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The low-temperature physical properties of the amorphousate constarit; and then decay back to the ground state with
solids such as thermal, acoustic, and dielectric propertielss. The presence of the triplet state is the main difference
largely differ from those of corresponding crystaldhese  between the 3-statand the 4-state NPHB model.; [2] spon-
anomalies are well explained using the two-level systentaneous and stimulated decay to the ground state with a rate
(TLS), which assumes tunneling or thermal activation pro-constank; and with rate of B, respectively. Here P is pho-
cess of groups of atoms of the amorphous network betwednn flux, o is absorption cross-section akdincludes both
equivalent site$? radiative and nonradiative contributions; [3] production of

Nonphotochemical hole burning (NPHB) does not requirehole state |$5> with k. This step corresponds to the tunnel-
photoreactivity of the guest molecule but requires the strucng between the TLS in the excited state followed by the
tural rearrangement of the microscopic host configuratiorspontaneous decay to the hole state. Because the tunneling
around the guest induced by electronic excitation of therocess is the rate-determining step, the rate constant is
guest. Since Hayes and Small applied the TLS model texpressed ak; ~ Qoe?.2° Here, A is the tunnel parameter
explain the mechanism of NPHB in 1978gveral hole andQo depends on the TLS deformation potential and asym-
burning (HB) models have been repotddRecently, we  metry parametef. Because is subject to statistical fluctua-
developed the 3-state NPHB model, which is combined withtions due to the disorder of the matrix, the hole burning is
dispersive kinetics and mean phonon frequency approximadispersive, too. This model is similar to the ones introduced
tion, to explain the hole spectra at arbitrary burn intenSitiesto explain the bottleneck effect of pentacéfee-base
Although this model well explains the NPHB hole growth phthalocyaningand porphiné Contrary to our modethose
curves and the constant fluence data obtained for the lomodels did not account for the effect of the dispersive kinet-
burn intensities$10 uW/cn?), it has difficulties in explain- ics.
ing the constant fluence curves obtained for the high burn In this model, the differential changes of the populations
intensities. of the ground-, excited-, triplet-, and hole state with time are

In this paper, we introduce the 4-state NPHB model taas follows:
describe the experimental constant fluence curves obtained
for the high burn intensity. == —poNy + (Po+ k)N, + k3N,

Figure 1 represents a simple 4-state NPHB model which is  dt
developed to explain the behavior of the constant burn flu- dn,
ence curve. By the photon absorption the system is excited j; = PONo = (PO +ky +k; + k)N,
from the ground state ¢S to the first excited singlet state
|S> and then experience one of the following pathways: [1] dN, = k,N; — k3N,

intersystem crossing to the metastable triplet state With dt
1S;> W = kgN; 1)

whereNo, N1, N> andN;s are the fractional occupation of lev-
ko els |[$>, |S>, |T:> and |$>. Here the initial conditions are
No(0)=1 and N1(0)=N»(0)=N3(0)=0. The time dependent
solutions of these equations are obtained using the Laplace
transformation technique and theory of partial fractions. In
applying this technique, the roots of the third order equation
were calculated using Cardan’s formula. Because the tunnel-
ks ing process in the hole burning is dispersive, the hole depth

can be written as follows;
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Figure 1. A 4-state NPHB kinetic model. 4-state model consists . ) ) )
of the ground statesS, excited singlet state$ triplet state 7>, Here,ts is burn time andls(A, tg) is population of hole state
and hole statecS. Hole is produced from;S. as a function of tunnel parameter and burn time. Ayaehd
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0, are average and standard deviation of the tunnel paramshort burn times is expected although the very high burn
ter for the hole burning, respectively. intensity is utilized.

Figure 2 shows the changes of the relative populations of To test the validity of the 4-state NPHB model, the calcu-
S, S, Th and $ during the hole burning process. The lated constant burn fluence curves and hole growth curves,
curves are simulated using eg. (2) for the burn intensities ofhich are numerically calculated from the eq. (2) using
1000 W/cr (Figure 2-(A)) and 1.@W/cn? (Figure 2-(B)).  Bode’s approximation, are compared with the experimental
These burn intensities correspond to the stimulated absorpesults®®! For simplicity, it is assumed in this calculation
tion rates of 1.2% 10" s* and 1.2% 10? s*, respectively.  that the effects of polarization of light and hole filling pro-
When the burn intensity is 1/@N/cn?, the populations of  cess are negligible.

S and T state are negligibly small during the burning pro- Figure 3 represents the hole growth curves of oxazine 720
cess and no bottleneck effect is expected. When the buoped in glycerol host for different burn intensities. The
intensity is 1000 W/cri the hole growth is not operative solid lines correspond to the experimental data obtained by
within the lifetime of $statedue to the saturation and also in Kenneyet al' for the burn intensities ok E 3.8, 38, 380
the us~ms region due to the bottleneck effect caused by theW/cn? and the symbols correspond to fit to eq. (2). The
population build-up in the triplet state. These results indicateoincidence between the experimental and calculated curves
that not only photochemical hole burning (PHB) but alsoindicate that the 4-state NPHB model can successfully
NPHB process may be greatly influenced by the bottleneckexplain the behavior of the hole growth curves obtained for
effect. Therefore, the difficulty of obtaining the deep holes atow burn intensities in which the bottleneck effect is negligi-
ble. Forki, Ao, 02, 0, andQo, the same values as those used
T T T T in the 3-state NPHB modadre utilized in the calculations.
From the simulations (not shown), the variations inkhe
andks, which are related with the triplet state, do negligibly
affect the behavior of the hole growth curves for weak burn

1.0

08 intensities unless tHe is comparable to or larger thin
For a constant burn fluence (2.2 mJ3)nthe hole depths
.g 0.6 as a function of the burn time are represented in Figure 4.
E] The curve (a) and (b) were calculated to fit the experimental
g 04 data (symbols), which are obtained for the Oxazine 720
doped in polyvinyl alcohdftusing 3-state (eq. (2) of ref. 8)
02 and 4-state NPHB model (eq. (2)), respectively. In order to
maintain the constant burn fluence, the burn power is
00 adjusted as the burn time is changed. It shows that the hole

depths are independent on the burn time for the weak burn
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Figure 2. Relative populations of each state as a function of burr 10 V8
time in logarithmic time scale for different burn intensities. The Figure 3. Hole growth curves of Oxazine 720 in glycerol obta
curves are numerically calculated using Eqg. (2) and the buriat 1.6 K. The solid curves are experimental data from ref. 1
intensities are (A) 1000 W/chand (B) 1.0uW/cr?, respectively.  the symbols are fits to eq. (2) obtained witte 6.8, 0> = 0.8. Th
The populations of Sand S state fall on the same curve in (A). parameter values used ake=3.7x 10 s, ko=1.9x10" s?,
The parameter values used &¢& 7.6,0> = 1.0,ky = 3.7x 1P 2, ks =500 s, 0=4.0x10" cn?, S=0.45,y=1.0 cm?, =2C
ko= 1.85x 10" s, ks = 1000 &%, ando= 4 x 10°%, cnl, andwin = 27 et
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. hthalocyanine doped in polyethyléh&he solid curves (a) a
Figure 4. Constant fluence curves (burn fluence = 2.2 m¥ai E)b) werg calculat%d forp cgmp};rison with the exp(ezim

Oxazine 720 doped in polyvinyl alcofiblat 1.6 K. The SO_"d (symbols) using 3-state and 4-state model, respectively
curves (a)t ??d ri\?))ola;e (.:r?l‘:g'a;[g?e ;?121 Teta‘i‘;”r;pﬁgope W';Et.“:parameters used ake= 1.667x 10° s, k, = 1.667x 10’ s, ks =
experimental (s S) usi -S -S , respectiv sy — — - 11
Th?e parametergal@= 3.7x 1%85‘1, ke=1.11x 10 s ks=10 sE)l, 3000 8, lo=7.7,0,=0.1 ando'= 1.312x 10+ o,
A=7.2,0,=2.0ando=4.0x 10" cn?.

experience tunneling or thermally activated process in

NPHB while they chemically react in PHB, it is anticipated
intensities while they drop with the burn time over severalthat the 4-state NPHB model can be applied to PHB process
decades for the relatively higher burn intensities. The curvas well. Figure 5 represents a constant burn fluence curve
(a) leans to the left compared with the experimental datg(2.6 pd/cnf) obtained by Romagnatit al® for the phthalo-
Because all the parameter values related with the states usgghnine whose hole burning mechanism is PHB. The solid
in the 3-state model is already knofviere is no way that lines (a) and (b) are fits to 3-state (eq. (2) of ref. 8) and 4-
could shift the position of the curve to the right. Because thetate NPHB model (eq. (2)), respectively. Because the life
saturation effect is related witly 8nd S and the bottleneck time of S state is known to be 8,fluorescence quantum
effect is related with T the 3-state NPHB model cannot yield is 0.9*° molar absorption coefficient = 1.37x 10°
account for the bottleneck effect. Therefore, the 3-statenm?/mol? and the ratio of the inhomogeneous to homoge-
NPHB model seems to be too simple to account for theeous widths of the phthalocyanine is 2 50*° the fitting
experimental observations for the system. Contrary to thigparameters used in the calculationskare 1.667x 10° s2,
the 4-state NPHB model successfully explains the locatiotk, = 1.667x 10’ s, and o= 1.312x 10'%. The best fit is
of the constant fluence curve. The parameters used in thebtained withAo=7.7, 0= 0.1 and the triplet lifetime of
calculations are given in the figure caption. Only new330us which is close to the experimentally measured value
parameters are triplet lifetime and triplet quantum yigid  of 350 + 50us® As shown in Figure 5, the constant fluence
In this calculation®r was taken as ~0.03 which is similar to curve is well explained not by 3-state model but by 4-state
those (~0.04¥ of cresyl violet and nile blue in ethanol model. For the burn times between J@and 10 ms, the
whose structures are similar to Oxazine 720. From the fithole depths drop dramatically due to the bottleneck effect
ting, the triplet lifetime of 100 ms was obtained. Because thevhile they are insensitive to the burn time at long burn
lifetimes for the individual triplet sublevels of cresyl violet times. Especially, it is interesting that the experimental has
are 80us, 1.5 ms and 60 ms with the relative population oftwo places where the hole depths are independent on the
4 :2:5% and because the triplet state with longest lifetimeburn time, one a&100 region and one at long burn time
dominates the bottleneck effect in the hole burning, 100 msegion. According to Figure 2, it is clear that the first one is
of the triplet state lifetime for the oxazine 720 does not seemelated with the bottleneck effect of the triplet state and the
to be unreasonable. It is clear that althodglis as small as  second one corresponds to the production of the maximum
0.03, the hole depth is greatly influenced by the bottleneckole depth for the burn fluence of 2u8/cnt. This result
effect when the burn intensity is high. The power broadeningndicates that although our 4-state model is originally devel-
effect, which is larger in the shorter burn times, seems to beped for NPHB, it can be applicable to PHB as well.
the reason why the calculated hole dpeths are deeper thBecause the phthalocyanine experience PHB, it is relatively
those of experimental in ~ms region. less influenced by the disorder of the matrix and, therefore,

Because the only difference between NPHB and PHB ishe standard deviation of the hole production rate is rela-

the mechanism dfs process, which is at; $he molecules tively very small compared to that of Oxazine 720. In the
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calculation, the effect of the Huang-Rhys factor (S = 02329)
has been considered.

In summary, the 4-state NPHB model combined with dis- /-
persive kinetics has been developed to explain NPHB spec-8-
tra. The model quantitatively well explains the behavior of
the hole growth curves and the constant fluence curves
obtained by PHB as well as by NPHB. And it shows that the
bottleneck effect due to the population build-up in the triplet;
state may play an important role in NPHB as well.
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