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Inhomogeneously broadened doped solids supporting electromagnetically induced transparency are viable
materials where optically tunable photonic band gaps may be observed and results are shown for Pr:YSO and
nitrogen-vacancy color center materials. Such crystals, when coherently driven by a strong pump beam in a
suitably designed standing wave configuration, exhibit a tunable stop-band with rather different values of the
reflectivity. The different propagating behavior is investigated and characterized for a weak probe across the
gap region of the two materials.
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I. INTRODUCTION

Photonic crystals are inhomogeneous material media ex-
hibiting periodic variations in space of their refractive index
on length scales comparable to optical wavelengths. The pe-
riodic variation in their optical response leads to Bragg scat-
tering of light, and electromagnetic wave propagation be-
comes best described in terms of a photonic band structure,
akin to the electronic band structure in a crystalline solid.1 In
particular, when the light wave vector is close to the Bril-
louin zone boundary the propagation of light is strongly af-
fected, leading to the existence of a range of frequencies,
known as a photonic band gap, for which light does not
propagate. The specific spatial dependence of the optical re-
sponse in typical photonic crystals and the corresponding
photonic band structure are determined once and for all by
the way the material periodic structure is grown. Although a
serious effort has been devoted over the past 10 years to
microfabricate photonic band-gap materials, it is only re-
cently that a clear route to synthesizing large-scale one, two,
and three-dimensional band-gap materials with submicron
lattice constants has been demonstrated using self-assembly
methods.2

For many applications, however, it would be beneficial to
obtain some degree of tunability of the photonic band struc-
ture. The possibility to tune the photonic band structure di-
rectly by optical means instead of having a photonic band
structure determined once and for all at the growth stage
would certainly be of great interest. Most familiar schemes
to modify the optical properties of photonic crystals have
relied on slow electro- and thermo-optics effects in infiltrated
liquid crystals,3 or on fast resonant and nonresonant optical
effects in semiconductors.4 Both effects enable one to tune
the band-edge position, the Brillouin zone and the gross fea-
tures of the photonic bands essentially being determined by
the medium periodic structure.

Recently, however, there has been a considerable interest
in generating photonic band-gap materials using nonlinear

optical processes that arise from coherent quantum control of
light-matter interactions. This is an altogether new approach
toward tunable photonic crystals and requires the use of in-
duced transparency in the presence of a standing wave opti-
cal potential.5,6 Transparency may originate, e.g., from quan-
tum interference effects taking place in multilevel systems,
the simplest of which is a three-level atom in the � configu-
ration driven by a monochromatic traveling light wave. This
is commonly used to observe electromagnetically induced
transparency7 and the relevant dressed dielectric function ex-
perienced by a weak incident probe beam does not vary in
space. Yet, when the same three-level atom is driven by a
standing light wave,8 the probe optical response is modulated
periodically in space. This realizes a photonic band-gap ma-
terial where the underlying medium is homogeneous, the
photonic band structure being fully determined, rather than
modified, by the external control beams that form the optical
potential. Such optical lattices have been used to reversibly
convert a light pulse into a stationary excitation inside a
dilute volume of atoms.9 An electromagnetically induced
photonic band-gap material has also been devised in a semi-
conductor heterostructure with layers periodically doped
with different atomic densities. The nonlinear optical excita-
tions of these atoms creates a periodic refractive index con-
trast that leads to a photonic band gap.10

Apart from a few exceptions, most of the experiments
carried out so far have dealt with atomic media. For many
potential applications, however, solid-state media are pre-
ferred due to obvious advantages such as high atomic densi-
ties, compactness, absence of atomic diffusion, simplicity,
and scalability during assembling. On the other hand, well-
known difficulties with solid materials are typically very
broad optical lines and fast decay of any coherence, which
makes effects associated with quantum coherence and inter-
ference rather difficult to observe. Yet, electromagnetically
induced transparency in solids has been attained in a class of
materials exhibiting defect states such as, e.g., rare-earth
impurities11 or color center states.12
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In view of this, it would be interesting to investigate the
possibility of photonic band-gap formation and control
through all-optically induced resonant nonlinearities in mul-
tilevel solid systems that exhibit electromagnetically induced
transparency. This is precisely what is done in this paper by
examining the generation of one-dimensional photonic band-
gap materials built from doped solids that support electro-
magnetically induced transparency. Solids with rare-earth
impurities11 or color center states12 will be specifically exam-
ined. In both materials resonant absorption and inhomoge-
neous broadening play quite a significant role.13 Yet, we will
show that in both cases one can overcome the detrimental
effect of dissipation14 at the nodes of the external standing
wave optical potential. Inhomogeneous broadening, on the
other hand, does not always hamper band-gap formation, and
in one of the two cases addressed here fairly large values of
band-gap reflectivities still may be observed.

II. THEORETICAL MODEL

We consider here an inhomogeneously broadened doped
solid supporting electromagnetically induced transparency
which can be described by the simplified three-level � con-
figuration shown in Fig. 1.11–13 A weak probe beam, the re-
flection and transmission of which are the physical quantities
we are interested in, having frequency �p and electric field
amplitude Ep �i.e., Rabi frequency �p=�abEp /2�� propa-
gates in the x direction in the presence of a strong pump or
coupling beam of frequency �c and Rabi frequency �c. The
ground ��b��, excited ��a��, and metastable ��c�� levels are
such that the transitions b−a �with transition matrix element
�ab� and c−a are nearly resonant with the probe and on
resonance with the pump beams, respectively, while the ex-
cited level remains essentially empty. Our results will later
be illustrated for a suitable choice of parameters appropri-
ate to the cases of Pr:YSO and nitrogen-vacancy �NV� color
center crystals, possibly with an additional repumper
beam.11–13

Based on the semiclassical theory, using the standard den-
sity matrix formalism with the dipole approximation and the
rotating wave approximation, the interaction Hamiltonian HI
for this system is

HI = − ��pe−i�pt�a��b� − ��ce
−i�ct�a��c� + H.c. �1�

Including relaxation terms for this closed system as usual,
the equations of motion for the density matrix in the interac-

tion picture are �here the Rabi frequencies are assumed to be
real, and �=1�

�̇aa = − ��ab + �ac��aa − i�p��ab − �ba� − i�c��ac − �ca� ,

�̇bb = �ab�aa + �cb�cc − �bc�bb + i�p��ab − �ba� ,

�̇cc = �ac�aa − �cb�cc + �bc�bb + i�c��ac − �ca� ,

�̇ab = − �i�ab + 	ab��ab − i�p��aa − �bb� + i�c�cb,

�̇cb = − �i�cb + 	cb��cb − i�p�ca + i�c�ab,

�̇ac = − �i�ac + 	ac��ac + i�p�bc − i�c��aa − �cc� ,

�aa + �bb + �cc = 1, �2�

where �ij �i , j=a ,b ,c� are the population relaxation rates,
and the coherence decay rates for �ab, �ac, and �cb are de-
noted by 	ab, 	ac, and 	cb, respectively. We take �cb=�bc so
that before the action of the driving fields the levels �b� and
�c� are equally populated We also assume �ab=�ac, 	ab
=	ac, and typical experimental parameters are given in Table
I.15 The �ij’s are given by �ab=�ab−�p=�p+��ab, �ac
=�ac−�c=��ac, �cb=�cb−�p+�c=�p+��cb, and ��ac
=��ab−��cb. Here, �ij are the frequencies of the corre-
sponding transitions, ��ij represents the detuning of the cen-
ter of the inhomogeneously broadened line from the transi-
tion frequency of a specific single ion within the
inhomogeneous distribution, and the detuning of the probe
field with respect to the line center of the b−a transition is
denoted by �p and the coherent driving field is assumed to be
exactly resonant.13 Following the usual approach,16 the pres-
ence of the pump field is treated to all orders, while the
steady-state solution �ab is found to first order, from which
the dressed susceptibility seen by the probe is obtained.17

However, the analysis above yields the relevant equations
for a single ion with specific detunings ��ab and ��cb de-
termined by its position within its host. In order to obtain the
relevant macroscopic susceptibility 
, such result is to be
averaged over the entire frequency range of the correspond-
ing transitions, as determined by the inhomogeneous broad-
ening of the impurity lines in the host solid. We hereafter
follow the treatment of Ref. 13, assuming that the inhomo-
geneous broadening could be described by a Lorentzian of
appropriate width, and obtain18


��� =� d�abf��ab� � d�cbf��cb�
n�ab

2

2�

�ab

�p
, �3�

f��ab�cb�� =
Wab�cb�/�

���ab�cb��2 + �Wab�cb��2 , �4�

where the ��ij’s are as in Eqs. �2�, Wab, Wcb are the inho-
mogeneous widths of the �a�→ �b� and the �c�→ �b� transi-
tions, respectively, and n is the number of optically relevant
impurities per unit volume. Finally, the dressed dielectric
function experienced by the probe can be written as

���� = n2��� = 1 + 4�
��� . �5�

FIG. 1. Three-level � model for electromagnetically induced
transparency. The probe �signal� field is nearly resonant with the
transition from the ground to the excited state ��a��, and the control
fields �standing wave� is tuned to resonance between the �c� and the
excited state.
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Unlike in typical lambda configurations leading to elec-
tromagnetically induced transparency where a continuous
wave �cw� pump beam is used, the pump is here retrore-
flected upon impinging on a mirror of reflectivity Rm forming
a standing wave �sw� pattern within the sample. The result-
ing pump Rabi frequency varies periodically along x,

�c
2�x�
�o

2 = �1 + �Rm�2 cos2��c

c
x	 + �1 − �Rm�2 sin2��c

c
x	 ,

�6�

with a spatial periodicity a which is half the pump beam
wavelength c. For a perfect �Rm=1� standing wave �c

2�x�
varies periodically between 0 and 4�o

2 and vanishes at the
nodal positions where the medium remains absorbing. By
slightly reducing the mirror reflectivity the pump intensity
can however become nowhere vanishing, and the nodes will
be replaced by quasinodes. In terms of the parameter �= �1
−�Rm� / �1+�Rm�, where 0���1, the minimum value of
�c

2�x� at a quasinode is approximately 4�2�o
2. The strong

pump intensity pattern modifies in a periodic fashion the
probe absorption and dispersion as one moves along x from
quasinodes to antinodes. In particular, at the quasinodes
nearly complete suppression of the probe absorption with a
concomitant steep dispersion occurs within a narrow window
centered around the b−a transition frequency. At the antin-
odes, instead, the Autler-Townes splitting is so large that the
dielectric function is nearly exactly unity within the narrow
frequency range where the photonic band gap develop.14

Owing to the spatially periodic modulation induced by the
pump �6�, a probe with frequency �p
�ab propagates as in
a one-dimensional photonic crystal with periodicity a=c /2,
where c is approximately equal to the probe resonant tran-
sition wavelength ab. The opening of a photonic stop band
can be anticipated to occur at the Brillouin zone boundary
� /a. A first step in characterizing the structure of the stop-
band can be taken by numerically calculating the 2�2 uni-
modular transfer matrix19 M��� representing the propagating
through a single period of length a. Then, the translational
invariance of the periodic medium is fulfilled by imposing
the Bloch condition1 on the photonic eigenstates,

�E+�x + a�
E−�x + a�

	 = M����E+�x�
E−�x�

	 = �ei�aE+�x�
ei�aE−�x�

	 , �7�

where E+ and E− are the electric field amplitudes of the for-
ward and backward �Bragg reflected� propagating probe, re-
spectively, and �=��+ i�� is the Bloch complex wave vector
of the corresponding probe photonic state. The one-

dimensional photonic band structure is obtained from the
solution of the corresponding determinantal equation e2i�a

−Tr�M����ei�a+1=0 �det M =1� and, noting that if � is a
solution −� is also a solution, one simply has

�a = ± cos−1Tr�M����
2

� . �8�

The photonic band structure just discussed refers to Bloch
modes for a probe in an infinite periodic stack, yet typical
experiments2,9 focus on propagation through samples of fi-
nite length. To calculate the corresponding reflectivity and
transmissivity spectra, it is necessary to consider a finite
sample of thickness L=Na �typically with N�1�, where N is
the number of the standing wave periods. The total transfer
matrix M�N� of a sample of thickness L=Na �N�1� is simply
given in terms of the single period transfer matrix M as
M�N�=MN. Because M is unimodular, the following closed
expression for M�N� holds true:

M�N� =
sin�N�a�
sin��a�

M −
sin��N − 1��a�

sin��a�
I , �9�

TABLE I. Relevant experimental parameters for rare-earth doped crystal �Pr:YSO� and for nitrogen-
vacancy �NV� color centers in diamond �or NV diamond� �Refs. 20 and 21�.

Wab

�GHz�
Wcb

�kHz�
�ab

�kHz�
	ab

�kHz�
�cb

�Hz�
	cb

�kHz�


�nm� f
n

�cm−3�

Pr:YSO 10−3 30 6.1 9.0 0.01 2 605.7 3�10−7 1.17�1015

NV
diamond

375 2.5�103 2.5�104 5�104 1 25 637 0.1 3�1018

FIG. 2. Real �a� and imaginary �b� part of the dressed dielectric
function for Pr:YSO when �0=1 MHz �solid lines� and �0

=0 MHz �dashed lines�, i.e., at the antinodes and at the nodes of the
pump profile.
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where I is the unity matrix. Such a compact expression en-
ables one to write the reflection �RN� and transmission �TN�
amplitudes for the L length in terms of the complex Bloch
wave vector � and the elements Mij of the matrix M, namely,

RN =
MN�12�

MN�22�
=

M12 sin�N�a�
M22 sin�N�a� − sin��N − 1��a�

, �10�

TN =
1

MN�22�
=

sin��a�
M22 sin�N�a� − sin��N − 1��a�

, �11�

from which, in turn, the reflectivity, transmissivity, and ab-
sorption can be readily found by calculating respectively
�RN�2, �TN�2, and A=1− �RN�2− �TN�2.

III. RESULTS AND DISCUSSION

We report in the following our results for two different
cases of experimental interest,11–13,20,21 namely, for rare-earth
doped crystals �Pr3+-doped Y2SiO5 or Pr:YSO�, and for
nitrogen-vacancy �NV� color centers in diamond �or NV dia-
mond�. Electromagnetically induced transparency has been

already observed in both materials20,21 and all relevant ex-
perimental parameters are now listed in Table I below.

A. Pr:YSO

Because of its large ratio of inhomogeneous to homoge-
neous widths and long optical pumping lifetime, Pr:YSO is
known as a good material for optical data storage. The crys-
tal has also been used successfully in experiments involving
electromagnetically induced transparency. The nominal den-
sity 4.7�1018 cm−3 of Pr ions in this crystal can be calcu-
lated straightforwardly from the crystal structure. The rel-
evant optical transition at 605.7 nm has an inhomogeneous
width Wab
2 GHz, while the inhomogeneous width of the
spin transition is Wcb
30 kHz. In the experiment of Ref. 21,
the inhomogeneous broadening of the optical transition is
reduced to the magnitude of the laser beam jitter ��� jit

=1 MHz� using an optical repumper scheme, at the price of
reducing the effective density of Pr ions to 1.17
�1015 cm−3.

Typical profiles of the real and imaginary parts of the
dressed dielectric function can be obtained by numerical
evaluation of Eqs. �3�–�5�, and we show in Fig. 2 the case of

FIG. 3. Reflectivity, transmission, and absorp-
tion spectra for a 5 cm long sample of Pr:YSO
when �a� no pump is on and, respectively, when
�b� a CW pump and �c� a modified SW pump
with �=0 and �=0.98 mrad is on. In all cases the
pump has the same intensity �0=1 MHz. �d� rep-
resents the reflectivity, transmittivity, and absorp-
tion profiles at small detuning range.
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Pr:YSO as a function of the probe detuning in the absence
�dashed lines� and in the presence of a resonant coupling
field �solid lines�. Here, assuming that the intensity of the
coupling field corresponds to the peak intensity of a perfect
standing wave ��=0�, the dashed and solid lines show the
response that the probe field experiences at the nodes and at
the antinodes, respectively.

Equations �9�–�11� are the basis of the subsequent discus-
sion of Fig. 3, in which the reflectivity, transmission, and
absorption spectra are shown when �a� no pump; �b� a cw
pump; and �c�, �d� sw pump, respectively, are used. Consid-
erably larger reflectivities, as in �c�, are instead obtained us-
ing a configuration14 in which the forward and backward
control beams are slightly misaligned by an angle �. The
spatial periodicity in this case is given by �c /2� / cos�� /2�.
By comparing the three results, it appears that one attains an
appreciable band-gap reflectivity when pumping in a stand-
ing wave configuration occurs.

When we instead increase the Rabi frequency to �0

=10 MHz and unbalance the standing wave potential ��
=0.05�, yet keep the same misalignment ��=0.98 mrad�, a
well-developed band gap characterized by ��
� /a and ��
�0 appears as shown in Fig. 4, which is derived from the
real and imaginary parts of the Bloch complex wave vector
�Eq. �8��. Within the gap, ���0 corresponds to reflection
rather than absorption of the probe, although �� is not large
enough to stop the probe within a sample a few centimeters
long.

B. NV color centers

The main drawback of Pr:YSO is, however, the weak op-
tical oscillator strength ��10−7�, common to many other
spectral hole-burning materials. For this reason, we investi-
gate the alternative case of NV color centers in diamond
having a much larger optical oscillator strength ��0.1�. Like
Pr:YSO, this has been successful to observe electromagneti-
cally induced transparency.

In Fig. 5, the typical profiles of the real and imaginary
parts of the dressed dielectric function of nitrogen-vacancy
�NV� color centers in diamond are shown as a function of the
probe detuning �p in the absence of the coupling field
�dashed lines� and in the presence of a strong resonant cou-
pling field �0=20 GHz �solid lines�. Figure 6 shows the re-
flectivity spectra of NV diamond when respectively �a� no
pump and �b� a modified standing wave pump is on. It is
clear that without the pump, the reflectivity is very low and
the solid medium is completely opaque to the signal near
resonance. The peak of the reflected beam becomes however
a substantial fraction of the input signal beam, and much
larger than in the case of Pr:YSO above, when a standing
wave coherent driving pump is on. In both cases the trans-
mittivity is extremely small and is not reported here. Further-
more, when a continuous wave �cw� pump is present we can
show that the reflectivity becomes even smaller than in �a�
while the transmission exhibits a very small peak due to the
usual electromagnetically induced transparency. Both values
of the reflectivity and transmittivity are however basically
vanishing and will not be reported here either. The incipient
photonic band-gap structure around the lowest photonic gap
corresponding to the case of Fig. 6�b� is reported instead in
Fig. 7.

FIG. 4. Photonic band-gap structure near the Brillouin zone
boundary in Pr:YSO when �0=10 MHz, �=0.05, and �
=0.98 mrad. The upper �a� and lower �b� frames denote, respec-
tively, the imaginary and real parts of the Bloch wave vector.

FIG. 5. Real �a� and imaginary �b� parts of the dressed dielectric
function for NV diamond when �0=20 GHz �solid lines� and �0

=0 GHz �dashed lines�, i.e., to the antinodes and to the nodes of the
pump profile.
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IV. CONCLUSIONS

Photonic stop-bands in one-dimensional materials with
defects states and where electromagnetically induced trans-
parency takes place may be observed in principle. Solids
with rare-earth impurities and color center states have been
specifically studied here. While a careful design of the exter-
nal driving optical potential prevents absorption from spoil-
ing the gap structure in both cases, inhomogeneous broaden-
ing affects the gap formation in a different way in the two
different samples. Our results show, however, that optically
tunable high-reflectivity stop-bands may be achieved, though
with rather large Rabi frequencies and sufficiently long
samples. In general, the position and the width of the stop
band can be tuned by changing the standing wave configu-
ration �� ,�� and the control beam Rabi frequency �0. Al-
though we have chosen well-known experimental cases,
other inhomogeneously broadened doped solid amenable13,22

to the observation of electromagnetically induced transpar-
ency may be employed. Using a higher number of control
beams, 2D and 3D configurations23 can similarly be realized
exhibiting photonic stop-bands along different directions of
the Brillouin zone and which might turn out to be useful for
multiple beam applications. Finally, tunable photonic struc-
tures such as those we study here may possibly be sought
after as a promising avenue, e.g., toward deterministic
photon-photon entanglement24 or the enhancement of nonlin-
ear interactions between weak light pulses.25
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