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Conservative form of the density of states of a photonic crystal with a pseudogap
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We show that the total number of states in a photonic crystal in the entire allowed frequency regime will be
conserved, and it is equal to that of its corresponding effective medium, i.e., if the density of Bta®shas
a valley(s) in some range) of frequencies, it must be compensated for by increases over some othedsrange
This rule is of importance in developing a model pseudogap in order to describe the mean emission charac-
teristics of the system when there is a collection of dependently emitting atoms or molecules with essentially
random dipole orientations in a large volume and the spectrum of the active atoms is wide enough. This is
because, with this rule, the states-conservative model always results in DOS-induced suppression, absolute
enhancement, narrowing, spectrum splits, and redshift or blueshift of spontaneous-emission spectra.
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[. INTRODUCTION compensated by increases over some other range of transi-
tion frequencies. This is the sum rule for the modified SER,
In recent years there has been great interest in spontanas called by Barnett and Loud¢f7].
ous emissior(SE) [1-6], Raman scatterinfj7,8], and other In this paper we demonstrate, for the first time to our
nonlinear effectd9—12] in photonic crystal§PC’s). These knowledge, that the states-conservation rule exists over the
research fields will lead to a multitude of potential applica-Whole frequency regime, and so we offer a states-
tions in high-precision measurements, lasing without inver£onservation theorem within a modified frequency regime.
sion, guantum Computation, and guantum information theor)/\/\/e will also investigate applications of the rule and the theo-
It is well known that spontaneous emission depends not onlj€m in expressing analytically the gap structure, especially
on the energy structure of an atom or molecule but also ofh€ pseudogap, within the modified frequency regime.
the optical properties of the surrounding environment, more
specifically, on the local density of staté80S) of the ra- || coNSERVATIVE RULE OF THE DENSITY OF STATES
diation field[1—6]. Up to now, a few dispersion models near
band edges have been extensively employed to study the SE As is well known, the photon DOS in a three-dimensional
problems in PC’s with absolute photonic band géipBG's  PC is defined by 18]
[2,3]. Obviously, to produce a full PBG typically requires a
connected network of high-index material containing a peri- 2V
odic array of air voids or void regions made of a material p(w)= (2—)32 A3k S(w—wn k), 1)
with a dielectric constant that is sufficiently low relative to ln Jiez
the first material; for example, a minimum dielectric ratio of
2.8 is required for a full PBG in an inverse opal structure.whereV is the sample volume in three-dimensional space,
Clearly, PC’s with complete PBG’s are difficult to fabricate w,  is the photon dispersion relation in the PC, and 1BZ
on the submicron length scale of the optical and nearmeans the first Brillouin zone of the PC. The factor 2 before
infrared frequency range, although much progress has ré/ in Eq. (1) stands for the two polarizations that are degen-
cently been made in fabricating three-dimensiq@&l) PBG  erate in energy.
crystals at near-infrared waveleng{s]. According to the physical meaning of the DOS in a sys-
Recently, there has also been considerable experimenttgm, which is the number of allowed states per unit increase
work on radiative emission from active materials embeddedn o, the total number of states in the system may be the
in optical PC’s with photon propagation pseudogaps, i.e.jntegration of DOS over all the allowed frequency regime
materials that prohibit photon propagation in only certainw €[0,0y], Wherewy, is large enough and far away from
directions[14—-14. In fact, many types of research do not the modified regime of interest but not so large as to main-
require a complete photonic band gap but only a strong, otain the effective refractive index of the systeny, i.e., the
even not so strong, pseudogap. Thus the remaining probleaverage refractive index that is close to the value calculated
is naturally how to develop a quantitative description andaccording to Maxwell-Garnett theory is constant. This choice
calculation of the interaction between an atom and the elemf w), is similar to that of Johiil] and Bush19], which is
tromagnetic modes available in a PC. chosen to be approximately equal to the electron Compton
Many studies show, as in RdfL7], that the inhibition of frequencywy,=mc? that probes the relativistic aspects of
spontaneous-emission ra{&ER) for one range of transition the electron wave packet, and remains independent of its
frequencies tends to be accompanied by enhancement of tipeecise value in the scope of our analysis. Therefore, the total
rates at other frequencies. It follows that any reduction innumber of states in the system below the truncated frequency
SER over some range of frequencies must, necessarily, der its responding wave vectois
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oM 2V 5 (M characteristics of the system, we average over all solid
fo plo)do= W; 1Bzd kfo dw 8(@— k). angles. Hence the local density of state®OS) is defined
@) as[6]

It is of the utmost importance to note that, according to the pi(rg,w)=> f d3k S(w—wn ) |Enk(ro)|% ()
equation n JiBz ’ ’

+o0 The relation between the LDOS and the total DOS is given
f_m fy)o(x—g(y))dx=f(y), (3 by the expressiof6]
no matter what form the dispersion curug , has, the fol- plw)= Lf dre(r)p(r,w), (8)
VWSC WSC

lowing integration is always valid:

om 2V where WSC andV/\sc Stand for, respectively, the Wigner-
j plo)do= WE d®k=2MN. (4)  Seitz unit cell and its volume, ang(r) denotes the position-
0 noJiez dependent dielectric function of the PC. The above equation

Here, M is the truncated number of photonic bands Corre_shows that for a small dielectric modulation in the photonic

sponding to the truncated frequeney, , N is the number of tcr.ystal(,j \;thiChl imtplies a w?_al}inltéar?ﬁti?ntbleItDwOegn the dielgdc-
unit cells, and the well-known relation in solid-state physics fic and the electromagnetic Tield, the tota > can provide
that the product of the volume of a unit cell and the volume? rgasonable description of the field at an_y.pomt in the pho-
of the first Brillouin zone equals (2)° for all time is used. tonic crystal [6]. Clearly, a crystal exhibiting a strong

On the other hand, for its effective medium, the integral Dososeudo_g_ap or a full photonic band gap does not satisfy such
truncated at frequency,, becomes a condition. Therefore, we can say that a model total DOS

can be used in the problem of the spontaneous emission of a

3 3 collection of dependently emitting atoms or molecules with
2V Vngrwy “Mm . . . . .

23 f d3k= 3.2 Ef po(w)dw, (5)  essentially random dipole orientations in a small volume

(2m)° % Jiez m (much less than a unit cell of the P@ith a small dielectric

3 2 o . . modulation(a dielectric contrast less than 1.31 may be ap-

wherepo(w) =Vnggw“m = is the density of states in the ef- ,oqriate [5]), i.e., the photonic crystal has a photonic

fective medium. In this paper, we let the light velocity in pseudogap.

vacuum and Dirac constafit=c=1. Therefore, we call Eq. Many authors have investigated the emission features

(4) or Eq.(5) the rule of total states conservation, which says,ile assuming forms of the DOS that exhibit only an in-

that the total number of states in a PC, in the entire allowederse |orentzian-like or inverse Gaussian pseudogap

frequency regime, will always be conservative and will equalzg 21 q. If we abide by the rule of total states conservation,
that of the corresponding effective medium. The stateSge following forms will be appropriate:

conservation phenomenon of the PC DOS can always be
seen in almost every theoretical outcome calculated accord- B
ing to realizable PC'$5] and in experimental resulf46] as p(w)=po(w)[1+al(w, we ') =bL(w,0c,I'5)]. @
well.

IIl. APPLICATION or
For the problem of the spontaneous emission of a specific ()= py(w)[1+aG(w,we1,I'1) —bG(w,wey,TH)].
active atom or molecule, model DOS’s are generally invalid (10)
to account for quantum optical phenomena of this atom or
molecule in 3D photonic crystals, and the following pro- For the situation when a peak, which we call the pseudoedge,
jected local density of staté®LDOS), which is proportional and a pseudogap are expected, whéfg,w.,I') and
to the experimentally observable decay constant of an ator®(w,w¢,I") are, respectively, Lorentzian and Gaussian func-

or a moleculd4], should be usef6]: tions,
1‘*2
p,(d,ro,w)=; lestk S(w—wn)|d-Eni(ro)|?, L(w'wc,r)=m, (13)
(6) )
0= wg
whered andr are, respectively, the direction unit vector of Glw,wc ,F)=exp{ _< T ) (12)

the dipole matrix element for the atomic or molecule transi-

tion and the position of the atom or molecule. However, ifParameters, I';, andw.;, respectively, describe the depth,
there is a collection of dependently emitting atoms or mol-width, and central frequency of the pseudogbpl’,, and
ecules with essentially random dipole orientations in a smallv.,, respectively, are the parameters describing the height,
volume around g, in order to describe the mean emissionwidth, and central frequency of the pseudoedge of the DOS.
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35 T T T like that of the photoluminescence spectrum or Raman spec-
o plad) #1 trum. The transition frequency that has considered the Lamb

30 £ & shift is represented by, and is in units ofw,. Then the

- 1) ¢ ] emission spectrum will be

Y5:2%()

—_—— 14
(0—wa)?+ 75 a9

1 S(w)=

1 wherez(w) is the “atom form factor” expressed in terms of
- the photon DOSp(w). Given a model DOS(w), we can

r deduce
05} .
L q d k(w) ® 2/3
0.0 S TN S T4 G SR R Z =_ " " —(6 2\1/3 f Yo'
00 02 04 06 08 10 12 14 16 18 (@) do (67%)%p(w) 0 plo)dw
a/wc (15)
FIG. 1. States-conservative model DOS’s: Gaussiangdik@v) For simplicity, we study the enhancement and suppression

described by Eq(10) with b=1.491, w;;,=1+0.1,I'=0.1,a  of SE of a two-level atom in a PC with the model DOS
=1 (solid line), Lorentzian-likep (w) described by Eq(9) with  expressed by Eq(10) using the parameteb=1.488 for
b=1.488,w1,=1+0.1,I'=0.1,a=1 (dotted ling, andpo(w) of ¢ | =1+0.1,a=1, and'=0.1 (see Fig. L It should be
effective mediumopen circles noted that the central frequency of the pseudogap is, more
accurately, 1.105,, which is numerically the zero point of

. : _ the DOS.
In the equations above, andb are dimensionless, arid, , As has been shown in the experimental investigaftids),
and wy , are in units ofw, that is the central frequency of gjther enhancement or inhibition of the spontaneous decay of
the DOS's modified region of interest, not the central fre-5 mgjecule with a wide spontaneous-emission spectrum can
quency of the valley or the peak of the DOS. Both of thesgye opserved in a photonic crystal, depending on the mutual
DOS’s have the features that_they approach the free SPagfsition of the photonic band gap/pseudogap and fluores-
DOS far away from wc, i€, p(0)=0, p(0>wc)  cence spectrum. Usuallys, is situated arounee,; , ands,

=nggw’m % The parameters in Eqé9) and (10) should be s the detuning frequency ab,, from the frequencyw,,

determined by the condition €., 8= wo1— w1 .

. Figures 2a) and 2Zb) show the plots of spontaneous-
f [p()—po(w)]dw=0. (13) emiss_ion s_pectrS(w) of two kinds of two-level atoms in a
0 PC with this model DOS for the cases 8f=—0.1 and 0,
respectively. Each of them is accompanied by a standard
For example,b=1.488 when w¢;,=1+0.1,a<1.06, Lorentzian spectrum centered at its corresponding radiation
andI'=0.1 for a Lorentzian-like DO$ (w) in Eq.(9); b frequency % 8, . From Fig. 2, one can see that significant
=1.491a when w; ,=1+0.1,a<1.025, and'=0.1 for a  enhancement and suppression do indeed occur at the fre-
Gaussian-like DOSpg(w) in Eqg. (10). Here, it must be quencies that correspond to the DOS peak and valley, respec-
noted that the model DOS’s in this paper have a strongively, with complete suppression at the zero-DOS frequency,
pseudogap in order to illustrate our points boldly. A typicalwhich is in agreement with the Fermi golden rule. Especially
bandwidth of fluorescence spectra of most efficient organi¢f the radiation transition frequenay.; ,= 1+ 8, is situated
fluorescence materials I5= 0.1, althougHh is much smaller  near the low-frequency side of this model pseudogap, both
for most single atoms and molecules. Figure 1 shows thessignificant enhancement and suppression result in a dark line
two model DOS’s usin@=1. at the zero-DOS frequenay.;, with a clear redshift of the
From Fig. 1, we can see that both forms of the DOS thaimaximum frequency and a significant narrowing of the emis-
exhibits an inversed Lorentzian pseudogap and a Gaussiafion spectrum. Similarly, if the DOS has a pseudoedge situ-
pseudogap are similar to each other. It must be noted thaited at the high-frequency side of its pseudogap, and the
L(w,w,I') can be used in some cases for simplicity, but thisradiation transition frequency.; ,=1+ 6, is also situated
is not square integrable, so we adopt the Gaussian-likaear the high-frequency side, they will result in a clear blue-
pseudogaps because they cannot lead to any qualitative dishift. The redshift has just been detected by Koenderink
tinctions. et al. [16] but the blueshift has not yet been detected.
Among several models of SE of a two-level atom, we
adopt the theory developed by Woldeyohaneesl. [18],
which is a theory for a three-level atom, and let the two
lower levels|1) and|0) be equal to onél). We also adopt the As pointed out by Liet al. [22], although the DOS of a
authors’ symbol systerfil8] to describe our two-level atom. PC exhibits significant oscillation over a wide range, on av-
That is, |2) is the excited level|l) is the ground state, and erage it follows that of the effective medium, i.ea(w)
v,1 is the radiation linewidth, which can be as wide as 10%,~ w? in three dimensions, and this square DOS will persist

IV. DISCUSSION
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FIG. 2. Plots of SE spectr&(w) of two kinds of two-level atoms in a PC with the model DOS describeggiw) of Fig. 1. In (a),
8,=—0.1, and in(b), 5§, =0. Each of them is accompanied by a standard Lorentzian spe&{u) centered at its corresponding radiation
frequency 6, .

better in higher-energy regions. From Fig. 8 of the paper ofn some frequencies according to the above calculations, and
Li et al.[4], we can observe that the parabolic curves of therelatively suppressed emission occurs in these frequencies in
DOS of the corresponding effective media with an averag&ome directions. Perhaps there are some directions in which
dielectric constant depart slightly from the average curves ofhe detected spectra may be representative of the angle-
the DOS calculated for their special inverse-opal structureaveraged total emission spectrum.

This is due not to the error of our theory and Li's main idea

but to the positive departure from Maxwell-Garnett effective

medium theory at high volume fractiqn of the d.isperse('j scat- V. CONCLUSION
terers. It occurs because the DOS is proportionahpin
three dimensions, and a slight departurengf can lead to a In conclusion, we have shown that the total number of

significant change of the average DOS. On the other handtates in a PC in the entire allowed frequency regime will be
one can obtain an exact value of the average dielectric corconserved and will be equal to that in the corresponding
stant of the medium through fitting the average curves of theffective medium. From the conservation rule, we have de-
DOS calculated for some special dielectric structure. duced the theorem of states conservation within a modified
In fact, in any actual PC there are a number of defects thatequency regime in PC’s with pseudogaps, which says that
may reduce all resonances present having over the SE. Butiifa valley of the DOS appears in some range of frequencies,
these unexpected random imperfections that plague any e} must necessarily be compensated for by increases over
perimental structure are much tinier than the radiation wavegome other range of frequencies. This theorem has an appli-

length, their effects are small on the band structure and May,tion in developing a model DOS for a pseudogap of a PC
tend to smooth the change of the band mmrostructurg angecause not every study in the literature gives a correct
therefore smooth the change of the decay rate and emissi eudogap model of the DOS. Assuming a states-

spectrum. This smoothing effect is expected to be similar t ; . i
the effect of absorption in the sampl@3,24] and not-so- conservative DO.S’ we have naturally obtame_d a DOS_
Omduced suppression and enhancement along with a redshift

accurate spectrum measurement, which has been observed’in . I
or blueshift of spontaneous-emission spectra. Here, the en-

almost every experiment reported and agrees with a wide: L )
band SE model and slowly varying photonic band-structu%‘amemem of the spontaneous-emission spectrum is an abso-
ute one relative to the emission intensity in a vacuum at

model. . .
Theoretical enhancement and suppression of spontaneo§@responding frequencies of the pseudoedge, but not rela-

emission are significant, but they are not very easy to obtive to that at the frequenci_es of the psegdogap. The absolute
serve because these results reflect the effects from througRhhancement and redshift or blueshift of spontaneous-
out the whole PC and are the average of all directions, alemission spectra are the only new effects predicted by our
though, strictly speaking, enhancement and suppression gtates-conservative DOS model. Surely, as mentioned above,
spontaneous emission depend on local DOS. This can keur analyses should be used in the problem of the spontane-
detected by using integral-sphere technology. In a given dieus emission of a collection of dependently emitting atoms
rection, the SE spectrum is usually different from the otherspr molecules with essentially random dipole orientations in a
i.e., angle-dependent just as most of the reported experimenssnall volume of a photonic crystal with a small dielectric
detected 16]. Therefore, it is not surprising that a possible modulation, i.e., the photonic crystal has a photonic
phenomenon may appear wherein the emission is enhancedeudogap.
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