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Nonlinear refraction spectroscopy measurements were performed in resonance with absorption lines in
Nd3� and Cr3� doped crystals. The observed line shapes can be explained by the interference of resonant
and nonresonant contributions to the nonlinear refractive index. These effects were fully discriminated
using a pump and probe configuration, in which a dispersive line shape was observed on the top of a
plateau that was attributed to the polarizability difference between excited and ground states (��). A
theoretical model was used to obtain �� from the experimental data, and the results are in agreement with
several previous experiments. Slow and fast light propagation are also discussed.
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Refractive index changes are vital to understand the
behavior of laser oscillators and amplifiers, particularly
nonlinear behavior, pattern formation, and phase conjugate
lasers [1–3]. The nonlinear properties of ion-doped mate-
rials also play an important role in the study of slow and
fast light [3]. In 1966, Basov et al. performed experiments
in ruby that motivated a discussion about fast light in
amplifiers [4]. More recently, slow and fast light were
observed in ruby and alexandrite absorbers [5], based on
the effect of coherent population oscillations (CPO). In
these experiments, a pump laser with frequency !1 has
amplitude modulated, producing two side bands that act as
probe beams with frequency !1 � �. Since the laser
pumps the metastable excited state (with lifetime T1 �
msec), the modulation intensity at the beat frequency (�)
originates an oscillation of the population inversion. This
oscillation results in a hole in the absorption spectrum,
with width �1=T1 (� 103 Hz), which is �10 orders of
magnitude narrower than the homogeneous linewidth.
According to the Kramers-Kronig relations (KKR), this
narrow spectral hole should be accompanied by a strong
increase in the refractive index over the same frequency
region and, consequently, low group velocity. This is also
the main principle of slow light propagation obtained by
electromagnetically induced transparence (EIT).
Nevertheless, the results of Ref. [5] have attracted much
attention because CPO does not require atomic dipole
coherence [3]. Consequently, the experimental setup is
very simple compared with those of EIT in vapors and
solids at low temperatures. The CPO effect was then ex-
plored in several systems: Er doped fiber amplifier [6,7],
semiconductors [8], bacteriorhodopsin [9], Er3� doped
crystals at 1.5 K [10], etc. The use of Cr3� doped crystals
was also proposed as temporal-nonlocal Kerr media for
slow and fast light [11]. The theoretical model developed
for CPO method considers the density matrix equations of
motion of a saturable resonant two-level system. In fact,

three- and four-level systems were used for ruby and
alexandrite, respectively, but they can be reduced to the
two-level case [5]. This model was later extended to ex-
plain the results of pulse propagation [12]. However, it is
well-known that in a two-level system, the nonlinear re-
fractive index (n2) has a dispersive line shape, being
positive for positive detuning (!>!o) and negative for
!<!o, a behavior not observed in ruby either at the 4T2
band (centered at 555 nm) [13,14] nor at the R lines [15].
Hence, the n2 mechanism of ion-doped solids (Cr3�, Nd3�,
Er3�) is generally attributed to nonresonant contributions
originated by transitions in the UV [16–18]. The agree-
ment obtained between theory and experiments in
Refs. [5–7,12] remains a puzzle since the theoretical
model contradicts numerous previous experiments involv-
ing n2 in ion-doped materials [1,13–19]. In this Letter, we
investigated n2

0 and n2
00 spectroscopy of Cr3� and Nd3�

doped crystals. Different experiments were performed in
order to fully discriminate the role of resonant and non-
resonant contributions for n2. The results are in agreement
with a theoretical model comprising nonresonant contri-
butions to the susceptibility of resonant two- and three-
level systems. Although KKR relations have been used to
estimate n2

0��� from n2
00���, for ion-doped solids, this

procedure is usually incorrect since it neglects the non-
resonant term which is originated from UV transitions
[20]. Furthermore, the connection between CPO and pre-
vious n2 experiments is discussed.

In ion-doped solids (transparent crystals and glass
hosts), it is generally found that the excited state has polar-
izability, �ex, higher than that of the ground state, �g. The
contribution of the ion polarizability to the susceptibility is
given by �ion � �gNg � �exNex, where Ng�Nex� is the
ground (excited) state population [1]. We consider the
usual case in which the system has a main excited meta-
stable state trapping all excited state population. Therefore,
in the steady state regime, the total ion concentration is

PRL 99, 243902 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
14 DECEMBER 2007

0031-9007=07=99(24)=243902(4) 243902-1 © 2007 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.99.243902


given by Nt � Nex � Ng and, consequently, �ion �

�gNt � ��Nex where �� � �ex � �g is the polarizabil-
ity difference. Powell and Payne [16] observed that �����
is always positive and increases monotonically in the IR-
visible range. They explained their results in Cr3� doped
crystals using a single oscillator model with frequency
�5� 104 cm�1 that was attributed to the charge transfer
bands. The �� values of Nd3� doped materials were also
attributed to UV transitions, the electric dipole allowed
4f ! 5d transitions of rare earths [17,18]. Although these
UV bands are far from resonance for visible light, they are
electric-dipole allowed, so their oscillator strengths are 4
orders of magnitude greater than those of transitions in the
visible. Consequently, in the context of this Letter, we call
�� a nonresonant contribution to the susceptibility (�ion �
�nress). In addition to ��, the resonant contribution should
be considered when the laser frequency (!) is close to
some transition frequency !o. This interaction is usually
modeled by the two-level system (�ress) pumped by a
resonant radiation field, then Nex � �Nt=2�s�1� �2 �
s��1 where � � �!�!o�T2 and s � I=Is are the normal-
ized detuning and saturation parameters, respectively. The
addition of all contributions to the susceptibility, � �
�nress � �ress, results in

 � � �m � Nt�g �
a0

2� k0

i��� As

1� � 2 � s
(1)

in which �m represents the host matrix susceptibility and
k0 � !o=c. For A � 0, the term proportional to a0 in
Eq. (1) is the standard two-level system susceptibility.
The effect of �� is introduced by the parameter A �
�2�f2

Lko=n���=�g, in which fL � �n
2 � 2�=3 is the

Lorenz local field factor and �g is the ground state absorp-
tion cross section. Actually, Eq. (1) can be obtained from a
more general expression derived by Butylkin et al. [21],
considering that the excited state lifetime T1 	 T2.

In this Letter, the nonlinear n2 spectroscopy of Cr3� R
lines was studied using a variation of the Z-scan technique
described previously [15,22], a method used here in
Nd3�:YAG with a cw Ti:sapphire tuned at �869 nm, the
direct transition from Nd3� ground to the excited meta-
stable state (4I9=2 !

4F3=2). The n2
0��� line shape is nearly

Lorentzian and is similar to n2
00���, as shown in Fig. 1. This

behavior is completely different from the dispersive line
shapes observed in resonant interactions in four-wave mix-
ing and EIT experiments [3,23]. Figure 1 indicates the
predominance of the nonresonant contribution to �, which
follows the absorption line shape since it is proportional to
��Nex���. However, a small blueshift of n2

0��� compared
to n2

00��� is observed in agreement with the behavior
predicted by Eq. (1) for A 
 1. In fact, factor A can be
directly obtained from the n2 since that at line center (� �
0), A � n2

0�0�=n2
00�0� � 1:1.

It is also interesting to analyze the three-level system
excitation where the metastable excited state is populated

via a fast nonradiative decay from an intermediate upper
state. This model is appropriate to describe the case of
Nd3� with 808 nm excitation, the transition from ground to
the intermediate state (4I9=2 !

4F5=2) which decays non-
radiatively to the metastable level (4F3=2). Similarly to the
case of ruby and alexandrite [5], this tree-level system can
be reduced to a two-level one with T1 � �=2 (where � is
the metastable level lifetime), and the resonant frequency
corresponds to the energy difference between the ground
and the intermediate states. Consequently, Eq. (1) can
also be applied to this three-level system with the differ-
ence that factor A is 2 times larger. The n2��� spectrum
(not shown) obtained at 808 nm is very similar to line
shape observed at 869 nm, with n2�0� � �2:5� 1:4i� �
10�9 cm2=W indicating A 
 1:8 and �� � 6:0�
10�26 cm3. This �� value is in agreement with 4:6�
10�26 cm3 obtained by Powel et al. [17] from four-wave-
mixing experiments. Similarly, A 
 1:8 and �� � 5:0�
10�26 cm3 were obtained for Nd:YAP.

Figure 2 shows that the n2
0��� line shape changes dras-

tically when the crystal is cooled to 150 K. With tempera-
ture decrease, linewidth of this phonon broadened
transition is strongly reduced and peak absorption in-
creased, enhancing the resonant interaction. Nevertheless,
�� and consequently the nonresonant interaction are ex-
pected to be roughly temperature independent, as observed
in ruby [13]. Therefore, the dispersive line shape at
�808 nm can be attributed to the decrease of the factor
A with temperature decrease, since A / ��=�g [Eq. (1)].
Actually, jn2

0j is larger at the peak compared to the mini-
mum, as expected for A� 0:1 [15]. However, the disper-
sive feature does not appear at the neighbor line at

805 nm because it has �g 
 13 times smaller. In this
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FIG. 1. n2��� spectra of Nd3�:YAG around the 4I9=2 !
4F3=2

transition. The lines are theoretical fits.
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case, a small blueshift of n2
0��� compared to n2

00��� can be
seen, similarly to that observed in Fig. 1.

In order to properly discriminate the resonant and non-
resonant contributions to n2, two-color (pump and probe)
Z-scan experiments were also performed with the purpose
of obtaining the spectrum of the refractive index change
(�np) of a weak resonant probe beam induced by the
change of excited state population (pumped by a nonreso-
nant strong beam). A tunable Ti:sapphire laser was used as
probe beam in resonance with the Nd3� 869 nm transition,
and an Ar� laser at 515 nm was chosen to pump the excited
state indirectly, via nonradiative decay from upper lying
levels. The sample was placed at the peak of the Z-scan
curve (z 
 0:85zo for the probe beam) and at the pump
beam focus. The top of Fig. 3 shows the signals measured
in two detectors with different apertures, as described
previously. The lower part of Fig. 3 shows �np0���, the
real part of �np, which is obtained by the ratio of the two
signals, S2���=S1���. A dispersive line shape is shown on
the top of a background line which can be attributed to the
nonresonant refractive index change proportional to
Nex��. In addition, �ress is also affected by the population
redistribution since ao is proportional to (Ng � Nex). By
Eq. (1), �np / Nex�A� �i���=�1��2�� is used to fit
both �np

0 and �np
00 spectra of Fig. 3, resulting in A �

0:67, in agreement with A � 0:75 determined by the single
beam experiment. Similar results were obtained for
Nd:YAG.

Two-color Z-scan experiments were also performed in
Cr3� doped crystals. An Ar� laser (at 515 nm) was used as
excitation beam, in resonance with the 4T2 band which
decays to the metastable 2E doublet. A dye laser was used
as probe beam tuned to resonance with R lines of alexan-
drite (�680 nm). Figure 4 shows the results obtained for

alexandrite with a theoretical fit performed with two A
factors, one for each line, resulting in A1 � 2:5 and A2 �
7:2 for the R1 line (680.2 nm) and R2 (678.3 nm), respec-
tively. The absorption cross section of alexandrite R1m is
2.8 times larger than that of R2m, in agreement with
A2=A1 � 2:9, indicating that �� is the same for both lines.
Similar results were obtained for ruby R lines (�694 nm)
resulting in A1 � 13 and A2 � 20. This kind of pump
probe technique (used in Figs. 3 and 4) is much simpler
than interferometric or heterodyne methods, so it has a
wide range of potential applications, not only in solids, but
also for Doppler free dispersion spectroscopy [3,23].

Results shown in Figs. 3 and 4 are very well fitted by the
theory where the A term results in a background apparently
not predicted by KKR. In fact, A results from the non-
resonant contributions to �n0��� that are neglected when
KKR integral on �n00��� is truncated (performed only on
one resonant absorption). It is actually a common proce-
dure to apply KKR in order to calculate �n0��� from
�n00��� [20]. We demonstrated that this procedure is cor-
rect only for negligible A (��
 ��).

In order to analyze the CPO experiments of Ref. [5] and
further check the validity of our model, we estimated A �
2:7 and n2

0 � 2� 10�8 cm2=W were obtained for ruby at
515 nm, quite in agreement with well established experi-
mental results [13,14]. According to this calculation, ��
accounts for �80% of n2

0 value while 20% is due to the
resonant interaction. In other systems, the resonant inter-
action can be totally dominant due to a larger absorption or
emission cross section. For instance, we estimate A� 0:2
for the 1:06 	m laser transition of Nd:YAG.

In the case of CPO experiments, the population oscil-
lation at the beat frequency � induces a refractive index
change n���. The modulation pattern propagates with

11370 11400 11430 11460
0.5

1.0

1.5
0.9

1.0

1.1

872 874 876 878 880

n'
 (

 1
0

-4
 )

 ( cm-1 )

 S
2
( )/S

1
( )

 Theoretical curve

N
or

m
. T

ra
ns

.  S
1
( ) = 100%

 S
2
( ) = 50%

 ( nm )

FIG. 3. The upper spectra show the closed (S2) and opened
(S1) normalized transmittance close to 875 nm to Nd3�:YAP.
The lower one exhibits the expected dispersive variation of the
refractive index, �n0���, obtained by the ratio S2=S1. The solid
line is the theoretical curve obtained as explained in the text.

12360 12390 12420

0

10

20

30

810 808 806

12420 1242 4 12428 12432

0

1

2

805.00 804.75 804.50 804.25

n 2 (
 1

0
-9

 cm
2 /W

 )

 ( cm-1 )

 n
2
'

 n
2
"

 ( nm )

 n2'
 n2"

 n
2 (

 1
0

-9
 c

m
2 /W

 )
 ( cm -1 )

 ( nm )
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group index nmod � n1 �!1�n��� � n�����=2�, where
n1 is the refractive index experienced by the pump beam.
In order to consider both resonant and nonresonant con-
tributions, n��� � nnress��� � nress���, we extended proce-
dure of Ref. [5] considering the susceptibility given by
Eq. (1). We noticed that n is determined only by the odd
term of n��� which is given by nress���. Since nnress��� /
Nex����� is an even function, it does not contribute to n.
This cancellation effect does not appear in two-wave-
mixing experiments because it involves only one side
band instead of two as in CPO. Therefore, our model
establishes a link between the two previously contradictory
approaches of Refs. [5,11].

In conclusion, in this Letter, we studied the role of ��,
which is related to the influence of all remaining levels of
the system, on the resonant interactions (three or two-level

system). In both cases, the role of �� can be gauged by the
parameter A / ��=�o. Although this effect was theoreti-
cally predicted a long time ago by Butylkin et al. [21], in
our view, this work provides its clearest evidence. Since
A � n2

0�0�=n2
00�0�, it is directly obtained from the experi-

mental data. This parameter corresponds to the linewidth
enhancement factor of semiconductors [8] and is important
to evaluate the effects of laser-induced gratings in lasers
[2]. The temperature behavior of n2

0��� line shape and the
good agreement of the �� data obtained from different
experiments, strongly corroborate our interpretation.
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