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This paper reports on experimental investigations of absorption, dispersion, and amplitude profiles of
the Autler-Townes doublet in a V-shaped three-level system where the probe field intensities varied from
weak to strong. The experiments were carried out on the ground-state hyperfine transitions of the
nitrogen-vacancy color center in diamond using the Raman heterodyne technique, a sensitive optically
detected magnetic resonance technique. A strong pump field is on resonance with the I,=[0) =|1)
transition at 4.7 MHz and the resultant Autler-Townes profiles are probed with a separate field scanning
through the I,=|0) = | —1) transition at 5.4 MHz. As the probe power increases the absorptive profile
of the Autler-Townes doublet becomes saturated and power broadened and the two components overlap
constructively. In contrast, the inner parts of the two dispersive doublet components interfere destruc-
tively due to a 7 phase difference. The amplitude profile has an anomalous line shape at high probe in-
tensity due to the different saturation behaviors of the absorptive and dispersive components. The exper-
imental profiles are in good agreement with theoretical profiles calculated by solving the equation of

FEBRUARY 1995

motion of the density matrix under the steady-state limit.

PACS number(s): 42.50.Hz, 42.62.Fi, 32.80.Bx, 32.30.Dx

I. INTRODUCTION

Previously, we have reported experimental investiga-
tions of the absorption and dispersion responses of a
strongly driven two-level system when probed by a weak
[1] and a strong [2] field in a nuclear magnetic resonance
(NMR) transition. The levels are two out of the three
hyperfine levels associated with a nuclear spin of I =1
within the * 4 ground state of the nitrogen-vacancy (N-¥)
center in diamond (see Fig. 1). Both the pump and the
probe field interact with the I,=|0) = |—1) transition
at 5.4 MHz. This nuclear spin system has also previously
been the subject of a separate study where all the three
levels are involved; one transition (the I,=[0)=|1)
transition at 4.7 MHz) was driven by a strong field and a
second transition (the I,=|0) = |—1) transition at 5.4
MHz) was probed by a weak field [3]. For completeness,
in this work, the study of this three-level system is ex-
tended to the situation where the probe field is also
strong. This study is worthwhile in that it reports ab-
sorption and dispersion measurements of a three-level
system interacting with two electromagnetic fields where
both pump and probe fields are strong.

The splitting of a level by a strong driving field, known
as the dynamic (ac) Stark splitting or Autler-Townes
effect [4], is the manifestation of the interaction of mono-
chromatic electromagnetic fields with matter and has
been studied by many researchers [1-25] both theoreti-
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cally and experimentally. Such experimental studies pro-
vide important and fundamental information about the
nature of radiation-matter interactions and can be com-
pared directly with theoretical calculations. However, in
most earlier studies including our own [3], the situations
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FIG. 1. Schematic of energy levels of the hyperfine structures
within the * 4 ground state of the N-¥ center for an axial mag-
netic field. (a) Energy-level splitting of the > 4 ground state in a
static magnetic field applied along the [111] axis; anticrossing
occurs at 0.1028 T. (b) The hyperfine splitting at magnetic field
slightly larger than 0.1028 T. (c) A V-shaped three-level system
interacting with two rf fields.
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are restricted to the weak probe field limit [3-11,13-16]
where the power of the probe field is kept sufficiently low
that the interaction is linear and need only be treated to
first order. For the strong probe field case where the
probe field interaction is nonlinear, we are aware of only
two reported investigations [12,17]. Gray and Stroud
[12] reported the first observation of the power
broadened Autler-Townes profiles with a sodium atomic
beam as the three-level system. More recently Fisk,
Bachor, and Sandeman [17] presented a systematic inves-
tigation of power broadened Autler-Townes profiles in a
barium atomic beam. The sodium or barium atoms sys-
tems are interesting systems, but are not simple three-
level systems due to hyperfine structure and the presence
of isotopes. In both experiments the profiles are obtained
by monitoring the fluorescence induced by the probe
field, which is directly related to the diagonal term of the
density matrix or the population of the fluorescent level
[12,17]. The present work is different in that the off-
diagonal term of the density matrix can be measured, giv-
ing the absorption and dispersion response profiles.

II. NITROGEN-VACANCY CENTER

This paper reports the experimental investigations of
the absorption, dispersion, and amplitude profiles of a
NMR three-level system interacting with two mono-
chromatic electromagnetic fields. A strong rf pump field
o, is held fixed on resonance with the transition
[1)=12) and a rf probe field w, probes the transition
between |1) = |3) (Fig. 2). The pump field intensity is
strong and kept fixed while the probe field intensity is
varied from weak to strong.

The experiments involve NMR transitions in the 34
electronic spin triplet ground state of the N-V center in
diamond and the NMR transitions are detected by the
Raman heterodyne method [26-28], a sensitive coherent
optically detected magnetic resonance technique. The
N-V center consists of a substitutional nitrogen atom ac-
companied by a carbon vacancy at a nearest-neighbor site
[29,30]. The defect has a C3, symmetry with the C; axis
lying along the nitrogen-vacancy pair, which is the crys-
tallographic [111] direction. There are four orientations
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FIG. 2. Three-level system interacting with the two mono-
chromatic applied fields. The strong pump field has frequency
,, detuning A, =w,;—w,;, and Rabi iutensity y;. The probe
field has frequency w,, detuning A,=w;, —®,, and Rabi intensi-
ty X2-

of trigonal centers in the cubic lattice. At zero field the
34 ground state is split by the crystal-field interaction
into an electronic spin double S,=|+1) and an electron-
ic spin singlet S,=|0) separated by 2.88 GHz [30-32].
When a static magnetic field is applied along the [111]
direction, the magnetic field is axial for one orientation of
the N-V centers whose C; axes lie along the [111] direc-
tion and only these aligned N-V centers are considered in
this study. The magnetic field splits the S,=|+1) elec-
tronic spin doublet. At a field of 0.1028 T the S,=[0)
and the S,= |—1) levels anticross. The experiments
were carried out with a magnetic field applied along the
[111] direction close to level anticrossing region. The
typical static magnetic field value used in experiments
was ~0.1050 T. The hyperfine interaction is associated
with the nitrogen nuclear spin /=1 and the specific
NMR transitions studied are those associated with the
S,=10) electronic spin level. The energy levels and the
optical and magnetic transitions involved in the experi-
ments are shown in Fig. 1. The pump field was held fixed
at the frequency of the I,=|0) = |1) 4.7-MHz transi-
tion and the probe field was swept about the resonance
frequency of the I,=|0)=|—1) 5.4-MHz transition.
The features of the NMR transition that make it suitable
for studying the interaction with strong electromagnetic
fields have been discussed previously [1,2]. Briefly, the
main features of the system are the following: (i) the
NMR transitions have large magnetic dipole transition
moments due to the electronic spin wave-function mixing
occurring in the level anticrossing region, (ii) because of
the wave-function mixing optical transitions are allowed
to a common excited state necessary for NMR transitions
to be detected by the very sensitive Raman heterodyne
technique, and (iii) the NMR transitions have only a
small inhomogeneous broadening and the ratio of the in-
homogeneous linewidth TI';,; to the homogeneous
linewidth I'y, is about 3—4.

III. EXPERIMENT

The experimental arrangement is identical to those de-
scribed in our other papers [1,2] and has been discussed
elsewhere [3,28]. Raman heterodyne detection utilizes
optical transitions by which the coherence between NMR
transitions is probed. Therefore, in our experimental
configuration four levels (three correspond to NMR and
one to optical transition) and three fields (one optical and
two rf fields) are involved. However, the power of the
laser field is kept so low that it can be treated to the first
order and it has been shown [27] that in this weak optical
field limit the problem becomes a three NMR levels in-
teracting with two rf fields.

The diamond crystal was mounted in the center of a
six-turn rf coil and cooled to liquid-helium temperature
(4.2 K). The static magnetic field applied along the [111]
crystallographic direction was set to a magnitude close to
the level anticrossing ( ~0.1050 T). The magnetic transi-
tion in the > 4 ground state was driven by the rf field with
a magnitude on the order of 1 G. The output of a
Coherent CR 599-21 cw, single-mode dye laser was fo-
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cused on the sample. The laser frequency was tuned to
the optical zero phonon line of the > 4 = 3E transition at
638 nm and the laser power was on the order of 1 mW.
The Raman heterodyne signal in the light transmitted
through the crystal was detected by a photodiode [1,2].
The Raman heterodyne signal has a component in phase
with the applied rf field and one out of phase with the ap-
plied rf field [27]. By solving the density-matrix equation
of motion for the Raman heterodyne process it has been
shown [27] that the in-phase and the out-of-phase signals
are directly related to the real and the imaginary part of
the off-diagonal term of the density matrix, respectively.
In experiments the in-phase and the out-of-phase signals
can be selected by adjusting the phase of the local oscilla-
tor (see Fig. 3 in [1]). In the amplitude profile measure-
ments (see Fig. 2 in [2]) the output signal from the photo-
diode is directly fed into a spectrum analyzer. The ampli-
tude signal is the vector sum of in-phase and out-of-phase
components. The in-phase signal is referred as to the
dispersion signal and the experimental traces are com-
pared with theoretical calculations of the real part of the
off-diagonal density-matrix element; likewise the out-of-
phase signal is termed the absorption signal and com-
pared with theoretical calculations of the imaginary part
of the off-diagonal density matrix element as a function of
applied rf field frequency.

IV. THEORY

A three-level system interacting with two near-
resonant fields is shown in Fig. 2. The three-level system
has energy levels E, <E, <E;, corresponding to the
three states |1), |2), and |3). The system interacts with
two near-resonant fields of frequencies w; and @, where
the rf magnetic field has the form

B ((t)=B, cosw;t +B, cosw,t . (1)
The Hamiltonians for this system can be written as
H=H,+H,, (2)

where H, is the atomic Hamiltonian and satisfies the
eigenvector equation

Hylm)=E,|m), m=1,23. 3)

H,; denotes the interaction of the three-level system with
the electromagnetic fields and can be written in terms of
the magnetic dipole interaction and in the near-resonant
field approximation as

0 —2#AV coswt —2#iV, cosw,t
H;= | —2#V, cosw;t 0 0 ,
—2#V, cosw,t 0 0

4)

where V', and V, are defined by the Rabi frequencies X,
and Y, of the pump and the probe field, respectively.
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B
X1_=_2V1=——#21ﬁ L, xa=2V,= : (5)

The time evolution of the density matrix is given by
ifi%:— =[H,p]+(relaxation terms) . (6)

where the rapidly oscillating factors of the off-diagonal
elements can be removed by the transformations

. —lw,t
pu=npye (7a)
- —iwt
pn=pne ', (7b)
—ilw,— o))t

P32 =p3e (7c)

and the transition frequencies w;; and detunings Ay, A,
are defined

fiv; =E,—E; , (8a)
A1=w21_a)1 ) (Sb)
A2=C031 Wy , (80)
A=A,—4,. (8)

The equation of motion of the density matrix in the
rotating-wave approximation is given by

Py . ~ e~ p11—pit
— =iV(pu =P TV (P =P~  (%a)

ot T,

9Py, o~ o~ P2 —P3

ot Z“IVI(le_Plz)_——TI— ’ (9b)
8p33 . . - P33'—P§%
‘BTZ—IVz(Pn—Pw)*T , Oc)
P31 | U DU
le‘ TZ‘HAz Pa1—iVipn—iVa(ps—pu)

(9d)

9p3, 1 o

or —ﬂ“lA Py~ iV1p31TiVapiy » (9e)
o5

P L‘*"'Al Pu—iVilpp—pu)—iVypy , (9N

ot T,

where p$d is the population of level |i ) in the absence of
the external field and it is assumed that p{{=0.5,
p33=0.3, and p33=0.2.

The three-level system is formed by the hyperfine levels
of the nitrogen nuclear spin /=1 and the two near-
resonance fields drive the A/ ==1 transitions. The two
transitions are equivalent and will have, at least to first
order, the same longitudinal and transverse relaxation
times. The relaxation times have been measured for the
I,=|0)=]|—1) transition at 5.4 MHz and the values
are T,=1.2 ms and T,=0.4 ms, which are used in the
theoretical calculation [33]. The relaxation times associ-
ates with the AI =2 magnetic dipole forbidden transition
of I,=|1)=|—1) at 0.7 MHz are largely determined
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by those of the allowed transitions; hence the relaxation
times will be of the same magnitude as those associated
with allowed AI==1 transitions. Therefore, the same
values are used in the calculations and our calculation
has shown that the moderate modifications of these
values has a negligible effect on the overall line shape.

Under the steady-state limit Eq. (9) can be solved
analytically by setting the time derivatives equal to zero.
With lengthy algebraic manipulation the solutions are
found to be of the form

_x Vy(pid —p33)—z,V,(pi1—p53)

fmp = X \wy; =1z, ’ (10
Imps,=x Imp,, +y Impy, , (11c)
Repy, =z Imp,, +w Imp;, , (11d)
Reps, =A,T, Impy + V, T, Imp;, , (11e)
Repy =4A,T; Impy, —V, T, Imps, , (11

where Im and Re denote the imaginary and the real part
of the complex function, respectively, and we have

= % 0.
Pu=pAt 2TV, Impy, (102)  jefined the quantities
p33=p33+2T,V,Imps,; , (10b) A —A) v, 123)
x = —Ay)—, 12a
pPu=1=pn—ps; (10c) )
JUR S V
P31 =Repy +ilImpy, , (10d) yz(Al_zAz)_.’% , (12b)
P21 =Repy; +ilmpy,; , (10e) v,
= 224 2
P32~ Repy, +iImpy, (10f) 2=[1H T (Vi+ V=AM DT, ’ (120)
202 2 Vi
and w=[1+T2(V2+VI+AA,)] : (12d)
DT,
w; V5 (pi—p5) —y, Vi(pil—p33) 1 2 2 2
Impg,;, = , 11 D=—+Vi{+V;+A", (12e)
s X1y r12, (12 T3 : ?
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FIG. 3. (a) Experimental and (b) theoretical absorption profile dependence on probe field intensity. The pump field is on resonance
with the 4.7-MHz I,=|0) = |1) transition and has a Rabi frequency of 32 kHz (solid line) and zero (dashed line). The probe field in-
tensities used in experiments are (1) 0 dB (I=1.0), (2) 10 dB (I=10.0), (3) 20 dB (I=100.0), (4) 25 dB (I=316.2), and (5) 30 dB
(I=1000.0), and (6) 35 dB (I =3162.3), respectively. The parameters used in theoretical calculation are T;=1.2 ms, T,=0.4 ms,
pump field Rabi intensity ;=32 kHz, and probe field Rabi intensities , are (1) 0.26, (2) 0.82, (3) 2.6, (4) 4.62, (5) 8.22, and (6) 14.62

kHz.
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FIG. 4. The linewidth of Autler-Townes doublet (triangle)
and the 5.4-MHz transition (circle) dependence on the probe
field intensity.
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(a) dispersion
experiment

The absorptive and dispersive responses of the applied
rf fields are proportional to the imaginary and real parts
of the off-diagonal density matrix terms p3; and p,,
[1,2,27]. Since the above solutions are correct to all or-
ders of both fields there is no difference between the
pump and the probe field. In the experiment the field of
frequency w; is held fixed in frequency resonant with the
transition |1)==|2), while the other field is scanned in
frequency through the transition |1)=3). In such a
situation the fixed frequency field is called the pump field
and the scanned frequency field the probe field. The cal-
culated absorptive and dispersive probe profiles are ob-
tained by plotting Imp;; and Reps; as a function of the
detuning A,. The amplitude signal corresponds to the
magnitude of |p;;| =[(ImF,,)?+(Rep;;)?]!/% The results
of these calculations are given in Figs. 3, 5, and 6 for a
specific pump field intensity and a range of probe field in-
tensities matching experimental conditions. For these
calculations the value of Ty =1.2 msec and T, =0.4 msec
determined experimentally for the 5.4-MHz transition
were used. As noted in an earlier paper [1], the transition
exhibits only a small amount of inhomogeneous broaden-
ing and can be neglected whenever at least one of the
Rabi frequencies is larger compared with the inhomo-
geneous linewidth. Here the traces are obtained for a
pump Rabi frequency >30 kHz, which is substantially

(b) dispersion
theory
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FIG. 5. (a) Experimental and (b) theoretical dispersion profiles dependence on probe field intensity. The pump field is on reso-
nance with the 4.7-MHz I,=|0) = |1) transition and has a Rabi frequency of 32 kHz (solid line) and zero (dashed line). The probe
field intensities used in experiments are (1) dB, (I=1.0), 92) 10 dB (I =10.0), (3) 20 dB (I =100.0), (4) 30 dB (I =1000.0), (5) 35 dB
(I=3162.3), and (6) 40 dB (J =10000.0), respectively. The parameters used in theoretical calculation are T, =1.2 ms, T, =0.4 ms,
pump field Rabi intensity ;=32 kHz, and probe field Rabi intensities x, are (1) 0.26, (2) 0.82, (3) 2.6, (4) 8.22, (5) 14.62, and (6) 26

kHz.
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larger than the inhomogeneous linewidth of ~2.4 kHz
and hence meet the condition.

V. RESULTS AND DISCUSSIONS

A series of experimental absorptive profiles of the 5.4-
MHz I,=|0) =|—1) transition with increasing probe
field intensities is shown in Fig. 3(a). The traces of
dashed lines are those in the absence of the pump field
and represent the power broadening of the transition
probed by a single field. The traces of solid lines give the
equivalent responses when there is also a pump field ap-
plied on resonance with the 4.7-MHz I,=[0)=1)
transition with a fixed Rabi frequency of x,=32 kHz.
The probe field intensities used were 0, 10, 20, 25, 30, and
35 dB, respectively. At the ‘“weak probe” limit (0 dB) the
absorption line has a linewidth of ~2.4 kHz and shows
the well-known symmetric Autler-Townes splitting under
on-resonance pumping. As the probe field intensity in-
creases, it interacts nonlinearly with the three-level sys-
tem and power broadening as well as saturation of the
Autler-Townes doublet is observed, as shown in traces
(2)-(6) in Fig. 3.

The power broadening behavior of the Autler-Townes
doublet (triangle) is shown in Fig. 4. The power broaden-
ing of the 5.4-MHz transition itself (circle) is also shown

(a) amplitude
experiment

in Fig. 4. It is seen that the power broadening behavior
of the Autler-Townes doublet is similar to that of the
original transition. The interesting observation is that
power broadening for both cases at a high power limit is
slower than that predicted by the Bloch equation, con-
sistent with observations in other systems [34,35]. In this
paper this aspect will not be investigated further.

The equivalent theoretical absorptive profiles for a
pump Rabi frequency of 32 kHz calculated by plotting
Imp;, as a funciton of detuning A, are shown in Fig.
3(b). The pump field w, is on resonance with [1) =12)
transition (A;=0). The Rabi intensities of the probe
power used in the calculation are x,=0.26, 0.82, 2.6,
4.62, 8.22, and 14.62 kHz corresponding to the probe
powers 0, 10, 20, 25, 30, and 35 dB, respectively, in the
experimental traces of Fig. 3(a). In the experiment the rf
field intensity could be obtained by measuring the current
in the rf coil. However, it is more appropriate to use the
experiment itself as the pump field Rabi intensity can be
obtained from the Autler-Townes splitting of the 5.4-
MHz transition. The probe field Rabi intensity can be
obtained from the splitting of the 4.7-MHz transition or
from the power broadening. Such a procedure is fol-
lowed at one power level and the Rabi intensities at other
power levels are obtained by scaling from the known rela-
tionship y, < (probe power)!”2. The theoretical calcula-

(b) amplitude
theory
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FIG. 6. (a) Experimental and (b) theoretical amplitude profiles dependence on probe field intensity. The pump field is on reso-
nance with the 4.7-MHz I,=|0) = |1) transition and has a Rabi frequency of 60 kHz (solid line) and zero (dashed line). The probe
field intensities used in experiments are (1) 0 dB (I=1.0), (2) 10 dB (1=10.0), (3) 20 dB (1 =100.0), (4) 30 dB (I =1000.0), and (6) 40
dB (1=10000.0), respectively. The parameters used in theoretical calculation are T, =1.2 ms, T, =0.4 ms, pump field Rabi intensi-
ty X1 =60 kHz, and probe field Rabi intensities y, are (1) 0.2, (2) 0.632, (3) 2.0, (4) 6.32, and (6) 20.0 kHz.
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tion using this procedure gives very good agreement with
experiment.

Figure 5(a) shows the experimental dispersive profiles
of the 5.4-MHz I,=|0) = |—1) transition of increasing
probe field intensity without (dashed line) and with a
driving field (solid line). The driving field is the same as
for Fig. 3, which is on resonance with the 4.7-MHz
I,=|0)=|1) transition with a fixed Rabi frequency of
X1=32 kHz. The probe field intensities used were O, 10,
20, 30, 35, and 40 dB. It can be seen that the inner parts
of the two components of the dispersive doublet which
are close to resonance frequency have opposite phase and
as the probe field intensity increases, the doublet becomes
power broadened and two components interfere destruc-
tively with each other. The dispersion profiles continue
to grow in size for the probe power used in our experi-
ments.

The theoretical dispersive profiles calculated from
Rep;,; as a function of detuning A, are shown in Fig. 5(b).
The Rabi intensities of the probe power used in the calcu-
lation are y,=0.26, 0.82, 2.6, 8.22, 14.62, and 26 kHz
corresponding to the probe powers 0, 10, 20, 30, 35, and
40 dB, respectively, in the experimental traces of Fig.
5(a). The theoretical calculations give very good agree-
ment with experiment and confirm the various charac-
teristic behaviors, such as power broadening and destruc-
tive interference.

The profiles obtained using amplitude detection for in-
creasing probe field intensity are shown in Fig. 6. In this
case a higher pump Rabi intensity of 60 kHz is used. The
pump field is on resonance with the 4.7-MHz
I,=|0) =|1) transition. As before the solid (dashed)
lines are with (without) the pump field. The probe inten-
sities used in experiments are 0, 10, 20, 30, and 40 dB.
The probe Rabi frequencies used in theoretical calcula-
tion are x,=0.2, 0.632, 2, 6.32, and 20 kHz, respectively.
It can be seen that the amplitude profiles become power
broadened and finally develop into an anomalous line
shape with a “hole” in the line center. There is a slight
asymmetry in the experimental traces due to a back-
ground from the power broadened electron paramagnetic
resonance signal [36,37], but allowing for this it can be
seen that the calculated profiles are in good agreement
with the experimental profiles.

The amplitude signal is the vector sum of absorptive
and dispersive components. Since the absorptive
response saturates much faster than the dispersive
response, the power-broadened dispersive response dom-
inates the amplitude signal at higher power. This point is
illustrated more clearly in Fig. 7, where the calculated ab-
sorptive, dispersive, and amplitude response are shown
[Fig. 7(a)] along with a measured amplitude profile for
comparison [Fig. 7(b)]. As phase information is lost in
amplitude detection, the negative part of the dispersive
response is folded up and results in a rather unusual line
shape with a hole in the line center.

VI. CONCLUSIONS

The power-broadened Autler-Townes doublet profiles
in a three-level system subjected to two near-resonance
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FIG. 7. (a) Schematic showing absorptive (dashed line),
dispersive (solid line with circles), and amplitude (solid line with
pulses) profiles for high probe field intensity. The different non-
linear behavior of the absorptive and dispersive responses leads
to the anomalous amplitude profiles. (b) The experimental am-
plitude profile is also shown for comparison.

strong electromagnetic fields have been investigated both
experimentally and theoretically. The main characteris-
tic noted is that (i) in absorption response the features
broadened, saturated, and added constructively, (ii) in
dispersion response the features broadened and added
destructively, and (iii) in amplitude response the anoma-
lous line shape is observed due to the different saturation
behaviors of the absorption and dispersion response at a
high power limit. All features are satisfactorily account-
ed for by a density-matrix treatment for a simple three-
level system. The derivation of the density-matrix equa-
tion of motion for the three-level system is found in many
textbooks [38] and the exact analytical solution for the
A-shaped three-level system has been derived by Brewer
and Hahn [18], whereas the present paper has presented
equivalent solutions of the V-shaped three level system.
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