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Spectral hole burning spectroscopy has been the subject 
of considerable research for last two decades.1~5 The in
crease in these activity was mainly stimulated by the fact 
that spectral hole burning can not only provide information 
on relaxation processes but also is appicable to be applied 
to the optical memory storage.

Generally, the hole spectra are complex due to zero-pho- 
non hole (ZPH), real- and pseudo-phonon sideband hole 
(PSBH), antihole and vibronic holes. The theoretical studies 
of hole spectra have been carried out mai끼y in two dif
ferent ways. One is the study of hole growth6'8 which is 
concentrated on the understanding of the effect of zero-pho- 
non transition and dispersive kinetics. The dispersive kinet
ics stems from the inherent structural disorder of the amor
phous solid matrix. However, this investigation has some 
difficulties in describing the hole spectra burned at longer 
bum times and/or in samples with larger Huang-Rhys factor 
because in these cases the hole spectra are largely affected 
by the phonon transitions. The other is the study of the hole 
profiles.2,9~12 Since this study does not consider the effect of 
the dispersive kinetics but considers the effect of sider zero
phonon and multi-phonon transitions, the hole depths at 
bum frequency cannot be quantitatively described.

Very recently, we developed a pseudo-3-level system 
model to explain the hole spectra burned at arbitrary bum 
intensities.13 It showed that the hole growth curves cal
culated using this model are in good agreement with the 
published experimental data. In this paper, the hole burned 
spectra are theoretically studied using the pseudo-3-level 
system model combined with dispersive kinetics and mean 
phonon frequency (vm) approximation. The simulated hole 
profiles have been compared with the experimental results 
of 5-, 10-, 15-, 20-tetraphenyl porphyrin (TPP) in po
lystyrene and oxazine 720 in glycerol.

Analysis of hole profiles

Figure 1 represents the pseudo-3-level system model. Fol
lowing a bum at vB with photon flux P for a bum time T, 
the probability of sites absorbing light at v through zero
phonon transition is expressed as13

Nr(v -V m)=N(}(v -v m)/N

exp [-PEk編/(2P，+kW (1)

Here, a is the absorption cross section, is the decay rate 
of singlet excited state, and 4>hb is the hole burning quan
tum yield. And N^y -^)/N is the zero-phonon site ex
citation distribution function (SDF) at v before burning a 
hole, where vm is the central frequency of SDF.

The hole-burned absorption spectrum is expressed by the 
convolution of SDF (1) and the single-site absorption profile:

Figure 1. A 3-level hole burning kinetic model. Three level sys
tem consists of the ground state |0>, excited siglet state |1그 and 
hole state |2>. Hole is produced from |1>.
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In describing the single-site absorption profile, the mean 
phonon frequency (o)m) approximation14 was utilized. Here, 
v is zero-phonon transition frequency, vB is bum frequency, 
r is 0-, 1-, 2•，…，phonon process, S is Huang-Rhys factor, 
and lr is the shape of phonon transition. By considering the 
dispersive kinetics, which is known to be very important for 
nonphotochemical hole burning (NPHB), the above equa
tion can be converted into

A0)=(2打2严 £為!) jd 財)/N

xjrfA exp[-(A-Ao)2/2o^]x/r(^-v-rak)

xexp [-Pot0(A) (£，二oS'eT/r! lr(vB-v-rGJhi))

/(가P+知] (2)

Here,為 and g2 are average value and standard deviation of 
the tunnel parameter for the hole burning.

The calculated hole-burned spectra reported below were 
obtained by numerical integration of Eq. (2) using Bode's 
approximation. A Lorentzian with FWHM y was employed 
for the zero-phonon transition and a Lorentzian with a 
width of r1/2r for the shape of the r-phonon profile lr. Here, 
y is a homogeneous linewidth and r is a one-phonon width. 
A Gaussian for the SDF is a physically reasonable choice
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Figure 2. Hole-burned spectra as a function of bum time calculated using Eq. (2) for bum wavenumbers of (A) v^=0.0 cm \ (B)嬴-100 
cm1, and (C) 니cm1. The burn times are (a) 25 卩s, (b) 100 [As, (c) 1 ms, and 어) 10 ms. The parameters used are S=1.0, coffl=30 
cm \ 丫느L0 cm1, f=20 cm-1, r,=200 cm1, O=4.0x 10~n cm2, 1=68.2 mW/cm2, 서=7.2, and *=1.0.
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Figure 3. Hole spectra of 5-, 10-, 15-, 20-tetraphenyl porphyrin in polystyrene film at 4.6 K. The hole-burned spectra in (A) are obtained 
for 人b그645 nm and IB=20 mW/cm2 with bum times of (a) 15 s, (b) 5 min, and (c) 35 min. (B) is obtained for 扁=638 nm and IB=20 mW/ 
cm2 with bum times of (a) 15 s, (b) 5 min, and (c) 35 min. (C) is obtained for XB=652 nm IB=10 mW/cm2 with bum times of (a) 1 min 
and (b) 11 min.

for No. For the Huang-Rhys factor employed, the sufficient 
accuracy was obtained by truncating the series at r=10. For 
simplicity, it is assumed that the effects of h이e filling 
processes and polarization of light are negligible in this cal
culation.

Results and Discussion

Figure 2A shows a series of hole spectra calculated as a 
function of bum time for the case where the bum 
wavenumber is equal to vm- The values of parameters used 
in the calculation are given in the figure caption. The hole 
depth scales for all the spectra in Figure 2A are the same 

and the relative hole depths for ZPHs of spectra (a), (b), (c) 
and (d) are approximately 6, 14, 38 and 68%, respectively. 
The intensity of pseudo-PSBH is slightly larger than that of 
real-PSBH for shorter bum times. For longer bum times 
this becomes comparable to real-PSBH while, at the same 
time, the intensity ratio of pseudo-PSBH depth to the ZPH 
depth gets larger. These observations can be explained as 
follows: for shorter bum times, the sites absorbing bum 
beam through zero-phonon transition play an important role 
in the ZPH formation resulting in a ZPH accompanied by 
the pseudo-PSBH. As bum time increases, however, the 
sites absorbing the light through their phonon transitions 
gets deeply involved in the ZPH formation leading to the
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Figure 4. Hole growth curves for oxazine 720 in a glycerol 
glass as a function of log tB scale. Solid curves are ex
perimentally obtained from ref. 14 while symbols are theoretical 
fits obtained with 爲=6.8, and G2=0.8. The parameter values used 
are S=0.45, co,n=27 cm 户L0 cm 「=20 cm 匚=200 cm
(5=4.0x 10 11 cm2, Q0=1.0x 1012 s and ^=3.7x 10* s \

broadening of ZPH and increasing real-PSBH.
Figure 2B and C show the hole-burned spectra calculated 

for 니b=VA10° cm ' and vB=v^+100 cm1, respectively. 
The values for the parameters used in the calculation are 
the same with those of corresponding parameters used for 
Figure 2A. From the comparison of Figure 2B and 2C with 
2A, it is clear that there is a pronounced dependence of the 
hole profile on 니 & The fact that the centroids of the hole 
profile for the longest bum times in Figure 2B and 2C are 
shifted about 50 cm 1 to the red and blue of VB agrees with 
the previous studies.12 This can be qualitatively explained 
by noting that as vB is tuned into the high- and low-energy 
side of the absorption spectrum, the ratio between zero-pho- 
non and multi-phonon (r>l) excitation will increase and de
crease to give rise to hole spectra whose centroid is red and 
blue shifted, respectively.

To test the validity of the calculations, the simulated hole- 
burned spectra have been compared with the experimental 
results.15 Figure 3 represents a series of hole burned spectra 
for TPP in polystyrene films at 4.6 K. The absorption max
imum of TPP in polystyrene at 4.6 K is located at 645 nm 
(FWHM=350 cm Figure 3A is obtained for XB=645 nm 
while Figure 3B and 3C for 652 and 638 nm, respectively.15 
The deepest hole depths at bum wavenumbers are (A) 16% 
for Xb=645 nm, (B) 22% for XB=638 nm, and (C) 15% for 
Ab그645 nm, respectively. Since hole burning is pho
tochemical for this system, antihole is distributed over the 
broad original inhomogeneous absorption. Therefore, the in
terference of the antihole with the real- and pseudo-phonon 
sideband is minimized. However, although contribution of 
NPHB is not important in this system, it is operative in the 
hole formation and becomes significant as the bum time in
creases. Because NPHB produces antihole distributed main
ly on the higher energy side of the bum frequency, the ob
served depth of real-PSBH seems smaller than that of cal

culated spectra. The comparison of Figure 2 with Figure 3 
indicates that the TPP in polystyrene qualitatively behaves 
in' accord with the basic predictions of the theory. The 
present theory explained the experimental data better than 
the previous study12 which neglect the effect of dispersive 
kinetics.

Figure 4 shows the hole growth curves of oxazine 720 in 
glycerol host whose hole burning is nonphotochemical. The 
solid curves, experimentally obtained by Kenney et 이.,预 
correspond to bum intensity of /B=3.8, 38, and 380 nW/cm2 
and Tb=1.6 K. Simulations using Eq. (2), which are in
dicated by symbols, were obtained with 為드6.8, 02=0.8 and 
S=0.45. Although the bum intensity varies over two de
cades and fluence over about five orders of magnitude, the 
theoretical fits agree well with the experimental data. The 
experimental hole growth curve obtained for IB=3.8 nW/cm2 
is blue shifted compared with the corresponding simulated 
hole growth curve. This may originate from the error in the 
power measurement.

In summary, the pseudo-3-level system model combined 
with dispersive kinetics and mean-phonon approximation is 
developed to explain the nonphotochemical hole-burned 
spectra. To test the validity of the model, the hole-burned 
spectra simulated using this model are compared with sev
eral experimental data. It shows that the predictions of the 
theory are in good agreement with the hole-burned spectra 
of TPP in polystyrene and oxazine 720 in glycerol.
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