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The dephasing of optical impurities in amorphous hosts is considered in the frame-
work of a microscopic model. The dynamics of the disordered matrix is described by
phonons and by an ensemble of two-level systems (TLSs), which are characteristic
degrees of freedom of glasses. The TLSs are coupled to an impurity as well as to the
matrix vibrations, which are considered a heat bath. A lineshape expression from linear
response theory is evaluated for the cases of both a single TLS and many TLSs inter-
ancting with the impurity. It is found that the magnitude of experimental linewidths can
be explained only if the latter situation is realized. At very low temperatures the
linewidth increases Г 2 -5, in the temperature range to follow T 1 which is in agree-
ment with experimental results. For the second temperature range several explanations
of the temperature dependence of the optical dephasing rate are offered which are all
compatible with the mathematical structure of the theory.

Introduction

Optical properties of impurities in glasses have been the subject of
many experimental and theoretical investigations in recent years. Apart
from possible applications of these materials in optical storage devicestl ], one hopes to obtain information on the still unknown nature of the
two-level systems (TLS) [ 2 - 3 ] which have been introduced to describe
thermal and acoustic properties of glasses. For the investigation of this
question in the optical regime, various experimental methods have been
used such as fluorescence line narrowing [4_6 ], photochemical (PHB)
and non-photochemical (NPHB) hole-burning [7~ls ], accumulated photon
echoes [ 16,17 ]> and two-pulse photon echoes [ 16> 18> 19]. These experiments
are carried out in order to probe the properties of the material on two
different time scales, processes with very short times (e. g. 10~9 s), which
show up in the homogeneous optical linewidth, and processes on longer
time scales (e. g. Is) which give rise to time dependences in lineshapes
and -widths.

In this paper we deal with the theory of the temperature dependence
of the homogeneous optical linewidth and thus with short time processes.
There has appeared a large number of papers on this problem in rftent
years. In f2O-23 ] the homogeneous linewidth has been calculated on the
basis of a spectral diffusion model [24]. Other treatments are based on
the TLSs interacting with acoustic [2s_3°] or optical phonons/librons [3l ]
or fractons [32], or on additional relaxation mechanisms which are cau-
sed by the direct interaction of the impurity with librational modes [33 ].
Finally, the linewidth has also been assumed to originate from Raman
processes [34> 35 ], or being caused by tunnelons [36].
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Fig. 1 (top) gives a schematic picture of the optical absorption spect-
rum of impurities in glasses. Its basic feature is the large inhomogeneous
width which in organic glasses may achieve values up to several hund-
reds of cm -1 . This inhomogeneous line is composed of many homoge-

neous contributions stemming from
the various inequivalent impurity
sites in the glass. The experimental
results show that the width of the
homogeneous contributions is usually
larger in glasses than in crystals.
It is proportional to Ta in the former
materials with in several
measurements a Tls dependence is
obtained, whereas for impurities in
crystals the linewidth is ос V. The
lower part of the figure illustrates the
measurements of the homogeneous
linewidth via hole burning.

Fig. 1. Top: Inhomogeneous spectrum origi-
nating from homogeneous lines with diffe-
rent central frequencies. Bottom: Change of
the spectrum through hole burning.

The model

In order to describe the unusual magnitude and temperature depen-
dence of the homogeneous linewidth, we assume that at low temperatu-
res typical degrees of freedom of glasses, the TLSs, play a dominant role
in the line broadening mechanism. A schematic representation of the model
is given in Fig. 2. The impurity is characterized by the two energy
levels which are relevant for the optical transition. It is coupled to the
TLSs of the glass; in the figure only a single TLS is drawn for simpli-
city. Finally, the TLSs are coupled to the phonons of the glass, which is
described as a heat bath.

Fig. 2. The components of the model and their interactions.
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The Hamiltonian of the model is given by [27-3°]
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Я! describes the states of the guest molecule with energy Ea and Яр.
Я2 is the Hamiltonian of the TLSs. The sum runs over all TLSs in the
glass. The important quantities in Я2 for the following discussion arc
the asymmetry parameters Afe and the overlap parameters Xh (see Fig. 2).
Hl2 describes the interaction between the guest and the TLSs, the para-
meters ДlА=lА — JA characterize the coupling strengths. Я3 is the
Hamiltonian of the bath, Я23 the interaction between the bath and the
TLSs. Through this part of the Hamiltonian, the temperature is intro-
duced. The quantities D £ are the coupling matrix elements. They are

proportional to the deformation potentials and, if k—\, to This
square root dependence is well known from solid state theory for the
interaction with acoustic phonons, k has been introduced here as a phe-
nomenological parameter which allows for three different physical inter-
pretations which are given- in the concluding remarks.

Optical lineshape

The optical lineshape is calculated within linear response theory.
It is determined by the one-sided Fourier transform of the two-time
correlation function of the optical dipole moment operator p:
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The correlation function Тг([р(т), p]g) is calculated on the basis of
the Hamiltonian of the previous section using Mori’s formalism and the
usual approximations the Markov and Born ones and the Debye model
for the phonons.

For coupling of the guest molecule to a single TLS, the optical
lineshape has been calculated exactly [ эо]. In this case the result obtai-
ned by S. K. Lyo [27 ], using a Green’s function technique, is basically
equivalent to ours. The lineshape depends on the coupling strength AV
between guest and TLS and on the parameters Я and A characterizing
the latter. The energy level scheme in Fig. 3 illustrates the situation.

Fig. 3. Energy levels of a system consisting of one impurity and one TLS

The narrow-band laser excitation selects specific impurities which
are at resonance with the laser and which are coupled to TLSs whose
Я and A values are distributed according to the distribution of
P. W. Anderson et al. p], and W. A. Phillips [3 ]. In an absorption expe-
riment the various contributions are summed up. This sum is mathe-
matically equivalent to a properly normalized average of the lineshape
over the distribution on Я and A. The essential outcome p7 > 3B ] of this
lineshape calculation is a width of the order of 10~7 cod ~ 10~5 cm4 which
is much smaller than the observed linewidth.

Therefore a model which couples the guest molecule to a single TLS
is not appropriate and we have to consider the situation of an impurity
coupled to many TLSs. The details of the calculation, which in addition
to the aforementioned approximations employs a kind of a random phase
approximation, are rather intricate p7 ]. The resulting lineshape expres-
sion is p°]:
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The expression in the first line represents the normalization of the
lineshape, the second line is called thermal prefactor and describes ther-
mal occupation numbers. The third line, the trigonometric prefactor,
results from the interaction between the impurity and the TLSs, and
describes the mixing of their states. The last line is the shape factor, and
can be represented as a difference of Lorentzians at positions ±e{j} and
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with widths ф {j}. In Fig. 4 the result is visualized, again in terms of
energy levels of the coupled impurity many-TLS system. The left part of
the figure shows the situation in the case that all TLSs are identical, the
right part the case where the TLSs have different values A /l and
resulting in a rather broad distribution of the energy states.

Fig. 4. Energy levels of a system of one impurity coupled to several in the case
displayed, four TLSs. The left hand side corresponds to TLSs with identical energy

splittings, and the degeneracies of the various levels are given.

From the many possible optical transitions between the lower and
upper groups of energy levels which are all contained in the lineshape
expression (10), we shall only consider the transition denoted by Ri for
the following reasons: first, at very low temperatures only the lowest
energy level is occupied to a considerable extent, and second, the transi-
tion dipole moment between the ground and excited states is largest
when the configuration of the TLSs does not change. On this condition
the lineshape expression reduces to a single Lorentzian with a width [3o ]

N jrf2 P /' \h-i
вЖ (U)

h=l v p=a

The sum over k in this expression shows that the linewidth, i.e. the
dephasing rate, is composed of contributions of all TLSs and depends on
the parameters Xh

, A h and AVh describing the k= ih TLS and its interac-
tion with the impurity. (The heuristic generalization of Lyo’s linewidth
expression to the case of coupling the impurity to many TLSs [27] is diffe-
rent from (11) in that it contains terms which are similar to our thermal
and trigonometric prefactors in the linewidth itself.) The sum in (11) is
evaluated by replacing it with an integral over the distribution of TLS
parameters P{X, A, AF). Assuming that AV is independent of X and A,
the distribution factorizes P{X, A, AF) —P{AV)-P (X, A). Here, P(X, A)
is the distribution of P. W. Anderson et al. [2 ] and W. A. Phillips [3]. The
distribution P(AF) for the interaction between impurity and TLS can
be rather complicated. However, in the simplest case we may assume
that it is determined by the dependence of AV on r, the distance between
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impurity and TLS. We shall take AV oc 1 /r3
, which corresponds to (elect-

ric or elastic) dipole-dipole interaction between guest and TLS, or AV oc

oc 1/rTin the case of quadrupole-dipole interaction. Assuming a homoge-
neous distribution of TLSs, we have P{r) oc r 2, which determines -P(AF).

Evaluating the average, we first replace the distribution of AV values
with an effective value and average over A and A. Fig. 5 displays the
linewidth as a function of the reduced temperature in a double loga-
rithmic scale. The straight lines indicate slopes 1,2, and 4. The compari-
son shows that depending on the values of Ama x and Amin there is a
more or less extended range of quadratic temperature dependence.
At lower temperatures we have a 74 law, at higher temperatures the
ascent is weaker than Tl . We have shown [3o] that for a general value
of k the temperature dependence is proportional to Ti+h in the interme-
diate range. Therefore, k—\ results in a quadratic temperature depen-
dence, for & = 0.3 aTu law is obtained.

Fig. 5. Linewidth averaged with respect to A and A. The A ranges used in the averages
are indicated. The A range covers an interval of size 2.6 toD .

Parameters: AF=o.3cod, 0d=3OOK (Debye temperature), c =3km/s (velocity of
sound), q—2 g/cm3, /=1 ev (deformation potential).

Fig. 6 gives the linewidth for this value of k and a set of different
values of A ma x and Amin together with experimental data of S. Volker et
al. [ 39 ] and J. Hegarty et al. [ lß ]. We find rather good agreement between
the slopes of the experimental and theoretical data. Although we have
taken AV to be proportional to 1 /r3 in this calculation, we obtain the
same temperature dependences as if we had assumed a single effective
value for AV. Why this is so, will become clear from the discussion of
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Fig. 6. Linewidth according to (11) in comparison with experimental data from [39 ]
and [ lB]. Short range interaction is assumed. The A range is over in interval of

length 0.2 ■cod.
Parameter values: <AF> = 10“3 а)о, AFmax =0.1446a)D, AF ос 1Д3

, rmax-=10/-min , 0 D =

—l5O K, c 2km/s, q=l g/cm3 , k =0.3, /=1 eV. (H2 P free-base porphin; MTHF2-methyltetrahydrofuran; PMMA polymethylmethacrylate; PE polyethylene).

Fig. 7. Linewidth (in units of cod) of the optical transition Ri as a function of AF.
Parameter values: A —B, F“ =0.6t0D, 0d=300K, c=3.75 km/s, Q =2 g/cm3

, /=leV.
Left: A=2Fa ; the straight curve segments on the left hand side of the figure describe a

AF 4 law.
Right: A=2Fa +lo~ 3 wp, to the left of their bends the curves-are proportional to AF 2
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Fig. 7, which shows the influence of AV on the (not yet average) depha-
sing rate for a guest coupled to a single TLS. The plot is again in a
double logarithmic scale. The parameter for the various curves is the
temperature. On the right hand side of the figure, i. e. for large AV
values, the linewidth increases with increasing temperature, whereas on
the left hand side, for small values of AV, the order of the curves is
reversed, i.e. the linewidth decreases with rising temperature, which is
a motional narrowing effect. Furthermore, it is seen that for AV values
larger than the bending over value AVC {T) the dephasing rate is inde-
pendent of AV, while it varies quadratically with temperature below
A VC {T). Because in the calculation for Fig. 6 the 1/rs dependence of the
interaction was cut off at a high value of AV, the result was essentially
the same as would be obtained from a calculation with a single «effec-
tive» value of AV above AFC . If, however, the long-range nature of the
dipole-dipole and the quadrupole-dipole interactions is actually accounted
for by avoiding a cut off at too high AV (for numerical reasons, it is
impossible to avoid it at all), the picture changes. When the contribu-
tions of the various TLSs to the total dephasing rate are summed up,
TLSs with AF values smaller than AV C {T) may be neglected in a first
approximation (but all the others yield almost equal contributions). Con-
sidering now the dephasing rate at a lower temperature, we have to sum

Fig. 8. Linewidth in comparison with experimental data. The long-range nature of the
interaction is taken into account. The A range covers an interval of length 0 2co DParameter values: Ahmax =0.72383X10-3 co D = 106 AF min (->- <AF> = 10-stoD for the

upper curves), 0d =2OOK, c =2km/s, p =2g/cm3 , ft =l.O, /=l eVFull lines: =6, dashed lines: 7min =7, dotted lines: ?t min =8; Äm ax=X mm+7. Upper
Curves: Ah pc 1/r3, lower curves; Ah oc 1/r4 .
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up all TLSs with AF values down to a new value AVC {T), which is
smaller than the previous one. This means that more TLSs contribute
to the dephasing rate at lower temperatures. These additional TLSs cause
the linewidth to decrease less quickly than it does according to a quadra-
tic power law, even at k=\.

In Fig. 8, the linewidth is shown as a function of temperature when
the summation over TLSs with different values of AF, i. e. different
distances from the guest, is carried out (up to sufficiently large distances
or down to small enough AF values). The upper curves correspond to
dipole-dipole interaction, the lower ones to quadrupole-dipole interaction.
The two groups of curves are shifted against each other because in the
second case a lower number of TLSs has been taken into account. (The
ratio AFmax/AFmin is the same, viz. 106

, for both groups.) The two
straight lines indicate T^andP- 3 power laws. Thus for the lowest tempera-
tures shown, the linewidth is ~Г 2- 5 followed by a temperature range
with linewidth ~ T 1 For higher temperatures the ascent of the width is
still weaker. In the first range the increase of the linewidth with increas-
ing temperature is determined by the increasing number of phonons
available at a certain frequency and by the increasing number of TLSs
contributing to the dephasing. In the second temperature range all TLSs
(for given parameters of the distribution on X and A) contribute to the
dephasing. The slope of the width versus temperature curve is then given
solely by the increasing number of phonons and thus smaller than in the
previous range. In both temperature ranges the influence of the shift of
AV C {T) results in a weakening of the Г4 and T 2 laws shown in Fig. 5. The
still weaker ascent in the third range indicates the onset of motional narrow-
ing. However, in this temperature range probably other mechanisms
(e. g. spectral diffusion, Raman processes) dominate the linewidth.
Furthermore, the figure shows experimental data of S. Volker et al. [39 ],
J. Hegarty et al. [ lß ], and low temperature data of Payer et al. [4o ]. The
agreement between theory and experiment is not as good as in that of
Fig. 6, but in the present case no parameter had to be fitted.

Concluding remarks

In this contribution, we have considered a model for the description
of the temperature dependent optical linewidth of impurities in a glass.
The model couples an impurity to TLSs and the TLSs to phonons. The
main results of our calculation are summarized in the following.

The linewidth produced by coupling the impurity to a single TLS is
too small by orders of magnitude.

If the impurity is coupled to sufficiently many TLSs, the correct
order of magnitude for the linewidth is obtained. The linewidth behaves
according to a T 1 law (approximately) if

a) the phenomenological parameter k, introduced in the electron-phonon
interaction matrix element, is taken to be 0.3. This modification of the
standard matrix element can be interpreted in three different ways:

directly as modified TLS-phonon interaction,
as resulting from a modified TLS distribution,
as resulting from a modified vibrational density of states.

(In the latter two cases the interaction matrix element is actually not
changed, but the modifications of the two other quantities can be mapped
on an effective modified matrix element.)

b) the impurity-TLS interaction AF is distance dependent and long
range. Both dipole-dipole interaction and quadrupole-dipole interaction
can produce temperature dependences close to T 1
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We showed that the temperature dependence of the linewidth obtained
from our calculation agrees with hole burning [ 39 ] and photon-echo [ lB ]

measurements. It is also consistent with the non-exponential part of the
dephasing rate of recent two-pulse photon-echo experiments [4o ]. This
part of the dephasing rate is attributed to the relaxation due to intrinsic
glass processes. One such process has been taken into account in our
calculation, another might be the result of fast spectral diffusion. Because
this type of experiment avoids the time lag between the burning of the
hole and the measurement of the hole width, it is extremely helpful for
comparisons of homogeneous linewidth calculations with experimental
values. Finally, it should be noted that from recent measurements down
to 0.04 K [ 4l ] a transition from the T 1 to the T25 behaviour of the line-
width has been derived as predicted by our calculations.
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Р. REINEKER, К. KASSNER
OPTILISTE LISANDIOLEKUTE DEFASEERUMINE KLAASIDES:

MADALA TEMPERATUURI REŽIIM

Optiliste lisandite defaseerumist amorfsetes maatriksites on käsitletud mikroskoo-
pilise mudeli raames. Korrastamata maatriksi dünaamikat on kirjeldatud foononite ja
klaasidele iseloomulike kahenivooliste süsteemide abil. On arvestatud kahenivooliste
süsteemide interaktsiooni lisandiga ja maatriksi—termostaadi võnkumistega. Joone kuju
on arvutatud lineaarse teooria lähenduses vastastikmõju korral nii ühe kui mitme kahe-
nivoolise süsteemiga. On leitud, et eksperimentaalselt jälgitud joone laiust saab sele-
tada üksnes mitme kahenivoolise süsteemi koosmõjuga. Väga madalal temperatuuril
suureneb joone laius võrdeliselt T 2 kõrgema temperatuuri piirkonnas Г 1’ 3, mis on koos-
kõlas katsetulemustega. Viimase piirkonna optilise defäseerumiskiiruse temperatuurilise
sõltuvuse kohta pakutakse mitmeid seletusi kooskõlas teooria üldise matemaatilise
struktuuriga.

П. РЕИНЕКЕР, к. КАССНЕР
ДЕФАЗИРОВКА ОПТИЧЕСКИХ СОСТОЯНИЙ ПРИМЕСИ В СТЕКЛАХ:

РЕЖИМ НИЗКИХ ТЕМПЕРАТУР
Дефазировка оптических состояний примесей в аморфных матрицах рассмотрена

в рамках микроскопической модели. Динамика неупорядоченной матрицы описы-
вается фононами и ансамблем двухуровневых систем (ДУС), являющимися харак-
терными степенями свободы стекол. ДУС взаимодействуют как с примесью, так и с
колебаниями матрицы, которые рассматриваются как тепловой резервуар. По теории
линейного отклика получено выражение для формы линии как в случае одной ДУС,
так и большого числа ДУС, взаимодействующих с примесью. Найдено, что, экспери-
ментально наблюдаемые ширины могут быть объяснены только в случае, если реа-
лизуется последняя ситуация. При очень низких температурах ширина линии растет
как Г 2’ 5 , в последующем температурном интервале как Г 1 ’ 3 , что находится в соот-
ветствии с экспериментальными результатами. Для второй температурной области
предложено несколько объяснений температурной зависимости скорости оптической
дефазировкн, которые согласуются с математической структурой теории.
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	TIME- AND TEMPERATURE-DEPENDENT RELAXATION FEATURES OF SPECTRAL HOLES
	Fig. 1. Hole area (a) and hole width (b) as a function of time after burning. System: quinizarin in protonated and perdeuterated alcohol glass.
	Fig. 2. Hole area (a) and hole width (b) as a function of time after burning. System: tetracene in protonated and perdeuterated alcohol glass.
	Fig. 3. Reduction of the hole area by cycling the system (tetracene in alcohol glass) between the burning temperature Ть = 3 К and T—B К (curve 1 and 2). If the same cycle is repeated twice, no further reduction occurs (curve 3).
	Fig. 4. Hole area as a function of cycling temperature. Note that all data points are measured at the burning temperature TV Systems: quinizarin in PMMA and tetracene in alcohol glass (lower trace).
	Fig. 5. Change in optical density upon laser irradiation at the marked positions (arrows). AOZ)>O characterizes the spectral range of the photoproduct. a Tetracene in alcohol glass at 10 K- Note the occurrence of isosbestic points within 30 cm"1 of the laser frequency. b —• Quinizarin in alcohol glass at 4.2 K- Note that the isosbestic point is found 2500 cm""1 above the laser frequency.
	Fig. 6. Hole area as a function of a reduced temperature TJT* (see the text). The scaling behavior is quite obvious. The systems investigated are shown in the figure.

	EXCITED STATE DYNAMICS OF AMORPHOUS SYSTEMS AT LOW TEMPERATURE STUDIED BY HOLE-BURNING
	Untitled
	Fig. 1. Organic molecules studied as guests in amorphous hosts. They undergo photochemical hole-burning (PHB). Top; dimethyl-s-tetrazine (DMST), free-base porphin (H2P), free-base chlorin (H2Ch). Bottom: ionic dyes resorufin and cresylviolet (CV) [22]. Fig. 2. Log-log plot of Глот —FO versus T for: a dimethyl-s-tetrazine (DMST) cresylviolet (CV), resorufin and free-base porphin (H2P) as guests in PMMA b— CV resor.ufin and H2P in ethanol. All curves follow aT1 -3±°-i dependence [2o]
	Fig. 3. Double-logarithmic plot of FTom vs. T for pentacene in PMMA. (ГТот = 1/2Гьоlе for hole-burning data, and Г/ьош= (яТ^)"1 for photon echo data [']). The two upper curves (dashed lines) are reproduced from [*]• The lowest curve represents our holeburning data for Pt 7.5ХЮ-3 J-cm~2 [3].
	Fig. 4. '/«Fhole as a function of burning time for pentacene in PMMA at Г=l2 К for two burning powers. At P= 20 holes were detected simultaneously via’ the fluorescence excitation signal and the transmission signal through the sarnole At P = 0.75 mW-cm-2 holes were observed in fluorescence only For F 0 '/S ~ =ГАот = 0.50 GHz [3]. ’
	Fig. 5. VzT/ioie versus time after burning for pentacene in PMMA (sample of OD = 0.9) at 7=1.2 K. Holes were detected simultaneously in fluorescence (closed symbols) and in transmission (open symbols). From bottom to top, increasing values of burning fluences: />/ = 0.035±0.005, 0.35±0.05, 1.4±0.1, 6.0+0,5, 48+2 J-cm-2 [3],
	Fig. 6. Temperature dependence of the homogeneous linewidth Fh0m (we define Г нош=: VsF hoie for Pt-*- 0) of the o—o transition of resorufin in phase I and phase II of ethanol, between ~ 0.3 and 4.2 K- As a comparison, the photon echo data of [2] are shown (dashed line). Insert: detail of the extrapolation of Fhom to the fluorescence lifetime-limited value of resorufin, Гo= (2яГl)~1~20 MHz, when Г->-0, for both phases I and II of ethanol [4].
	Fig. 7. Log-log plot of Thom Г0 versus Г for the o—o0—0 transition of resorufin in phases I and II of ethanol, between ~ 0.3 and 4.2 K. Both curves follow а Г1-3*01 dependence over at least one decade in T [4].
	Fig. 8. a Effect of a magnetic field on holes burnt in zero field (thin curves) in the Si-t-So o—o transition of H2P in PE at 4.2 К for two different fields. Top: a field of Я —3.2 Tis applied to a hole of rhoie = 200 MHz; middle and bottom: a field of H = 6.0 T is applied to holes of, respectively, MHz and 984 MHz. b Fits of the theoretically calculated hole sphapes (eqs. (1), and (2)) to the experimental results for the same three holes of Fig. 8, a (see text) [s],
	Fig. 9. Hole shape D as a function of frequency v and magnetic field H, for a zero field hole of 500 MHz width, calculated with eq. (1). Insert: frequency shift of the maximum of the curve vs. field for different holewidths [s].
	KINETICS OF PHOTOPHYSICAL HOLE-BURNING IN TETRACENE-DOPED MTHF GLASSES
	Fig. I.a Profile of the inhomogeneously broadened TC absorption before (upper) and after (lower, offset) hole-burning. Part b illustrates the relative change in optical density, exhibiting the appearence of anti-hole states at energies above the zero phonon hole and the rise of OD by antiholes compensating the decrease of OD by hole-burning via the phonon wing of low energy sites.
	Fig. 2. Temporal progress of the hole-burning process detected via fluorescence intensity of the vibrational zero phonon line (dots). The solid line shows an upper estimate of the inherent dispersion as predicted by eq. (4) but disregarding any variations of tunneling matrix elements. A comparison with the experimental data indicates that the statistics of TLSs are essential for understanding the burn kinetics. Full circles denote the fit on the basis of eq. (4) which includes the Gaussian density of К and the inherent contribution to the dispersion. The fit parameters are a = 2.0, v 0 = 4.2X10-3 s->
	Fig. 3. a – Spontaneous recovery of a hole recorded via VZPL fluorescence (dots) and scanning the hole profile (circles) in the long time regime. The solid line represents the calculated kinetics assuming a Gaussian density of tunneling paramdters and hole saturation at —(AOD/OD)max = 0.55, using the parameter set a = 2.5, km =ks = = I.BXIO~3 s-1, 4sp = 0.3X10“3 s~L Section b shows data and fit curve on a logarithmic time scale. Deviations from a logarithmic decay law are obvious in the short time limit of the experimental findings.
	Fig. 4. Experimental hole profiles (lines) for various times after terminating the burn proeess as indicated, taken from the scan (circles) of Fig. 3. The holes are well approximated by Lorentzian line shapes (crosses) with constant width Г. This demonstrates that spontaneous hole-filling is not accompanied by spectral diffusion within the time frame of Fig. 3.
	Fig. 5. a The first 20 min of spontaneous OD recovery of holes of different depth detected via continuously recorded VZPL fluorescence (dots). Immediately after exposing the sample for burn times varying from 30 s to 4000 s and 7B = 0.5 mW/cm2 the interrogation intensity was reduced by a factor of 10~3. Solid lines depict the fits assuming correlated burn and recovery tunneling processes choosing the parameter set (see text) a —2, km = k5~0.007 s-1, &sp = 0.001 s-1 and a maximum hole recovery of 30%- b The same SHF-data yet plotted relative to the initial hole depth (10, 18, 32 and 47% from top to bottom, respectively) to illustrate that shallow holes recover faster than deep ones. Broken lines are guides to the eye not corresponding to the fits in Fig. sa.
	Fig. 6. Comparison of dispersive decays with Gaussian and uniform density of X calculated by means of eq: <2) with parameters Я,O=Ю, a= 3 and v 0 = 5 s-1 (Gaussian) and Xo= Ю, a 2.0 and Vo —5 s-1 (uniform), where a represents the square root of the dispersion in both cases. The inset illustrates both densities on a common X-scale. A logtime representation (lower plot) compares the decay with a logarithmic law indicated by the dotted line.
	Fig. 7. Schematic diagram of three possible TLS configurations accounting for unburnable sites (a), metastable holes (b) and stable holes (c). The notation of states and rates agree with the kinetic scheme in the text (eq. (5))


	OPTICAL TRANSITIONS IN PROTON TRANSFER SYSTEMS
	Fig. 1, Tautomerization of a symmetric carboxylic acid dimer.
	Fig. 2. Schematic representation of the double-well tautomerization potential of an acid dimer coupled to a dye molecule. The wavefunctions are indicated as broken lines. The asymmetry of the doublewell potential is reversed when the dye molecule is excited. The rate of tautomerization can be determined in this case from time resolved emission measurements.
	Fig. 3. Projection on the a, b crystallographic plane of a thioindigo molecule doped substitutionally into a benzoic acid crystal. Two of the four tautomer configurations of the two equivalent acid dimers sandwiching the indigo molecule are shown.
	Fig. 4. Top; emission spectra of thioindigo in benzoic acid recorded under selective excitation of the tautomer configuration with the highest (lowest) energy when thioindigo is in the excited (ground) electronic state. The lines marked Ru R 2 and R 3 correspond to the different tautomer configurations I ct, a), ja, p> and |p, a>, |p,p>. The bands marked ph and и are phonon side bands and vibronic lines, respectively some of the other sharp lines are Raman transitions of the benzoic acid matrix. Bottom: time resolved fluorescence emission from the Ri, R 2 and R 3 configurations subsequent to selective excitation of Ri.
	Fig. 5. Schematic representation of the optical resolution by fluorescence line narrowing of the delocalized proton levels of an acid dimer coupled to a dye molecule. The wavefunctions are represented by broken and dotted lines. The inhomogeneous width of the electronic transition indicated schematically masks the ground state level splitting in conventional absorption or emission spectra. p b
	Fig. 6. Line narrowed emission spectra obtained for thioindigo in benzoic acid: excitation into a vibrational level (top) and the o—o-transition (bottom) of the higher energy la, (3>, IP, a> configuration. The homogeneous linewidth of the transitions in the excitation process masks the ground state splitings when a vibrational level is involved, while it makes a negligeable contribution to the instument limited linewidth of the bottom spectrum obtained by excitation of the o—O-transition.0—O-transition.
	Fig. 7. Transient grating measurements in proto (top) and deutero (bottom) benzoic acid doped with thioindigo. The full and broken lines are calculated decays neglecting and including relaxation processes of benzoic acid dimers near ground state thioindigo molecules. The peak near t— 0 reflects a fast process possibly related to multiphoton excitation of higher electronic states.

	DEPHASING OF OPTICAL IMPURITY STATES IN GLASSES: LOW-TEMPERATURE REGIME
	Fig. 1. Top: Inhomogeneous spectrum originating from homogeneous lines with different central frequencies. Bottom: Change of the spectrum through hole burning.
	Fig. 2. The components of the model and their interactions.
	Fig. 3. Energy levels of a system consisting of one impurity and one TLS
	Fig. 4. Energy levels of a system of one impurity coupled to several in the case displayed, four TLSs. The left hand side corresponds to TLSs with identical energy splittings, and the degeneracies of the various levels are given.
	Fig. 5. Linewidth averaged with respect to A and A. The A ranges used in the averages are indicated. The A range covers an interval of size 2.6 toD. Parameters: AF=o.3cod, 0d = 3OOK (Debye temperature), c = 3km/s (velocity of sound), q—2 g/cm3, /=1 ev (deformation potential).
	Fig. 6. Linewidth according to (11) in comparison with experimental data from [39] and [lB]. Short range interaction is assumed. The A range is over in interval of length 0.2 ■cod. Parameter values: <AF> = 10“3а)о, AFmax = 0.1446a)D, AF ос 1Д3, rmax-= 10/-min, 0D = —l5O K, c 2km/s, q=l g/cm3, k = 0.3, /=1 eV. (H2P free-base porphin; MTHF 2-methyltetrahydrofuran; PMMA polymethylmethacrylate; PE polyethylene).
	Fig. 7. Linewidth (in units of cod) of the optical transition Ri as a function of AF. Parameter values: A —B, F“ = 0.6t0D, 0d = 300 K, c=3.75 km/s, Q=2 g/cm3, /=leV. Left: A=2Fa; the straight curve segments on the left hand side of the figure describe a AF4 law. Right: A=2Fa+lo~3wp, to the left of their bends the curves-are proportional to AF2
	Fig. 8. Linewidth in comparison with experimental data. The long-range nature of the interaction is taken into account. The A range covers an interval of length 0 2coD Parameter values: Ahmax = 0.72383X10-3coD = 106AFmin (->- <AF> = 10-stoD for the upper curves), 0d = 2OOK, c = 2km/s, p = 2g/cm3, ft =l.O, /=leV Full lines: =6, dashed lines: 7min =7, dotted lines: ?tmin =8; Ämax = Xmm+7. Upper Curves: Ah pc 1/r3, lower curves; Ah oc 1/r4.

	HIGH-RESOLVED OPTICAL SPECTROSCOPY OF MODEL PHOTOSYNTHETIC SYSTEMS
	Ri R 2 Rs R 4 Rs Re TPP H Н Н Н Н Н ТРРС —СООН —СООН —соон —соон н н TPPS S03H —SO3H S03H S03H н н PARA—TPP-L-Phe —СН3 —СН3 b —СН3 Н Н ORTHO—TPP—L—Phe —СН3 -СН3 -СН3 —СН3 b Н ME—ТРР —СООСНз —СООСНз —СООСНз —СООСНз Н Н MC—ТРР —СНз —СНз —СООН —СНз н н ТРРА Q —СООН —СООН а —СООН Н а Fig. 1. The structures and abbreviations of tetraphenylporphyrine-based model systems.
	Ri R 2 Rs R 4 Rs Re Chn-t —CH = CH2 —CH3 —CO2CH3 —CH2CO2CH3 H —CH3 7—CChn-t -CH-CHj —C = N С02СН3 —CH2CO2CH3 H —CH3 MChn-d —CH2—CH3 —CH3 H —СН2СO2СН3 H —CH3 13—A—Mchn-d —CH2—CH3 —CH3 —СО—CH3 —CH2CO2CH3 H —CH3 20—Cl—Mchn-d —CH2—CH3 —CH3 H CH2C02CH3 Cl —CH3 Chi a -CH =CH2 —CH3 с с H fvtol Pheo а —CH =CH2 —CH3 с с H H В—Pheo а —CH2=CH2 —CH3 с с H d Fig. 2. The structures and abbreviations of chlorine-based model systems.
	Fig. 3. Hole burning spectrum of tetraphenylporphyrin antraquinone system in toluene at 4K. The spectrum in the bottom represents the hole burned by pulsed dye laser into the excitation spectrum in the top.

	ГЛАДКОСТЬ РЕШЕНИЯ СЛАБО-СИНГУЛЯРНОГО ИНТЕГРАЛЬНОГО УРАВНЕНИЯ С РАЗРЫВНЫМ КОЭФФИЦИЕНТОМ
	УСЛОВИЯ ДИСКРЕТНОЙ АППРОКСИМАЦИИ ПРОСТРАНСТВА СУЩЕСТВЕННО ОГРАНИЧЕННЫХ ФУНКЦИЙ
	ЭНТРОПИЯ СИСТЕМЫ И СОВОКУПНОСТИ
	ВЛИЯНИЕ СЕГНЕТОЭЛЕКТРИЧЕСКИХ ФАЗОВЫХ ПЕРЕХОДОВ НА ФОРМУ КРАЯ ОПТИЧЕСКОГО ПОГЛОЩЕНИЯ
	МАКРОДЕФЕКТЫ ЭПИТАКСИАЛЬНЫХ СЛОЕВ GaAs И ИХ ВЛИЯНИЕ НА НАПРЯЖЕНИЕ ПРОБОЯ СИЛОВЫХ ДИОДОВ
	Рис. 1. Характерная морфология поверхности толстых ЭС.
	Рис. 2. Наследование эпитаксиальным слоем царапин на подложке: а область р—n-перехода, б поверхность ЭС.
	Рис. 3. Морфологические дефекты ЭС; а «ложбина», б «канал», в «дырки».
	Рис. 4. Глубокая пора; а оптическая микрофотография, б•— изображение в растровом электронном микроскопе.
	Рис. 5. Неглубокая пора с видимым дном; а оптическая микрофотография, б изображение в растровом электронном микроскопе.
	Рис. 6. «Большой дефект»: а оптическая микрофотография, б изображение в растровом электронном микроскопе.
	Рис. 7. Окрашенные сколы через поросодержащие дефекты: а «большой дефект», б пора.
	Рис. 8. Гистограммы распределения процента выхода D структур с UBr = U°br и короткозамкнутых (КЗ) от толщины /2°-слоя: а бездефектные структуры с Übr U°br, б бездефектные структуры, короткозамкнутые, в дефектные структуры с Übr = U°Br, г дефектные структуры, короткозамкнутые.

	STOCHASTIC CONTROL OF GROWTH IN FED-BATCH CULTURE OF BACTERIA
	ИЗУЧЕНИЕ ВЗАИМОДЕЙСТВИЯ МЕЖДУ GaSb И ZnTe
	Рис. 1. Принципиальная схема аппаратуры для записи термограмм. I добавочный источник напряжения; 2 ампервольтомметры Ф-30; 3 цифро-аналоговые преобразователи Ф 4810/2; 4 многоточечный потенциометр КСП-4.
	Рис. 2. Концентрационные профили Zn, Ga, Те и Sb около перехода между первичным кристаллом и эвтектикой. I первичный кристалл, II эвтектика.
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	АЛГОРИТМ УПРАВЛЕНИЯ ОДНОНАПРАВЛЕННЫМИ ПОДСИСТЕМАМИ
	АЛГОРИТМ СОКРАЩЕННОГО ВЫЧИСЛЕНИЯ ДИСКРЕТНОГО КОСИНУСНОГО ПРЕОБРАЗОВАНИЯ ФУРЬЕ
	О РЕГИСТРАЦИИ ГРАВИТАЦИОННОГО ИЗЛУЧЕНИЯ МЕТОДОМ СПЕКТРАЛЬНОГО ПРОВАЛА
	Схема эксперимента (обозначения в тексте). Справа внизу форма нитевидных кристаллов 1 и 2.

	СПЕКТРАЛЬНО-КИНЕТИЧЕСКОЕ ИССЛЕДОВАНИЕ ВЫСОКОТЕМПЕРАТУРНЫХ СВЕРХПРОВОДЯЩИХ КЕРАМИК Y-Ba-Cu-0 ПРИ УЛЬТРАФИОЛЕТОВОМ ЛАЗЕРНОМ ВОЗБУЖДЕНИИ
	Рис. 1. Спектр свечения YBajCuaO.,; в металлическом криостате при температуре 4К и длине волны возбуждения 309 нм.
	Рис. 2. Спектр свечения стенок кварце’ вого криостата при фокусировании лазерного луча на стенку (верхняя кривая) и на объект в нем (нижняя кривая) при температуре 6К и длине волны возбуждения 309 нм.
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	Fig. 1. Hole area (a) and hole width (b) as a function of time after burning. System: quinizarin in protonated and perdeuterated alcohol glass.
	Fig. 2. Hole area (a) and hole width (b) as a function of time after burning. System: tetracene in protonated and perdeuterated alcohol glass.
	Fig. 3. Reduction of the hole area by cycling the system (tetracene in alcohol glass) between the burning temperature Ть = 3 К and T—B К (curve 1 and 2). If the same cycle is repeated twice, no further reduction occurs (curve 3).
	Fig. 4. Hole area as a function of cycling temperature. Note that all data points are measured at the burning temperature TV Systems: quinizarin in PMMA and tetracene in alcohol glass (lower trace).
	Fig. 5. Change in optical density upon laser irradiation at the marked positions (arrows). AOZ)>O characterizes the spectral range of the photoproduct. a Tetracene in alcohol glass at 10 K- Note the occurrence of isosbestic points within 30 cm"1 of the laser frequency. b —• Quinizarin in alcohol glass at 4.2 K- Note that the isosbestic point is found 2500 cm""1 above the laser frequency.
	Fig. 6. Hole area as a function of a reduced temperature TJT* (see the text). The scaling behavior is quite obvious. The systems investigated are shown in the figure.
	Untitled
	Fig. 1. Organic molecules studied as guests in amorphous hosts. They undergo photochemical hole-burning (PHB). Top; dimethyl-s-tetrazine (DMST), free-base porphin (H2P), free-base chlorin (H2Ch). Bottom: ionic dyes resorufin and cresylviolet (CV) [22]. Fig. 2. Log-log plot of Глот —FO versus T for: a dimethyl-s-tetrazine (DMST) cresylviolet (CV), resorufin and free-base porphin (H2P) as guests in PMMA b— CV resor.ufin and H2P in ethanol. All curves follow aT1 -3±°-i dependence [2o]
	Fig. 3. Double-logarithmic plot of FTom vs. T for pentacene in PMMA. (ГТот = 1/2Гьоlе for hole-burning data, and Г/ьош= (яТ^)"1 for photon echo data [']). The two upper curves (dashed lines) are reproduced from [*]• The lowest curve represents our holeburning data for Pt 7.5ХЮ-3 J-cm~2 [3].
	Fig. 4. '/«Fhole as a function of burning time for pentacene in PMMA at Г=l2 К for two burning powers. At P= 20 holes were detected simultaneously via’ the fluorescence excitation signal and the transmission signal through the sarnole At P = 0.75 mW-cm-2 holes were observed in fluorescence only For F 0 '/S ~ =ГАот = 0.50 GHz [3]. ’
	Fig. 5. VzT/ioie versus time after burning for pentacene in PMMA (sample of OD = 0.9) at 7=1.2 K. Holes were detected simultaneously in fluorescence (closed symbols) and in transmission (open symbols). From bottom to top, increasing values of burning fluences: />/ = 0.035±0.005, 0.35±0.05, 1.4±0.1, 6.0+0,5, 48+2 J-cm-2 [3],
	Fig. 6. Temperature dependence of the homogeneous linewidth Fh0m (we define Г нош=: VsF hoie for Pt-*- 0) of the o—o transition of resorufin in phase I and phase II of ethanol, between ~ 0.3 and 4.2 K- As a comparison, the photon echo data of [2] are shown (dashed line). Insert: detail of the extrapolation of Fhom to the fluorescence lifetime-limited value of resorufin, Гo= (2яГl)~1~20 MHz, when Г->-0, for both phases I and II of ethanol [4].
	Fig. 7. Log-log plot of Thom Г0 versus Г for the o—o0—0 transition of resorufin in phases I and II of ethanol, between ~ 0.3 and 4.2 K. Both curves follow а Г1-3*01 dependence over at least one decade in T [4].
	Fig. 8. a Effect of a magnetic field on holes burnt in zero field (thin curves) in the Si-t-So o—o transition of H2P in PE at 4.2 К for two different fields. Top: a field of Я —3.2 Tis applied to a hole of rhoie = 200 MHz; middle and bottom: a field of H = 6.0 T is applied to holes of, respectively, MHz and 984 MHz. b Fits of the theoretically calculated hole sphapes (eqs. (1), and (2)) to the experimental results for the same three holes of Fig. 8, a (see text) [s],
	Fig. 9. Hole shape D as a function of frequency v and magnetic field H, for a zero field hole of 500 MHz width, calculated with eq. (1). Insert: frequency shift of the maximum of the curve vs. field for different holewidths [s].
	Fig. I.a Profile of the inhomogeneously broadened TC absorption before (upper) and after (lower, offset) hole-burning. Part b illustrates the relative change in optical density, exhibiting the appearence of anti-hole states at energies above the zero phonon hole and the rise of OD by antiholes compensating the decrease of OD by hole-burning via the phonon wing of low energy sites.
	Fig. 2. Temporal progress of the hole-burning process detected via fluorescence intensity of the vibrational zero phonon line (dots). The solid line shows an upper estimate of the inherent dispersion as predicted by eq. (4) but disregarding any variations of tunneling matrix elements. A comparison with the experimental data indicates that the statistics of TLSs are essential for understanding the burn kinetics. Full circles denote the fit on the basis of eq. (4) which includes the Gaussian density of К and the inherent contribution to the dispersion. The fit parameters are a = 2.0, v 0 = 4.2X10-3 s->
	Fig. 3. a – Spontaneous recovery of a hole recorded via VZPL fluorescence (dots) and scanning the hole profile (circles) in the long time regime. The solid line represents the calculated kinetics assuming a Gaussian density of tunneling paramdters and hole saturation at —(AOD/OD)max = 0.55, using the parameter set a = 2.5, km =ks = = I.BXIO~3 s-1, 4sp = 0.3X10“3 s~L Section b shows data and fit curve on a logarithmic time scale. Deviations from a logarithmic decay law are obvious in the short time limit of the experimental findings.
	Fig. 4. Experimental hole profiles (lines) for various times after terminating the burn proeess as indicated, taken from the scan (circles) of Fig. 3. The holes are well approximated by Lorentzian line shapes (crosses) with constant width Г. This demonstrates that spontaneous hole-filling is not accompanied by spectral diffusion within the time frame of Fig. 3.
	Fig. 5. a The first 20 min of spontaneous OD recovery of holes of different depth detected via continuously recorded VZPL fluorescence (dots). Immediately after exposing the sample for burn times varying from 30 s to 4000 s and 7B = 0.5 mW/cm2 the interrogation intensity was reduced by a factor of 10~3. Solid lines depict the fits assuming correlated burn and recovery tunneling processes choosing the parameter set (see text) a —2, km = k5~0.007 s-1, &sp = 0.001 s-1 and a maximum hole recovery of 30%- b The same SHF-data yet plotted relative to the initial hole depth (10, 18, 32 and 47% from top to bottom, respectively) to illustrate that shallow holes recover faster than deep ones. Broken lines are guides to the eye not corresponding to the fits in Fig. sa.
	Fig. 6. Comparison of dispersive decays with Gaussian and uniform density of X calculated by means of eq: <2) with parameters Я,O=Ю, a= 3 and v 0 = 5 s-1 (Gaussian) and Xo= Ю, a 2.0 and Vo —5 s-1 (uniform), where a represents the square root of the dispersion in both cases. The inset illustrates both densities on a common X-scale. A logtime representation (lower plot) compares the decay with a logarithmic law indicated by the dotted line.
	Fig. 7. Schematic diagram of three possible TLS configurations accounting for unburnable sites (a), metastable holes (b) and stable holes (c). The notation of states and rates agree with the kinetic scheme in the text (eq. (5))
	Fig. 1, Tautomerization of a symmetric carboxylic acid dimer.
	Fig. 2. Schematic representation of the double-well tautomerization potential of an acid dimer coupled to a dye molecule. The wavefunctions are indicated as broken lines. The asymmetry of the doublewell potential is reversed when the dye molecule is excited. The rate of tautomerization can be determined in this case from time resolved emission measurements.
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	Рис. 2. Концентрационные профили Zn, Ga, Те и Sb около перехода между первичным кристаллом и эвтектикой. I первичный кристалл, II эвтектика.
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