeneousl ature, where a fielé "~ perturbs the level common to coupling an

broadened components for a driving field with a Rabi frequency o robe fields as shown in the insert. The uppermost trace indicates

70 kHz. The upper trace gives the sum assuming a Gaussian distf?¢ SPectrum of a probe beam swept in frequency througfDthe
bution with a linewidth of 1 MHz. transition when only the coupling fiel# is applied. The second

trace shows the response when only the perturbing Féldés ap-

L L . . plied. In the lower traces both of the above driving fields are present
the narrow{1)—|2) transition. As a consequence it is antici- P . . o .
pated that the sharp EIT associated with coupling and prob%nd the separate traces are obtained with the coupling field shifted

. . . . . f its of 25 kH indicated.
fields will be still be observed. The difference is, however,In requency units o Z as Indicate

that the perturbing field can act also as a coupling field for a ) _
different 3-level system. Some of the levels and fields arshow that the presence of this second EIT has little effect on

coincident with those of the initial 3-level system and thelh€ initial EIT (Fig. 6). The two upper traces in Fig. 6 give
same transition is probed. Consequently it is predicted thdf'€ transparencies for the coupling and perturbing field ap-

there will be two independent EIT features in the probedp”ed independently whereas in the lower traces both driving

transition. Two transparencies within an absorption is consisi€/dS are present. The frequency of the coupling field is var-

tent with three separate absorptions as obtained in a previodd from trace to trace and changes the position of one of the
publication involving a doubly driven 3-level system probed EIT features. With both fields present the transparencies are

to a fourth level[17]. When inhomogeneous broadening is SMPIY superimposed with some minor broadening and some
included the situation is not fundamentally changed and twg€duction in depth when the transparencies coincide. The
EIT features will be present. Thus, from preliminary consid-Proadening is due o off resonant pumping, i.e., perturbing
erations it is concluded that the initial EIT will not be sig- field, ideally drivingF’, also drivingF and vice versa.
nificantly modified by the introduction of the second driving . 't 1S concluded that for this geometry the observations are
field i.e., there will be two EIT features and the two will not IN general agreement with the prediction in that the second
interfere in first order. field has little effect on the initial EIT. The phenomenon is
The experimental observation of this situation is shown inhot co_nsidered to be of sufficient novelty to merit detailed
Fig. 6. The levels involved are shown in the insert. The pri-modeling.
mary EIT considered is the same as that shown in Fig. 3. A

probe field is swept through th@ transition with the cou- VI. PERTURBATION OF ELECTROMAGNETICALLY

pling field applied to t.heF .tran.sition 55 MI—_|z higher in INDUCED TRANSPARENCY: COUPLING LEVEL, |1)
frequency. The perturbing field is resonant with fetran-

sition 4.8 MHz higher in frequency. It can be seen that the The second case considered is where I¢glis coupled
effect of the perturbing field is to introduce a second ElTto a fourth level|4,) [see Fig. ii)]. Rather than consider-
near the peak of th® absorption. The experiments also ing the perturbation of an EIT this geometry is better consid-
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13> c")up"ngl_; brov, and Rostovt;eMg] found that for counter propagating
25 lprobel \ c A |4,> Q.. = 60 kHz. beams the three line spectrum of the doubly driven system
E ° were positioned symmetrically about zero frequency for each
velocity group. As a consequence in this geometry a minima
Q=110 kHz is obtained on either side of a central absorption and an ap-
el ] parent splitting of the EIT. For copropagating beams the dif-
80 ferent velocity groups give a shift in frequency of the three
M lined spectrum for the doubly driven system and correspond-
A ) ingly no distinctive spectral feature was obtained in the ex-
30 periment. This latter case is similar to the situation in a solid
and no transparency is obtained with perturbing field applied.
We have also reported the situation whgte) is another
Perturb E ™| hyperfine level of the ground spin levig2Q]. In contrast to
the present situation thd)—|4,) transition is both narrow
and near homogeneous. With no inhomogenous broadening

- N
) o

Absorption (arbitrary units)
P

0.5 in the driven transition the frequency of the features of the
contributing centers coincide and, hence, will also occur in
the inhomogeneously broadeng}—|3) probed transition.

0.0 Thus, when the perturbing field drives the hyperfine transi-

200 -100 0 100 200 tion the EIT is split without any significant increase in line-
width [4]. This case provides an excellent example of a
double dark resonance proposed for atomic sys{diis

FIG. 7. A series of measurements showing how an EIT feature is

effected by a fieldE perturbing the coupling level. The levels and
fields are indicated in the insert. The lowest trace gives the spec- VII. PERTURBATION OF ELECTROMAGNETICALLY

trum when only the coupling field is applied. For the other traces INDUCED TRANSPARENCY: PROBE LEVEL, [2)

the perturbing field is applied simultaneously and its strength is The rest of the paper is concerned with the third case,
indicated on the right. where the fields are as indicated on the right in Figii 2
The perturbing field couples the “probe” level to a fourth

ered as a doubly driven system probed to a fourth level. Aevel denoted4,). The perturbing field can again acts as a
situation considered previouslyl7]. For example, levels “coupling” field and a sharp transparency might be ex-
[1), |3), and|4,) give a 3-level system with two strong pected. However, such a transparency is not the dominant
driving fields and this is monitored by probing to leya). feature. The dominant feature is a broad spectral hole and the
From this previous work it can be predicted that the fieldspresence of the hole has a surprisingly large effect on the
will give rise to a splitting into a three line pattern. However, characteristics of the spectrum. Thus, our preliminary con-
inhomogeneous broadening has the effect of varying the fresideration in this case does not anticipate our observations
quency of the three lines associated with the contributingand will not be given in any detail.
centers such that there will be no structure when the contri- Experimentally the EIT is created as in all previous cases
butions are summed. Based on the above considerations itly applying a coupling field resonant with the weakly al-
predicted that the perturbing field will lead to a loss of thelowed F transition and observed by probing tBetransition
transparency. (insert in Figs. 8 and 9 In this case the perturbing field is

The experimental results are shown in Fig. 7. The EIT isapplied resonant with a second weakly allowed transiBon
obtained as previously by sweeping through the inhomgedisplaced 3.3 MHz to lower energy of tietransition. What
neously broadeneD transition with a coupling field applied occurs is well illustrated by the spectrum shown in Fig. 3.
near the peak of the weakertransition 5.5 MHz higher in  The coupling field gives rise to the EIT D but also gives a
frequency. The perturbing field is resonant with th&ransi-  broad transparency feature i The broad feature is a spec-
tion. When the perturbing field is increased from a Rabi fre-tral hole. A new field or perturbing field applied ® gives
quency of 0 kHz to 110 kHz the EIT is broadened and thethe reverse. It gives a broad transparency, spectral hole,
depth is reduced. The small shift in the average frequency ofithin the D transition and a sharp EIT within the inhomo-
the EIT is due to the pertubing field, ideally driviri§y also  geneously broadendd transition. When both fields are ap-
driving bothF andD off resonance. The major effect of the plied holes and EIT overlap and what we are interested in is
perturbing field is the loss of the EIT consistent with thethe behavior of the interaction of the broad hole and the
description given above. The effect is again not of sufficientharrow EIT.
interest to merit a presentation of a detailed analysis. The results of a series of studies are shown in Figs. 8 and

A similar arrangement of fields has been studied by Echa9. For Figs. &) and 8ii) the coupling field is tuned to the
niz et al. [18] for a homogeneously broadened Rb systenmpeak of theF transition and the perturbing field to the peak
and by Ye, Zibrov, and Rostovts¢¥9] for a Doppler broad- of theB transition and this gives a EIT and hole coincident at
ened Rb atomic system. Echarét al. observed the pre- the peak of thé transition. For Fig. 8) the coupling field is
dicted three level pattern. With Doppler broadening Ye, Zi-fixed in frequency and strengti{)¢,,,= 60 kHz), whereas

Probe frequency shift (kHz)
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FIG. 8. A series of measurements showing the effect on an EIT |G, 10. Calculation of EIT in an inhomogeneous 3-level
feature where a field perturbs the probe level. The levels and field§ystem as for Fig. 5 except some contributions are eliminatgd.
used are shown in the insert. () the coupling field is fixed in  The top trace is equivalent to that given in Fig. 5. In the lower
frequency and strength. The perturbing field is adjusted in fretraces the central components within the inhomogeneous line are
quency to give a hole coincident with the EIT and the strength isexcluded in the sum and the range excluded is indicted on the right.
varied between 0 and 150 kHz as indicated (il the perturbing (jj) Contributions of centers with resonant frequencies within 100
field is fixed in frequency and strength whereas the strength of th@Hz of zero detuning are eliminated from the calculation of EIT in

coupling field is varied. One trace, witkl., ;=60 kHz, and  an inhomogeneously broadened line. The strength of the coupling
Qper=20 kHz, is common and also given in Fig. 9. field is indicated.

the strength of the perturbing field is varied from top trace three line transparency whereas if the perturbing field is
with a strength of),¢,,=0 kHz to bottom trace wit),.;;  strong it leads to a broad spectral hole with one or two ab-
=150 kHz. The alternate driving field is varied in Fidii8  sorption features at the center of the hole. Figure 9 gives the
the perturbing field is fixed & ,¢=20 kHz and the cou- sjtuation when the frequency of the coupling field driving the

pling field varied from{Qcq,,=0 to {¢,,,=80 kHz. Cou-  F transition is varied and the EIT and hole do not coincide.

pling and perturbing fields of similar magnitude lead to aThere is again a three line transparency although no longer
symmetric. There is the impression of the hole not being

affected and the EIT split into a doublet. The analysis of the

observed spectrum is given below.

14

Coupling F, ©,,, = 60 kHz 3>
Perturb B, Qpen =20kHz )|\ 143

121 Agy=
-250 kHz proge

VIIl. PERTURBING AN EIT IN AN INHOMOGENEOUSLY
BROADENED LINE: CALCULATION

-
o

/\f\/‘\\ The interaction of the EIT and spectral hole in Figs. 8 and
9 can be understood in terms of a regular EIT in an inhomo-
geneous line with some of the components in the inhomoge-

" -100 : neous distribution no longer contributing to the spectrum.
This is described in some detail. In Fig. 5, with all the lower

0 traces contributing, a regular single transparency is obtained.

o’ ] If some of the centers do not contribute the line shape will be

100 changed. For example, if the single resonant component
(A.=0) comprising of an Autler-Townes absorption doublet,

-]

Absorption (arbitrary units)

4 . . .
does not contribute there will be two new transparencies on
200 either side of the central EIT. This is shown as the second top
of trace in Fig. 10. The three line structure becomes more pro-
nounced when further centers symmetric about zero detuning
are eliminated. This is the procedure followed in Fig. 10 and
0 it can be seen that the resultant spectrum gives precisely the

-400  -200 0 200 400 trend observed in the experimental traces of Fig. 8. Similarly
if contributions from detuned centers are eliminated as done
in Fig. 11 one can obtain correspondence with Fig. 9.

FIG. 9. Equivalent situation to Fig. 8 except the coupling fre-  The above modeling of this hole burning effect where the
quency is varied in frequency as indicated. The zero detuning specontribution of centers are either left unchanged or totally
trum is common to Fig. 8. eliminated gives a surprisingly good agreement with experi-

Probe frequency shift (kHz)
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.
-
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200 400 200 0 200 400 200 0 200 400 600

/\I/\ Probe frequency shift (kHz) Probe frequency shift (kHz)
300

FIG. 12. Calculation of the spectrum of a 4-level system with
two driving fields probed by a weak field. The levels and fields are
as indicated in Fig. 4 and correspond to that obtained with EIT in a
3-level A system plus the probe level coupled to a fourth level. An
EIT can be identified with one driving field and a hole with the
second driving field. I(i) the EIT and hole are coincident whereas
in (ii) the frequency of the field inducing the EIT is detuned by 100
) kHz. The lower traces in each case give the spectrum of homoge-
Probe frequency shift (kHz) neous components whereas the upper trace gives the resultant inho-

. . . mogeneously broadened spectrum. The spectrum is obtained with
FIG. 11. Calculation of EIT in an inhomogeneous 3-level coup= 70 kHz andQ = 25 kHz.

system as in previous Fig. 10. Contributions from a central 100 kHz

bandl_of i‘?”lger_s Zfe excolluded_ fcriqm tk:je S”’R' :]'he Lrequen_cy IOfEtlh ling and perturbing field. For example, in Fig. 13 a resonant

coupling field is detuned as indicated such that the nominal : : ;

featEre%s displaced from zero. coupling field of strengti)c,,,=70 kH; is _held_ constant
and the strength of a resonant perturbing field is varied be-
tween() =0 and 70 kHz. The overall trend is similar to

ment. It is interesting to see if agreement can be obtained ithe previous calculation and the equivalent experimental

a more realistic calculation. variation in Fig. &i). The result of the calculation when the

The more formal treatment of the perturbation of an ElTpositions of the EIT and hole do not coincide is shown in
involves four levels, two driving fields and a weak probe Fig. 14.
field. The density equations of motion in the rotating wave

Absorption (arbitrary units)

00ls
2

-1.0 2 L L L
-400 =200 0 200 400

approximation for the 4-level system shown in Fidiii2 5 alovel calouiation 5

have been given above and these are solved for various va (i) Vary perturb field (ii) Vary coupling field

ues Ochouplﬂpert:A_coupv and.Apen. The parameters_, of = 4 | Qooup=TOKHZ Dy OHZ Lo o0k 0,0, =20KHZ | 4

the system are as given previously but are summarized irg %

Fig. 4. 3 /\/\
9 ) N - £, 20 Il o s
The equations are solved for individual centers within the £ /\/\/\

b

L]

inhomogeneous distribution and the results are shown in Figz
12. Allowing for a Gaussian distribution the responses are§ ,
added to give the predicted spectrum for an inhomogeneou:g
line. The example in Fig. 12 is given for coupling field Rabi §
frequency ofQ,,,=70 kHz and perturbing field Rabi fre-

m
m 2
80
/M/\/\1
quency of€) e =20 kHz. In Fig. 12i) the EIT and hole are
coincident whereas in Fig. 1iP) the EIT and hole are de- 0

tuned by 100 kHz. The resultant inhomogeneous line gives ¢ ~ -#%¢ 200 0 200 ~ 400 -0 -200 0 200 400
three line transparency similar to that obtained in the previ- Probe frequency shift (kHz) Probe frequency shift (kHz)

ous over-simplified calculation. It is also confirmed in this  £,5 13 The calculation of the spectrum of an inhomogeneous
more complete calculation that the perturbing field indeed,gadened 4-level system driven by two fields and probed by a
has little effect on most of the homogeneous componentgeak-field following approach shown in Fig. 12. The spectra can be
(compare Fig. 5 and Fig. 10The resultant three line trans- compared with experimental traces in Fig. 8.(inthe inhomoge-
parency arises from the decrease in the contribution from thgeous spectrum is shown for a fixed coupling fie; oup
centers near resonan@ssociated with spectral holend the =70 kHz whereas the strength of the perturbing field is varied as
more dominant contribution from off-resonance centers. indicated. In(ii) the perturbing field is fixed & .= 20 kHz and
The procedure is repeated for different strengths of coueoupling field is varied as indicated.

1
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1.0 — v v T 3-level casgcompare Fig. 5 and Fig. 12In short there are
4-level calculation: vary detuning differences in the calculation for 3- and 4-level systems but
-300=A_ the inhomogeneous spectra is totally dominated by off-

resonant centers for which the spectra are almost the same.

The agreement with experiment is only moderate in the
case when there is a detuning between the frequency of the
hole and that of the EIT. For example, the results of the
4-level calculation given in Fig. 14 are in poor correspon-
dence with the experimental traces in Fig. 9. The 3-level
calculation is more satisfactory. The reason for the poorer
correspondence in the case of the 4-level calculaftog. 14
compared with Fig. Pis not well understood. It could be that
there is a loss of population to other spin levels and the
closed 4-level model will not allow for this effect. A reduced
200 contribution is precisely the approach in the 3-level calcula-
tion and would account for better agreement.

With strong perturbing fields there is a small but signifi-
cant difference between the spectrum obtained for the 4-level
and 3-level calculations near zero detun[ihmwvest trace in
Fig. 10 and Fig. 18)]. One absorption in the 4-level calcu-
lation and two in the 3-level case. The features arise from an
induced absorption associated with positively and negatively
detuned centers. The peaks are displaced from the minimum
1.0 Lo ) ) ) absorption(see Fig. 6 of Ref[1]) and, hence, the induced

-400 -200 0 200 400 absorption peaks are on either side of zero detuning. This
displacement can be interpreted in terms of “light shift.”
However, any equivalent light shift associated with the per-

FIG. 14. Calculation of the spectrum of an inhomogeneouslyturbing field is neglected in the 3-level calculation but in-
broadened 4-level system driven by two fields and probed by &luded in the 4-level calculation. When included the shifts
weak-field corresponding to the experimental situation in Fiig).9 are in the opposite sense and when the two fields are equiva-

-200
0.5

-100

0.0

Vi

100

Absorption (arbitrary units)

W)

300

3

Probe frequency shift (kHz)

The coupling field Q¢o,,=70 kHz and perturbing field,.,,  lent(occurring as the parameters are similar when the fields
=40 kHz are fixed in strength but the frequency of the couplingare near equakthe peaks coincide to give a single line. The
field is varied in steps of 100 kHz. single feature with a linewidth of 33 kHz is predicted in

rough correspondence with the experimental value of 22
kHz. The inaccuracy in the linewidth and gain rather than
Both the simplified 3-level and 4-level calculations ac-absorption is presumably due to approximations made in
count for the major trends in the experimental spectra. Foghoosing the parameters. The significance is that the more
example, for the case where the EIT and hole are coinciderppropriate 4-level calculation correctly predicts the single
Fig. 10 and Fig. 13 should be compared with Fig. 8 and forsharp absorption at zero detuning observed in the experimen-
the detuned case Fig. 11 and Fig. 14 with Fig. 9. The comtal trace Fig. ).
parison is mainly qualitative but the agreements are reason- Another feature worth noting is the rectangular nature of
able. the spectral hole. A rectangular hole is obtained in the case of
There are only minor differences between the results osaturating a 2-level system when @pproaches [21] and
the 3- and 4-level calculations and the reason for the simithis is the case here. The relaxation is determined by the
larity is worth considering. A strong driving field can cer- optical pumping cycle and we have reporteg=0.4 T, for
tainly split a probed transition with a shared level. In thea similar experimental situatiri6]. The rectangular nature
3-level case this is seen as an Autler-Townes splitting in thef the hole is only weakly susceptible to the precisgTh
resonant case with=0 in Fig. 5. When a strong driving ratio and we have chosen¥T;.
field is added to a fourth level from a dressed state analysis The experiments give the first observation of perturbed
four lines can be expected in the spectrum and is shown fdelT in a solid state system and the main aim of the study has
the resonant case in Fig. 12. Therefore, as two lines are ebeen to identify the physical origin of the changes to the EIT
pected for the 3-level system and four for the 4-level systenfeatures. For this it is satisfactory to use fairly generalized
clearly the difference are substantial. However, in the 3-leveparameters. For example, we have used only one electron-
case the resonant trace is not included in the calculation dpin dephasing of 60 kHz and one for hyperfine dephasing of
the perturbed inhomogeneous line and in the 4-level case the) kHz. The results of the calculations will indicate the
four peaked structure is weak and makes little contributionirends of a perturbed spectrum and these are in general
For off-resonance fields the situation is different. For aagreement with the observations. Better agreement might be
4-level calculation there are still four features but two of theobtained if we established the parameters under the precise
features become weak and the spectra approaches that of tperimental conditions. However, it should be realized that

IX. DISCUSSION
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the models are very much simpler than the real systenof the perturbing field is to cause spectral hole burning and
There are in fact nine spin leve(Big. 1), or twenty seven if the hole “interferes” with the EIT. Some centers within the
we included the optical levels, and this is being approximaténhomogeneous line no longer contribute and the result is a
by 4 levels. It is not, therefore, clear that more precise pacomplex spectrum but readily interpreted when allowing for
rameters within models used will be more satisfactory. Théhe reduced contributions. It should also be realized that

present correspondence is certainly adequate to firmly estagimilar line shapes could_arise in other §ituation§ in solids.
lish the origin of the spectral variation. For example, should strain produce an irregular inhomoge-

neous line shape the EIT in a nonsymmetric line will give an
irregular EIT line shape. Depending on the strain distribution
the EIT feature will be distorted or split. It follows the EIT

In summary, we have investigated how EIT in/ line shape in Gaussian and Lorenzian lines will be different.
scheme is affected by an additional electromagnetic field. The present studies are of spin levels in a solid at radio
There are three cases depending on which of the three leveflequencies but the system has many characteristics of an
in the A system is affected by the extra field. The experimen-optical system. For example, accepting the difference in
tal measurements are for an inhomogeneously broadenestale, there are inhomogeneously broadened transitions be-
transitions and for two of the three cases the inhomogeneouween well separated electron-spin levels. These are analo-
broadening is an important factor. The case where the extrgous to optical transitions. The spin transitions have resolved
field perturbs the shared level, the inhomogeneous broadestructure associated with the hyperfine levels analogous to
ing is not an issue and in effect the spectrum is the same aptical transitions to the different levels of a multiplet. Also
for a homogeneously broadened system. In fact the perturtwhat makes this electron-spin system unique is that the
ing field does not affect the EIT in first order. However, in population is predominantly in the lowest level and this is
the other two cases the EIT is affected and the inhomogesimilar to an optical system at low temperatures. There are,
neous broadening totally changes the response compargterefore, many parallels with optical systems and the
with that expected for a homogeneously broadened systerpresent studies will be useful in anticipating worthwhile ex-
For example, when the coupling level is effected in a homo-periments at optical frequencies where the sources are not so
geneously broadened case a three line absorption is expecteghdily available. Perturbation of EIT at optical frequencies
but the EIT is lost when the system is inhomogeneous broadn solids have not been reported but the present observation
ened. will help in the planning of such experiments. The situation

The last case is much more interesting and has been ttaf gases is also not substantially different and the observa-
focus for much of the paper. This is where the new fieldtion will provide guidance to the effects obtainable with
directly affects the probed level of the system. The effect Doppler broaden atomic transitions.

X. CONCLUSIONS
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